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A variety of signal transduction pathways are activated in response to viral infection, which dampen viral replication and trans-
mission. These mechanisms involve both the induction of type I interferons (IFNs), which evoke an antiviral state, and the trig-
gering of apoptosis. Mammalian orthoreoviruses are double-stranded RNA viruses that elicit apoptosis in vitro and in vivo. The
transcription factors interferon regulatory factor 3 (IRF-3) and nuclear factor kappa light-chain enhancer of activated B cells
(NF-�B) are required for the expression of IFN-� and the efficient induction of apoptosis in reovirus-infected cells. However, it
is not known whether IFN-� induction is required for apoptosis, nor have the genes induced by IRF-3 and NF-�B that are re-
sponsible for apoptosis been identified. To determine whether IFN-� is required for reovirus-induced apoptosis, we used type I
IFN receptor-deficient cells, IFN-specific antibodies, and recombinant IFN-�. We found that IFN synthesis and signaling are
dispensable for the apoptosis of reovirus-infected cells. These results indicate that the apoptotic response following reovirus in-
fection is mediated directly by genes responsive to IRF-3 and NF-�B. Noxa is a proapoptotic BH3-domain-only protein of the
Bcl-2 family that requires IRF-3 and NF-�B for efficient expression. We found that Noxa is strongly induced at late times (36 to
48 h) following reovirus infection in a manner dependent on IRF-3 and NF-�B. The level of apoptosis induced by reovirus is sig-
nificantly diminished in cells lacking Noxa, indicating a key prodeath function for this molecule during reovirus infection. These
results suggest that prolonged innate immune response signaling induces apoptosis by eliciting Noxa expression in reovirus-
infected cells.

The innate immune system provides vital early defenses against
viral infections. At the cellular level, responses to virus entry

often dictate the outcome of infection and the subsequent likeli-
hood of virus dissemination past the point of initial contact. Cy-
toplasmic restriction factors can suppress the capacity of viruses to
replicate and function as a first line of defense. If these mecha-
nisms fail, cells may take more costly steps to eradicate infection
by inducing the type I interferon (IFN) pathway. Beta interferon
(IFN-�) secreted by infected cells enhances the expression of
many antiviral interferon-stimulated genes (ISGs), which can pre-
vent viral replication by degrading RNAs and inhibiting protein
synthesis. However, these mechanisms come at the expense of
halting cellular protein synthesis and can compromise cell viabil-
ity. A final, much more drastic outcome is the induction of apopto-
sis, which sacrifices infected cells but may spare uninfected surround-
ing cells. While antiviral restriction factors may be synthesized
constitutively, both the IFN and apoptosis pathways are tightly regu-
lated to prevent untoward effects of inappropriate antiviral activity.

Cytoplasmic sensors of virus-specific molecular patterns, in-
cluding double-stranded RNA (dsRNA), initiate transcriptional
responses to infection. The retinoic acid-inducible gene I (RIG-I)-
like helicases (RLHs) RIG-I and melanoma differentiation-
associated gene 5 (Mda5) bind dsRNA in the cytoplasm (38, 80,
91) and activate beta interferon promoter stimulator 1 (IPS-1/
MAVS/VISA/Cardif) (39, 53, 71, 90). IPS-1 subsequently engages
the kinases inhibitor of �B kinase alpha (IKK-�), IKK-�, IKK-�,
and Tank-binding kinase 1 (TBK1), which activate transcription
factors, including activating transcription factor 2 (ATF-2)/c-Jun,
IFN regulatory factor 3 (IRF-3), and NF-�B (53, 71, 90). Once in
the nucleus, these transcription factors induce the expression of a

variety of inflammatory and antiviral genes, including IFN-�
(58, 68).

Type I IFNs initiate a second cellular transcriptional response
following the engagement of the IFN-�/� receptor (IFNAR) (re-
viewed in reference 13). The receptor signals through a JAK/STAT
pathway to activate a heterotrimeric transcriptional complex,
termed interferon-stimulated gene factor 3 (ISGF3). This com-
plex, which contains phosphorylated STAT1 and STAT2 along
with IRF-9, translocates to the nucleus and binds to interferon-
stimulated response elements (ISREs) located in the promoters of
hundreds of ISGs. One such ISG is IRF-7, which can ho-
modimerize or heterodimerize with IRF-3 to further upregulate
type I IFNs in a positive-feedback loop (50). Other ISGs exert
antiviral effects through a variety of different mechanisms. For
example, protein kinase R (PKR) is activated by dsRNA and phos-
phorylates the alpha subunit of eukaryotic initiation factor 2
(eIF2�), blocking translation initiation (61). The enzyme 2=-5=-
oligoadenylate synthase (2=5=OAS) also is activated by dsRNA to
produce 2=-5=-adenylic acid, which stimulates RNase L to degrade
cellular RNA (11). These and other mechanisms prevent virus
replication in infected cells and prime neighboring cells to enter a
refractory antiviral state.
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Several ISGs are capable of initiating or facilitating proapop-
totic signaling. PKR can induce apoptosis following viral infection
(5, 51, 84), although the effects are cell type and virus specific (92).
ISG54 (IFIT2) and ISG12b2 also mediate proapoptotic functions
(49, 77). Additionally, components of extrinsic apoptosis signal-
ing pathways, such as tumor necrosis factor alpha (TNF-�)-
related apoptosis-inducing ligand (TRAIL/Apo2L), Fas, and Fas-
associated death domain (FADD), are linked to IFN-dependent
apoptosis (5, 40, 70). FADD is involved in signaling via IPS-1,
suggesting that it may bridge pre-IFN-induction and post-IFN-
induction signaling events (39). A complicating factor for many of
these studies is that some of these ISGs, including ISG54, can be
induced directly by IRF-3 (2), making the requirement for IFN-
mediated signaling in these apoptotic pathways difficult to delin-
eate. Nonetheless, it is apparent that cellular innate immune pro-
cesses are intricately linked to the apoptotic machinery.

