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Upon infection with many RNA viruses, the cytoplasmic

retinoic acid inducible gene-I (RIG-I) pathway activates

the latent transcription factor IRF-3, causing its nuclear

translocation and the induction of many antiviral genes,

including those encoding interferons. Here, we report a

novel and distinct activity of IRF-3, in virus-infected cells,

that induces apoptosis. Using genetically defective mouse

and human cell lines, we demonstrated that, although

both pathways required the presence of RIG-I, IPS1,

TRAF3 and TBK1, only the apoptotic pathway required the

presence of TRAF2 and TRAF6 in addition. More impor-

tantly, transcriptionally inactive IRF-3 mutants, such as the

one missing its DNA-binding domain, could efficiently

mediate apoptosis. Apoptosis was triggered by the direct

interaction of IRF-3, through a newly identified BH3

domain, with the pro-apoptotic protein Bax, their co-trans-

location to the mitochondria and the resulting activation of

the mitochondrial apoptotic pathway. Thus, IRF-3 is a dual-

action cytoplasmic protein that, upon activation, translo-

cates to the nucleus or to the mitochondrion and triggers

two complementary antiviral responses of the infected cell.
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Introduction

Viruses are obligatory intracellular pathogens that are a threat

to all eukaryotes. Mammals have developed a plethora of anti-

viral mechanisms, including the triggering of innate immune

response that limits viral replication and spread (Kawai and

Akira, 2006). There are several innate antiviral path-

ways activated by double-stranded RNA (dsRNA) (Peters

et al, 2002), a common byproduct of virus replication.

Extracellular dsRNA, produced by dead infected cells, is

endocytosed and recognized by Toll-like receptor (TLR) 3

(Alexopoulou et al, 2001), which is primarily located on the

endosomal membrane. TLR3 uses the adaptor protein TRIF

(Yamamoto et al, 2003) to engage the protein kinase IKK to

activate the transcription factor NF-kB and the protein

kinases TBK1/IKKe (Fitzgerald et al, 2003) to activate the

transcription factor IRF-3 (Doyle et al, 2002). In contrast,

intracellular dsRNA, produced by replicating viruses that

multiply in the cytoplasm, is recognized by cytoplasmic

sensors, such as retinoic acid inducible gene-I (RIG-I)

and melanoma differentiation-associated gene 5 (Mda-5)

(Yoneyama et al, 2004; Kato et al, 2006), which are RNA

helicases, collectively called RIG-I-like helicases (RLH). They

use the mitochondrial membrane-bound protein, IPS-1

(Kawai et al, 2005; Meylan et al, 2005; Seth et al, 2005; Xu

et al, 2005) (also known as VISA, Cardif or MAVS), as the

adaptor and recruits several members of the TRAF family

proteins, which, in turn, activate the same protein kinases

and transcription factors as TLR3. These transcription factors

drive transcription of the interferon genes and many inter-

feron-stimulated genes (ISG), which are essential for both

innate and adaptive antiviral defenses (Kawai and Akira,

2006). Another common cellular antiviral response is apo-

ptosis (Barber, 2001); premature cell death limits virus repli-

cation and spreading. We have reported that IRF-3, the

transcription factor that induces transcription of the antiviral

genes, also has a central role in mediating apoptosis of

paramyxovirus-infected cells, as manifested by the fact that

infected cells are not killed in its absence (Peters et al, 2008).

Moreover, if IRF-3 is activated by virus infection, neither

interferon signalling nor NF-kB activation is needed to trigger

apoptosis. In the absence of IRF-3 activation, the cells

become persistently infected and continuously produce in-

fectious virions (Peters et al, 2008). Our observations made

an interesting connection between innate immune response

and the apoptotic response of a virus-infected cell through the

common requirement of IRF-3 for both processes. Here, we

report that the pro-apoptotic action of IRF-3 is distinct and

independent of its transcriptional activity. Activation of RLH

signalling led to activation of both transcriptional and apop-

totic activities of IRF-3 by two distinct signalling pathways,

which required shared proteins as well as pathway-specific

proteins. Our investigation revealed the presence of a BH3

domain in IRF-3, which enabled activated IRF-3 to interact

with the pro-apoptotic protein Bax; this was followed by their

translocation to the mitochondria and activation of the

intrinsic apoptotic pathway.