Mammalian orthoreoviruses (reoviruses) cause apoptosis-
associated encephalitis and myocarditis in infected newborn mice
(26, 55). As such, these viruses are useful model pathogens for
studies of cell death signaling following virus infection. Reoviruses
also efficiently lyse tumor cells in experimental animals (19, 29)
and show efficacy in clinical trials for aggressive and refractory
human tumors (78, 85). Reovirus particles are nonenveloped and
encapsidate a genome of 10 dsRNA segments (69). Following in-
ternalization into host cells, reoviruses are detected by RIG-I and
Mda-5, which in turn lead to the activation of IRF-3 and NF-�B
(20, 35, 48). In keeping with the linkage between antiviral innate
immunity and apoptotic cell death, both IRF-3 and NF-�B are
required for maximum levels of apoptosis in response to reovirus
(20, 35). Many cellular proapoptotic factors, including Bid, Bax,
TRAIL, and Fas, also enhance apoptosis in reovirus-infected cells
(9, 15, 18, 24). However, mechanisms by which these proteins
become activated, and the specific functions of IRF-3 and NF-�B
in this process, remain unclear. Reovirus mutants that induce di-
minished levels of apoptosis display attenuated virulence in the
murine central nervous system (CNS), indicating a predominant
role for apoptosis in reovirus pathogenicity (22, 23). This conclu-
sion is strengthened by the finding that reovirus neurovirulence is
diminished in NF-�B p50-deficient mice (57). However, these
effects are likely cell or tissue type dependent, as reovirus induces
severe myocarditis in mice that lack either IRF-3 or NF-�B p50
(36, 57).

Despite experimental evidence linking IRF-3 and NF-�B to
reovirus-induced apoptosis, the IRF-3- and NF-�B-dependent
genes responsible for initiating this cell death mechanism are not
known with certainty. Microarray studies of gene expression fol-
lowing reovirus infection revealed that several ISGs are rapidly
upregulated following infection in an NF-�B-dependent manner
(58). However, those studies did not identify a mediator of pro-
apoptotic signaling that could readily explain the cell death path-
ways initiated by reovirus infection. Given previous studies
of IFN-mediated apoptosis, we sought to determine whether
reovirus-induced cell death requires IFN signaling and, if not,
identify which IRF-3- or NF-�B-dependent genes might elicit
apoptosis in an IFN-independent manner. We found that IFN
signaling, and, thus, IFN-dependent ISG transcription, is not re-
quired for the triggering of apoptosis in reovirus-infected cells.
We also identified a role for the IRF-3- and NF-�B-dependent
regulation of Noxa, a proapoptotic BH3-domain-only protein of
the Bcl-2 family (56), as an effector of reovirus-induced apoptosis.

Remarkably, despite its dependence on IRF-3 and NF-�B, which
are first activated 2 to 4 h postinfection, Noxa was upregulated at
late times (36 to 48 h) postinfection. These results suggest that
prolonged innate immune activation, perhaps in the absence of an
effective IFN-mediated antiviral response, may result in cell death
as a final defense against prolonged virus replication.

MATERIALS AND METHODS
Cells and viruses. Mouse embryo fibroblasts (MEFs) and 293T cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented to
contain 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml of pen-
icillin, 100 �g/ml streptomycin, and 25 ng/ml of amphotericin B (Invit-
rogen). L929 cells were maintained in Joklik’s minimum essential me-
dium supplemented to contain 5% fetal bovine serum, 2 mM L-glutamine,
100 units/ml of penicillin, 100 �g/ml streptomycin, and 25 ng/ml of am-
photericin B. MEFs deficient in IRF-3 and matched wild-type controls
(68) were obtained from Karen Mossman. MEFs deficient in IFNAR and
matched wild-type controls (54) were obtained from H. W. Virgin and
Christian Schindler (93). MEFs deficient in Noxa and matched wild-type
controls (87) were obtained from Navdeep Chandel. MEFs deficient in
NF-�B p65 and matched wild-type controls (8) were obtained from David
Baltimore.

Reovirus strain type 3 Dearing (T3D) is of a laboratory stock. Purified
reovirus virions were generated by using second- or third-passage L-cell
lysate stocks of twice-plaque-purified reovirus as described previously
(31). Viral particles were Freon extracted from infected cell lysates, layered
onto 1.2- to 1.4-g/cm3 CsCl gradients, and centrifuged at 62,000 � g for 18
h. Bands corresponding to virions (1.36 g/cm3) (76) were collected and
dialyzed in virion storage buffer (150 mM NaCl, 15 mM MgCl2, 10 mM
Tris-HCl [pH 7.4]). The viral titer was determined by a plaque assay using
murine L929 cells (88).

Assays of virus growth. MEFs (2 � 104) grown in 24-well plates were
adsorbed in triplicate with T3D in serum-free medium at various multi-
plicities of infection (MOIs) at 25°C for 1 h, washed once with phosphate-
buffered saline (PBS), and incubated in serum-containing medium for
various intervals. The cells were frozen and thawed three times, followed
by the determination of viral titers by a plaque assay using L929 cells. Viral
yields were calculated according to the following formula: log10yieldtx �
log10(PFU/ml)tx � log10(PFU/ml)t0, where tx is the time postinfection.

Quantification of apoptosis by acridine orange staining. MEFs (5 �
104) grown in 24-well plates were either mock infected or adsorbed with
T3D in serum-free medium at various MOIs at 25°C for 1 h. Staurospor-
ine (STS) (1 �M; Sigma-Aldrich) was used as a positive control and ad-
ministered 16 h before analysis. Following 48 h of incubation in serum-
containing medium, the percentage of apoptotic cells was determined by
using acridine orange staining as described previously (86). For each ex-
periment, �200 cells were counted, and the percentage of cells exhibiting
condensed chromatin was determined by epi-illumination fluorescence
microscopy using a fluorescein filter set (Photomicroscope III; Zeiss, New
York, NY). To control for differences in the percentages of apoptotic cells
observed following reovirus infection of the different wild-type MEF cell
lines, the percentage of apoptotic cells was normalized to the average
percentage of apoptotic cells induced by T3D in the wild-type MEFs used
in each experiment.

Detection of caspase-3/7 activity. MEFs (5 � 103) seeded into black
clear-bottom 96-well plates were either adsorbed with T3D in serum-free
medium at various MOIs at 25°C for 1 h or treated with STS (1 �M) as a
positive control 5 h prior to analysis. Following various intervals of incu-
bation in serum-containing medium, caspase-3/7 activity was quantified
by using the Caspase-Glo 3/7 assay (Promega) according to the manufac-
turer’s instructions.

Type I IFN treatment and antibody blockade. IRF-3�/� or IRF-3�/�

MEFs (5 � 104) grown in 24-well plates were inoculated with PBS or
reovirus T3D at an MOI of 100 PFU/cell at 4°C for 45 min. The inoculum
was removed, and cells were incubated in Dulbecco’s modified Eagle’s
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medium (DMEM) in the presence or absence of either rabbit anti-mouse
IFN-� polyclonal IgG (Calbiochem, EMD Chemicals, Gibbstown, NJ) at a
concentration of 500 neutralization units (NU)/ml or recombinant
mouse IFN-� (Calbiochem) at a concentration of 50 international units
(IU)/ml. Cell death was quantified by acridine orange staining at 48 h
postinfection.

Immunoblot assay. 293T cells (5 � 105) grown in 60-mm dishes were
adsorbed with T3D in serum-free medium at an MOI of 100 PFU/cell at
25°C for 1 h. Cells were incubated in serum-containing medium at 37°C
for various intervals, removed from plates with a scraper, washed once
with PBS, and centrifuged at 500 � g for 5 min. Whole-cell extracts were
prepared by incubation in radioimmunoprecipitation assay (RIPA) lysis
buffer (50 mM Tris HCl [pH 7.4], 1% NP-40, 0.25% sodium deoxy-
cholate, 150 mM NaCl) containing a cocktail of protease inhibitors (cat-
alog number 04693124001; Roche) on ice for 5 min, followed by centrif-
ugation at 10,000 � g for 10 min to remove cellular debris. Extracts were
resolved by electrophoresis in 12% polyacrylamide gels and transferred
onto polyvinylidene difluoride (PVDF) membranes. Membranes were
blocked at room temperature overnight in blocking buffer (PBS contain-
ing 0.1% Tween 20 and 2% bovine serum albumin). Immunoblots were
performed by the incubation of membranes with a monoclonal mouse
anti-Noxa primary antibody (ab13654; Abcam) diluted 1:500 in blocking
buffer for 2 h. Membranes were washed 3 times for 10 min each with
washing buffer (PBS containing 0.1% Tween 20) and incubated with an
alkaline phosphatase-conjugated goat anti-mouse secondary antibody
(kit number 170-5010; Bio-Rad) diluted 1:1,000 in blocking buffer for 2 h.
After three washes, membranes were incubated for 5 min with chemilu-
minescent alkaline phosphatase substrate (Bio-Rad). Protein bands were
visualized by using a Bio-Rad ChemiDoc XRS� molecular imager, and the
band intensity was quantified by using the Image J program.

Quantitative reverse transcriptase PCR. 293T cells or MEFs (5 �
105) grown in 60-mm dishes were adsorbed with T3D in serum-free me-
dium at an MOI of 100 PFU/cell at 25°C for 1 h. Cells were incubated in
serum-containing medium at 37°C for various intervals, removed from
plates with a scraper, washed once with PBS, and centrifuged at 500 � g
for 5 min. The supernatant was removed, and the cell pellet was frozen at
�20°C. RNA was extracted by using an RNeasy Plus RNA extraction
minikit (Qiagen) according to the manufacturer’s instructions. RNA was
converted to by cDNA by using an Omniscript RT cDNA synthesis kit
(Qiagen) with an oligo(dT) primer or a reovirus L1 minus-strand-specific
primer (5=-GGGCTCTATGCTGTGCTTTC-3=) according to the manu-
facturer’s instructions. Quantitative PCR (qPCR) was performed by using
the Express SYBR GreenER system (Invitrogen). Primers specific for the
following RNA transcripts were used at a concentration of 0.2 �M: mouse
glyceraldehyde-2-phosphate dehydrogenase (GAPDH) (forward [F]
primer 5=-ACCCAGAAGACTGTGGATGG-3= and reverse [R] primer 5=-
GGATGCAGGGATGATGTTCT-3=), human GAPDH (F primer 5=-GAT
CATCAGCAATGCCTCCT-3= and R primer 5=-TGTGGTCATGAGTCC
TTCCA-3=), mouse Noxa (F primer 5=-CCCAGATTGGGGACCTTAG
T-3= and R primer 5=-CTGCGAACTCAGGTGGTAGC-3=), human Noxa
(F primer 5=-GAGATGCCTGGGAAGAAGG-3= and R primer 5=-TTCT
GCCGGAAGTTCAGTTT-3=), IFIT1 (F primer 5=-GCAACCATGGGAG
AGAATG-3= and R primer 5=-CCCAATGGGTTCTTGATGTC-3=),
interleukin-6 (IL-6) (F primer 5=-CCGGAGAGGAGACTTCACAG-3=
and R primer 5=-CAGAATTGCCATTGCACAAC-3=), and reovirus L1
(Reo L1) (F primer 5=-GGGCTCTATGCTGTGCTTTC-3= and R primer
5=-GGGCGTATCAAGCTAATCCA-3=). Quantification and melt curve
analyses were performed according to the manufacturer’s protocol. For
each sample, the CT (threshold cycle) for the RNA of interest was normal-
ized to that for GAPDH. Fold induction was calculated by comparing
normalized CT values (��CT) of duplicate cDNA synthesis reactions to
those of samples taken at the time of infection (T � 0) for three indepen-
dent experiments. For the quantification of reovirus L1 gene segments,
samples were normalized to GAPDH expression levels in matched cDNA
synthesized by using an oligo(dT) primer.

Silencing of Noxa expression by RNA interference (RNAi). 293T
cells (106) grown in 60-mm dishes overnight were transfected with 100,
200, or 400 pmol control or Noxa (PMAIP1)-specific small interfering
RNAs (siRNAs) (PMAIP1HSS143342 and PMAIP1HSS143343; Invitro-
gen) by using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. To confirm the knockdown of Noxa mRNA and
protein, qPCR and immunoblotting were performed as described above
at 24 h posttransfection. For experiments to address the function of Noxa
in apoptosis, cells in 60-mm dishes were transfected with 200 pmol con-
trol or Noxa-specific siRNAs and replated in 24-well plates (8 � 104 cells/
well) at 24 h posttransfection. Following an additional 12 h of incubation,
cells were retransfected with 20 pmol Noxa-specific or control siRNAs and
incubated for 12 h. Cells were either mock infected or adsorbed with T3D
in serum-free medium at an MOI of 100 PFU/cell at 25°C for 1 h. Follow-
ing 48 h of incubation in serum-containing medium, the percentage of
apoptotic cells was determined by using acridine orange staining.

Statistics. Statistical analyses were performed by using GraphPad
Prism software.

RESULTS
Type I IFN receptor signaling inhibits reovirus spread in tissue
culture. Efficient apoptosis induction following reovirus infection
is dependent on the transcription factors IRF-3 and NF-�B (20,
34, 35). Despite this association, microarray analysis of NF-�B-
dependent genes induced following reovirus infection did not
identify a readily apparent mechanism for the initiation of apop-
tosis (58). However, a number of transcriptional networks that
couple to apoptotic signaling pathways were identified. Most
prominent among these was a large number of ISGs strongly up-
regulated at 6 to 10 h postinfection. Since IFN signaling is linked to
apoptosis induction in several other virus infection models (5, 59,
83), we examined the role of type I IFNs and IFN-dependent sig-
naling in reovirus replication and apoptosis.

Type I IFNs have pleiotropic effects on host cells (82). To dis-
tinguish between effects on replication and effects on apoptosis,
we first examined the effect of IFN signaling on reovirus replica-
tion. For these experiments, we used MEFs derived from animals
genetically lacking IFNAR (54). We quantified titers of reovirus
T3D over a single cycle of viral replication following infection at
an MOI of 10 PFU/cell. Yields of T3D in IFNAR�/� and
IFNAR�/� MEFs at 24 or 48 h postinfection did not differ (Fig.
1A). Thus, IFN signaling has little effect on reovirus growth
during a single replication cycle. To determine whether IFN
signaling limits the capacity of reovirus to spread in cell culture
during multiple rounds of infection, we infected IFNAR�/� or
IFNAR�/� MEFs at an MOI of 1 PFU/cell and quantified viral
titers over a time course of 5 days. At days 4 and 5 postinfection,
reovirus reached 10- to 50-fold-higher yields in IFNAR�/� MEFs
than in IFNAR�/� MEFs (Fig. 1B). Therefore, similar to our pre-
viously reported observations using IRF-3-deficient MEFs (35),
type I IFNs limit the capacity of reovirus to spread to uninfected
cells in an infected culture.

IFN-� is dispensable for apoptosis caused by reovirus. We
next assessed the role of IFN-� in inducing apoptosis following
reovirus infection using three independent approaches. First, we
assessed the capacity of anti-IFN-� neutralizing antibodies to
inhibit apoptosis in MEFs. Wild-type and IRF-3�/� MEFs were
infected with T3D at an MOI of 100 PFU/cell. At the time of
infection, cultures were mock treated or treated with neutralizing
anti-IFN-� antibodies at a concentration of 500 NU/ml. This con-
centration is 10-fold higher than that which is sufficient to neu-
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tralize IFN-� produced by wild-type MEFs following reovirus in-
fection (35). After 48 h, the percentage of apoptotic cells in the
cultures was determined following acridine orange staining,
which allows the identification of apoptotic cells by morphologi-
cal criteria. Acridine orange staining is an established technique to
quantify levels of apoptosis induced by reovirus (20, 21, 35, 86).
Treatment with neutralizing antibodies against IFN-� did not in-
hibit apoptosis induced by reovirus in wild-type MEFs (Fig. 2).
We next assessed the capacity of exogenous IFN-� to induce
apoptosis following reovirus infection of IRF-3-deficient MEFs.
These cells respond to IFN-� but do not produce this cytokine
following reovirus infection (35). At the time of infection, wild-
type or IRF-3�/� cultures were mock treated or treated with re-
combinant mouse IFN-� at a concentration of 50 IU/ml, which is
approximately 10-fold higher than the amount of IFN-� pro-
duced following reovirus infection of wild-type MEFs (35). Apop-
tosis induction was assessed following acridine orange staining at
48 h postinfection. Recombinant IFN-� did not increase the per-
centage of apoptotic cells in either wild-type or IRF-3-deficient
cultures (Fig. 2). The efficacy of anti-IFN-� neutralizing antibody
and exogenous IFN-� treatments was confirmed by qPCR mea-
surements of the induction of an ISG, IFIT1, in cells treated with
IFN-� in the presence or absence of IFN-�-neutralizing antibod-
ies. As expected, IFN-� treatment increased the level of expression
of IFIT1 in both wild-type and IRF-3�/� MEFs, which was abro-
gated in the presence of anti-IFN-� neutralizing antibodies (data
not shown). Finally, we determined whether reovirus is capable of
inducing apoptosis in IFNAR-deficient cells, which cannot re-

spond to IFN-�. IFNAR�/� and IFNAR�/� MEFs were infected
with T3D at an MOI of 100 PFU/cell, and apoptosis was assessed
by caspase-3/7 activity, an indicator of the effector phase of apop-
tosis, at 24 h postinfection and by acridine orange staining at 48 h
postinfection. No differences were observed between IFNAR�/�

and IFNAR�/� MEFs in either caspase-3/7 activity (Fig. 3A) or
acridine orange staining (Fig. 3B) following reovirus infection.
Collectively, these data suggest that IFN-� expression and signal-
ing are not required for reovirus-induced apoptosis. Therefore,
although IRF-3 and NF-�B are required for IFN induction and
apoptosis initiation, independent pathways appear to evoke these
cellular responses.

Noxa expression is upregulated following reovirus infection
in an IRF-3- and NF-�B-dependent manner. In attempting to
identify a candidate protein that is a transcriptional target of IRF-3
or NF-�B that facilitates that apoptosis of reovirus-infected cells,
we thought that this protein would act via the intrinsic apoptotic
pathway, since this pathway could function entirely intracellu-
larly. Additionally, reovirus apoptosis is mediated at least in part
via intrinsic apoptotic signals, leading to the release of cytochrome
c and Smac/Diablo from mitochondria (42, 43). The intrinsic
mechanism of apoptosis is induced by BH3-domain-only proteins
of the Bcl-2 family via the inhibition of antiapoptotic Bcl-2 family
members located in the mitochondrial membrane (79). Based on
these observations, we reasoned that Noxa, a proapoptotic BH3-
domain-only protein (56) regulated by IRF-3 (32, 45) and NF-�B
(37, 60), might be required for reovirus-induced apoptosis. In
support of this idea, Noxa is implicated in apoptosis following
infection with encephalomyocarditis virus (ECMV), Sendai virus,
vaccinia virus (modified Ankara strain), and vesicular stomatitis
virus (VSV) (30, 32, 45, 81). Since Noxa expression is controlled at
the transcriptional level, we first examined whether Noxa mRNA
expression is induced following reovirus infection. 293T cells were
infected with T3D, and RNA was extracted from mock-infected
and infected cultures at various times postinfection. Levels of
Noxa mRNA were quantified by using qPCR. We observed a con-
tinuous, time-dependent increase in Noxa expression levels fol-

FIG 1 Reovirus spread is diminished by type I IFN signaling. IFNAR�/� MEFs
and IFNAR�/� MEFs were infected with T3D at an MOI of 10 PFU/cell (A) or
1 PFU/cell (B). Titers of infectious virus in cell lysates at the indicated times
postinfection were determined by a plaque assay. The results are expressed as
viral yields for triplicate samples. The error bars indicate standard deviations
(SD). The asterisk indicates differences in viral yield in each cell line that are
significant (P � 0.001), as determined by two-way analysis of variance
(ANOVA).

FIG 2 IFN-� does not potentiate apoptosis following reovirus infection. IRF-
3�/� MEFs and IRF-3�/� MEFs were mock infected or infected with T3D at an
MOI of 100 PFU/cell. At the time of infection, cultures were mock treated or
treated with either IFN-�-specific neutralizing antibodies or recombinant
IFN-�. Following 48 h of incubation, the percentage of apoptotic cells was
determined after staining with acridine orange. The results are expressed as the
mean percentages of apoptotic cells for triplicate samples, normalized to
the average percentage of apoptotic cells in T3D-infected IRF-3�/� MEFs. The
error bars indicate SD.
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lowing T3D infection. Noxa expression levels in these cells in-
creased over 20-fold from baseline levels by 48 h postinfection
(Fig. 4A). The levels of the Noxa protein showed a similar increase
following reovirus infection, as determined by the immunoblot-
ting of 293T cell lysates using a Noxa-specific antiserum (Fig. 4B
and C).

To determine whether Noxa induction is IRF-3 or NF-�B de-
pendent, wild-type, IRF-3�/�, and NF-�B p65�/� MEFs were in-
fected with T3D, and levels of Noxa mRNA were quantified by
using qPCR. In wild-type MEFs, the Noxa expression level was
increased over 6-fold from baseline levels by 48 h postinfection
(Fig. 4D). In contrast, no significant upregulation of Noxa was
observed following infection of IRF-3- or NF-�B p65-deficient
MEFs. As a control for the efficacy of reovirus induction of tran-
scriptional activity in these cell lines, we examined the expression
of IL-6 and IFIT1 in these cell lines following reovirus infection.
IL-6 expression is regulated by NF-�B (47), whereas IFIT1 is reg-
ulated by IRF-3 (33). As expected, IL-6 was induced following the
infection of IRF-3-deficient MEFs, and IFIT1 was induced follow-
ing the infection of NF-�B p65-deficient MEFs, suggesting that
these cells were efficiently infected with reovirus and that signaling
downstream of RIG-I and Mda-5 was intact despite the genetic
deficiency in either IRF-3 or NF-�B (Fig. 4E and F).

Noxa expression does not affect reovirus replication. To de-
termine whether Noxa expression alters reovirus replication, we
utilized MEFs derived from Noxa�/� mice (87). Wild-type and

Noxa-deficient MEFs were infected with T3D at an MOI of 1 PFU/
cell, and viral yields were determined at 24 and 48 h postinfection.
T3D produced equivalent yields in wild-type and Noxa�/� MEFs
(Fig. 5A), suggesting that Noxa expression does not alter the ca-
pacity of reovirus to replicate. As the level of reovirus RNA syn-
thesis may influence apoptosis induction via the activation of
RIG-I- and Mda-5-dependent signaling, we also assessed the level
of negative-strand synthesis in wild-type and Noxa�/� MEFs us-
ing qPCR with primers specific for the L1 gene segment. T3D
produced equivalent levels of L1 negative-strand RNA in wild-
type and Noxa�/� MEFs (Fig. 5B), suggesting that Noxa does not
alter reovirus polymerase activity and, therefore, the amount of
viral RNA capable of eliciting a signal via RIG-I and Mda-5.

Noxa is required for efficient apoptosis induction following
reovirus infection. To determine whether Noxa influences apop-
tosis following reovirus infection, we quantified levels of apoptosis
in wild-type and Noxa-deficient MEFs after mock infection or
infection with T3D. As Noxa expression leads to caspase-3 activa-
tion via the intrinsic pathway of apoptosis, we first assessed
caspase-3/7 activity over a time course following infection. STS
was used as a positive control. Noxa�/� MEFs displayed signifi-
cantly lower levels of caspase-3/7 activity following infection with
T3D than did wild-type MEFs at 24, 36, and 48 h postinfection
(P � 0.05) (Fig. 6A). In contrast, no significant difference in levels
of caspase-3/7 induced in wild-type or Noxa�/� cells was observed
following STS treatment (Fig. 6B). Similar results were obtained
following the quantification of apoptosis in wild-type and
Noxa�/� MEFs via acridine orange staining (P � 0.05) (Fig. 6C).

To confirm a role for Noxa in reovirus-induced apoptosis, we
used RNAi to selectively diminish the expression level of Noxa and
then quantified levels of apoptosis in infected cells. 293T cells were
transfected with Noxa-specific siRNAs or a control siRNA, in-
fected with T3D, and scored for apoptosis 48 h after infection by
using acridine orange staining. Cells transfected with Noxa-
specific siRNAs exhibited significantly diminished levels of apop-
tosis in comparison to those of cells transfected with control
siRNA (P � 0.05) (Fig. 6D). The Noxa expression level was effi-
ciently diminished following siRNA treatment, as assessed by the
immunoblotting of transfected cell lysates with an antiserum spe-
cific for Noxa (Fig. 6E and F) and by qPCR analysis of total mRNA
extracted from transfected cells using Noxa-specific primers (Fig.
6G). Together with results gathered using Noxa�/� MEFs, these
findings indicate a critical function for Noxa in the efficient in-
duction of apoptosis by reovirus.

DISCUSSION

At the center of the cellular innate immune response to virus in-
fection is the decision of whether or not to undergo apoptosis. If
the antiviral machinery can successfully clear the pathogen, nor-
mal cellular functions may be restored. However, if virus replica-
tion is unchecked, or if the damage caused by infection is too great,
apoptosis may hinder further replication or facilitate the immune
clearance of infected cells. This decision requires the capacity for
the detection of products of viral infection by cellular pattern rec-
ognition receptors (PRRs) and a regulatory network capable of
eliciting the appropriate response. Signals induced by PRRs en-
gage a range of transcriptional circuits that regulate antiviral and
apoptotic activities. Although many of the individual components
of these circuits are known, how these signals are integrated to
coordinate the response is less well understood. In this study, we

FIG 3 IFN signaling is not required for induction of apoptosis by reovirus.
IFNAR�/� MEFs and IFNAR�/� MEFs were infected with T3D at the indi-
cated MOIs. (A) Caspase-3/7 activity in cell lysates was determined at 24 h
postinfection. The results are expressed as the mean ratios of caspase-3/7 ac-
tivity from infected cell lysates to that from mock-infected cells for triplicate
samples. The error bars indicate SD. (B) The percentage of apoptotic cells was
determined after staining with acridine orange at 48 h postinfection. The re-
sults are expressed as the mean percentages of apoptotic cells for triplicate
samples, normalized to the average percentage of apoptotic cells in T3D-
infected IFNAR�/� MEFs. The error bars indicate SD.
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focused on the transcription factors IRF-3 and NF-�B, which play
central roles in the antiviral innate immune response. Both are
required to elicit the type I IFN response, and both are linked to
apoptosis induction following viral infection. Here, we show that
these roles are distinct, as IFN induction and signaling are not
required for apoptosis induced by reovirus infection. Addition-
ally, we identify a role for Noxa, a proapoptotic member of the
Bcl-2 family, in mediating apoptosis following reovirus infection.
Noxa induction is dependent on IRF-3 and NF-�B, suggesting
that these transcription factors function to integrate both cellular
antiviral and apoptotic responses.

IRF-3 and NF-�B are activated as early as 2 to 4 h following
reovirus infection (20, 34, 35), and ISGs are upregulated by 6 to 12
h postinfection (58). In contrast, despite its dependence on IRF-3
and NF-�B, we did not observe a strong increase in Noxa expres-
sion levels, particularly in MEFs, until 24 h postinfection, with the
most marked upregulation at 36 and 48 h postinfection. This find-

FIG 4 Reovirus-induced Noxa upregulation is dependent on IRF-3 and
NF-�B p65. (A to D) 293T cells (A to C) and wild-type, IRF-3�/�, and NF-�B
p65�/� MEFs (D) were infected with T3D at an MOI of 100 PFU/cell. Levels of
Noxa mRNA were quantified by using qPCR (A and D) or immunoblotting of
cell lysates with an antiserum specific for Noxa (B and C) at the indicated times
postinfection. In panel C, the Noxa-specific band intensity (Noxa) in panel B
was quantified by using densitometry measurements and normalized to the

intensity of a nonspecific background band (Bkrd). (E and F) Expression of
IL-6 (E) or IFIT1 (F) in mock-infected or T3D-infected IRF-3�/� or NF-
�B�/� MEFs, respectively, was determined at 48 h postinfection. For qPCR
experiments, the gene-specific expression level was normalized to the GAPDH
expression level. The results are expressed as the mean fold increases in the
gene expression level relative to the expression level at the time of infection for
three independent experiments with duplicate samples. The error bars indicate
SD. �, P � 0.05, as determined by Student’s t test, in comparison to mock-
infected cells (A, E, and F) or to wild-type MEFs (D).

FIG 5 Reovirus replication is not influenced by Noxa expression. (A)
Noxa�/� and Noxa�/� MEFs were infected with T3D at an MOI of 1 PFU/cell.
Titers of infectious virus in cell lysates at 0, 24, and 48 h postinfection were
determined by a plaque assay. The results are expressed as viral yields for
triplicate samples. (B) Noxa�/� and Noxa�/� MEFs were infected with T3D at
an MOI of 100 PFU/cell. Levels of T3D L1 minus-strand RNA at the indicated
times were quantified by using qPCR and normalized to GAPDH expression
levels. The results are expressed as the log10 mean fold increases in L1 minus-
strand levels relative to the levels at the time of infection for two independent
experiments with duplicate samples. The error bars indicate SD.

Noxa Enhances Reovirus Apoptosis

February 2012 Volume 86 Number 3 jvi.asm.org 1655

http://jvi.asm.org


ing is consistent with data from microarray experiments examin-
ing cellular gene expression following reovirus infection up to 24 h
postinfection, in which alterations in Noxa expression were not
observed (27, 58, 64, 75). However, the timing of Noxa upregula-

tion following reovirus infection is distinct from that observed
following ECMV, Sendai virus, and VSV infections, in which
Noxa induction occurs within 3 to 8 h postinfection (45, 81).
There are several possible explanations for the delay between

FIG 6 Noxa is required for maximum induction of apoptosis by reovirus. (A) Noxa�/� MEFs and Noxa�/� MEFs were mock infected, infected with T3D at an
MOI of 100 PFU/cell (A), or treated with STS (B). Caspase-3/7 activity in cell lysates was determined at the indicated times postinfection. Caspase-3/7 activity in
cell lysates from STS-treated cells was determined at 5 h posttreatment. The results are expressed as the mean ratios of caspase-3/7 activity from infected cell
lysates to that from mock-infected cells for triplicate samples. The error bars indicate SD. (C) Noxa�/� MEFs and Noxa�/� MEFs were mock infected, infected
with T3D at an MOI of 100 PFU/cell, or treated with STS. The percentage of apoptotic cells was determined after staining with acridine orange at 48 h
postinfection and 16 h posttreatment. The results are expressed as the mean percentages of apoptotic cells for triplicate samples, normalized to the average
percentage of apoptotic cells in T3D-infected Noxa�/� MEFs. The error bars indicate SD. (D) 293T cells were transfected twice with a control siRNA or
Noxa-specific siRNAs and infected with T3D at an MOI of 100 PFU/cell. The percentage of apoptotic cells was determined after staining with acridine orange at
48 h postinfection. The results are expressed as the mean percentages of apoptotic cells for triplicate samples, normalized to the average percentage of apoptotic
cells in T3D-infected, control siRNA-transfected cells. (E to G) Noxa expression following siRNA treatment was quantified by the immunoblotting of transfected
cell lysates with an antiserum specific for Noxa (E and F) and qPCR analysis of total mRNA extracted from transfected cells using Noxa-specific primers (G). Noxa
protein levels were quantified by using densitometry and normalized to the intensity of a nonspecific background band (Bkrd) (F). Noxa mRNA levels were
normalized to GAPDH and expressed as the percentage of Noxa expression relative to that of control siRNA-transfected cells (G). The error bars indicate SD. �,
P � 0.05, as determined by Student’s t test, in comparison to Noxa�/� MEFs (A and C) or control siRNA transfection (D).
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reovirus-induced transcription factor activation and Noxa up-
regulation. IRF-3 and NF-�B may require a prolonged association
with the Noxa promoter before observable Noxa induction can
been found. Alternatively, a transcriptional repressor may have to
be removed from the Noxa promoter, which might occur only
following prolonged infection. Although binding sites for both
IRF-3 and NF-�B have been identified in the Noxa promoter (32,
37, 45, 60), its induction may also require the activities of other
transcription factors that are induced only at late times postinfec-
tion. One such possibility is IRF-1, which transactivates the Noxa
promoter following infection by Sendai virus and VSV (45) and is
upregulated by reovirus in primary cardiac myocytes (3). As cel-
lular transcriptional activity in response to reovirus infection is
dynamic (16, 17), the precise molecular regulation of Noxa ex-
pression may reflect the changing transcriptional state of infected
cells. Nonetheless, the delay in Noxa upregulation may function as
a late response to persistent viral replication. If type I IFNs are
insufficient to inhibit the virus, then perhaps Noxa upregulation,
which commits the cell to apoptosis, functions as a final antiviral
response.

In mammalian cell cultures, Noxa expression, and, therefore,
increased levels of apoptosis, did not alter reovirus replication.
This observation is consistent with many reports of the relation-
ship between apoptosis and reovirus replicative capacity. Reovirus
replication is not altered or only modestly dampened in the pres-
ence or absence of proapoptotic proteins, including Bid (24),
IRF-3 (35), and NF-�B (20). Additionally, inhibitors of apoptosis
induction do not alter reovirus replication (25). However, in an-
imal models, these proteins do alter reovirus replication in an
organ-specific context (24, 36, 57). Importantly, IRF-3 and NF-�B
have roles in IFN induction, which also limits viral replication,
making it difficult to make unambiguous conclusions about the
role of apoptosis in reovirus replication in vivo. However, both
Bid-deficient mice and caspase-3-deficient mice exhibit decreased
reovirus replication in the CNS (7, 24). Similarly, a reovirus mu-
tant that displays normal replication but a reduced capacity to
induce apoptosis in cultured cells produces lower yields in the
CNS of infected mice (22). Together, these results suggest that
apoptosis is required for efficient replication in vivo. Whether
Noxa has a role in reovirus replication and pathogenesis in in-
fected animals remains to be determined.

A Noxa deficiency did not lead to the complete inhibition of
apoptosis, as approximately 50% of Noxa�/� MEFs were apop-
totic following reovirus infection. These results indicate that Noxa
is not absolutely required for reovirus apoptosis but instead con-
tributes to the efficiency of the proapoptotic stimulus. Similar
results were observed previously for other proteins known to play
a role in reovirus apoptosis, including IRF-3 (35) and NF-�B p50
(20). Reovirus induces multiple apoptotic signals in host cells,
including components of both the extrinsic (15, 16, 18) and in-
trinsic (42, 43) apoptotic pathways. Taken together, these results
suggest that cells have multiple redundant mechanisms for initi-
ating cell death following virus infection. The removal of any of
the upstream components of these pathways can alter the effi-
ciency of cell death but is unlikely to completely abrogate the
response. Since apoptosis is a primary component of the patho-
genesis of reovirus infection in the CNS (55) and heart (28, 57),
and the inhibition of these pathways was suggested previously to
be a possible therapeutic strategy for viral encephalitis and myo-
carditis (6, 28, 66), these results suggest that interventions must be

targeted at later events in apoptosis induction, such as caspase-3
activation, for full efficacy.

Two other proteins involved in intrinsic apoptotic pathways
are implicated in cell death following reovirus infection. Bax, a
proapoptotic Bcl-2 family member that engages Bak to form the
mitochondrial apoptosis-inducing channel in the outer mito-
chondrial membrane, interacts directly with a novel BH3 domain
in IRF-3 (12). Importantly, Bax is essential for apoptosis induced
by dsRNA (12), but the role of Bax in reovirus-induced apoptosis
is not completely understood. In cultured cells, reovirus apoptosis
occurs independently of Bax and Bak, as levels of apoptosis in
MEFs lacking Bax and Bak are equivalent to those in wild-type
cells (89). However, in Bax-deficient mice, reovirus produces less
apoptosis and tissue damage in the CNS than those observed for
wild-type mice (9). This effect is organ specific, as levels of apop-
tosis in the heart do not differ between wild-type and Bax-
deficient animals. Thus, Bax may function to induce apoptosis
following reovirus infection only in certain cell types or tissues.
Given the observed link between Bax and IRF-3, these results may
also account for the tissue-specific differences in virus-induced
apoptosis observed for IRF-3-deficient mice (36).

A second such molecule is the BH3-only protein Bid, which
activates the mitochondrion-based apoptotic amplification loop
following death receptor signaling (46). Bid is cleaved by activated
caspase-8 to form tBid, which alters the permeability of the outer
mitochondrial membrane to release cytochrome c and induce the
intrinsic apoptotic pathway. Bid is cleaved following reovirus in-
fection and is required for reovirus-induced apoptosis (24). Bid
cleavage during reovirus infection requires NF-�B and appears to
occur after the activation of TRAIL receptor (TRAIL-R), as cleav-
age does not occur in TRAIL-R-deficient MEFs (24). The mecha-
nism by which NF-�B modulates TRAIL or TRAIL-R following
reovirus infection is not clear. Although there is evidence for an
NF-�B-dependent induction of TRAIL, DR4, and DR5 (52, 67, 72,
73), there is substantial evidence that NF-�B protects cells from
TRAIL-dependent apoptosis (4, 10, 41, 44). The latter observa-
tions are substantiated by experiments with reovirus, which sug-
gested that NF-�B activation must be inhibited prior to TRAIL-
dependent cell death (16). One possible explanation for these
disparate results is the involvement of the NF-�B c-Rel subunit,
which modulates the expression of TRAIL receptors, in opposi-
tion to p65/RelA (14, 65). c-Rel is activated following reovirus
infection, although its role in reovirus-induced apoptosis has not
been defined (34). How these pathways synergize with the NF-�B-
dependent induction of Noxa, and whether IRF-3 is also involved,
remains to be determined.

Noxa was first linked to p53-dependent apoptosis following
genotoxic stress (56, 74, 87). NF-�B is implicated in the p53-
dependent induction of Noxa (1, 60), suggesting that it coor-
dinates transcriptional responses to DNA damage. Analyses of
gene expression patterns following reovirus infection indicated
an upregulation of genes involved in cellular DNA damage
responses (27, 58). Additionally, reovirus infection inhibits cell
cycle progression at the G2/M checkpoint via an unknown
mechanism involving viral nonstructural protein �1s (62, 63).
Given the importance of p53 in cell cycle regulation and the
known activation of NF-�B following reovirus infection, we
think that it is possible that interactions between the NF-�B
and p53 pathways resulting in Noxa induction couple DNA
damage and apoptosis induction.
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The precise coordination of innate immune signaling and
programmed cell death pathways is essential for mounting ef-
fective cellular defenses against viral infections. Ideally, cellular
antiviral responses would be sufficient to limit virus replica-
tion. However, if a virus evades the antiviral state and contin-
ues to replicate, cells must be prepared to undergo apoptosis to
mitigate the tissue damage caused by infection. We found that
the transcription factors IRF-3 and NF-�B, which are activated
by PRRs early in infection, function as central integrators of
these responses during reovirus infection. Both factors are re-
quired for the induction of type I IFNs and the generation of an
antiviral state. In a separate and distinct pathway, these factors
also sensitize infected cells to the induction of apoptosis
through the upregulation of the BH3-only protein Noxa. The
upregulation of Noxa occurs only at late times postinfection,
suggesting that it functions as a final attempt to limit virus
replication prior to the cessation of cellular activity. It would
also provide a means of facilitating the immune clearance of
infected cells. Much remains to be determined about the regu-
lation of these pathways, including the mechanisms of feed-
back inhibition of apoptotic processes following the successful
induction of an antiviral state and the role of Noxa in reovirus
infection in vivo. However, given the critical functions of apop-
tosis in reovirus encephalitis and myocarditis (26, 55), the NF-
�B- and IRF-3-dependent induction of Noxa is likely to play an
important role in the pathogenesis of reovirus infection.
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