Results

IRF-3 activation by cytoplasmic dsRNA signalling causes

apoptosis

We used wild type and genetically altered human and mouse

cell lines to investigate the mechanism of apoptosis caused by

infection with Sendai virus (SeV), a paramyxovirus, or by

transfected dsRNA, both of which activate the cytoplasmic
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helicases (Kato et al, 2006). Apoptosis was monitored by

several complementary criteria, such as cell killing, Trypan

Blue exclusion, induction of caspase 3/7 activity (Marques

et al, 2005), TUNEL assay, DNA fragmentation and cleavage

of PARP (Peters et al, 2008). Apoptosis caused by SeV

required the presence of IRF-3 (Figure 1A); human HT1080

cells were completely killed upon SeV infection, but not when

IRF-3 expression was ablated by siRNA (panels 1 and 2). As

expected, P2.1, an IRF-3-deficient mutant cell line (Peters

et al, 2002), was refractory to apoptosis, but when IRF-3

expression was restored in these cells they became suscep-

tible to viral killing (panels 3 and 4). Similar results were

obtained when cells were transfected with dsRNA, which

activates RLH; in contrast, activation of the TLR3 pathway by

dsRNA added to the culture medium (Sarkar et al, 2004) did

not cause apoptosis (Figure 1B), although signalling by both

TLR3 and RLH caused gene induction (Supplementary Figure

S1A) and IRF-3 phosphorylation (Supplementary Figure S1B;

Sarkar et al, 2004). The RLH pathway, but not the TLR3

pathway, triggered caspase activation in primary mouse

dendritic cells (Figure 1C) and peritoneal macrophages

(Supplementary Figure S1C), although both pathways

induced genes in cells of both lineages (data not shown).

Similar to IRF-3-deficient human cells, IRF-3�/� mouse

fibroblasts were resistant to dsRNA-mediated apoptosis,

although they were as susceptible as Wt cells to apoptosis

caused by TNF (Figure 1D). IRF-3 and RLH signalling-depen-

dent apoptotic cell death was further demonstrated by addi-

tional complementary assays such as Trypan Blue exclusion

(Supplementary Figure S1D), PARP cleavage (Figure 1E),

DNA fragmentation (Figure 1F) and TUNEL assay

(Supplementary Figure S1E). The individual cell-based as-

says, such as TUNEL assay or vital dye exclusion assay, often

showed that not all cells, but only a fraction, were undergoing

apoptosis. This was, almost exclusively, due to inefficient

transfection of the activator, dsRNA, especially into mouse

primary cells. For dissecting the mechanism underlying IRF-3-

mediated apoptosis, we decided to use MEF as our primary
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Figure 1 IRF-3 activation by cytoplasmic dsRNA signalling triggers apoptosis. (A) HT1080-derived cell lines were infected with Sendai virus
and 3 days after infection culture fields were photographed. 1, U4C cells (Wt); 2, IRF-3-knocked-down HT1080 cells (Wt-siIRF-3); 3, P2.1 cells
(IRF-3� mutant); 4, IRF-3-restored P2.1 cells. (B) HT1080 cells were treated (TLR3) or transfected (RIG-I) with poly(I:C) for 16 h when caspase
activation was measured. (C) Primary bone-marrow-derived dendritic cells (DCs), isolated from Wt C57Bl/6 mice, were treated (TLR3) or
transfected (RIG-I) with poly(I:C); caspase activity was measured 16 h after treatment. (D) Wt and IRF-3 KO MEFs were transfected with 8 mg/
ml of poly(I:C) or treated with 100 ng/ml of TNF and 1mg/ml of cycloheximide (CHX) for 16 h, when caspase activation was measured; fold
induction of caspase activity of Wt MEFs was considered as 100 and all other values were normalized to this. (E) Wt, IRF-3�mutant and IRF-3-
restored cells (as described in (A)) were transfected with poly(I:C) and PARP cleavage was analysed 16 h after transfection by western blot.
(F) Wt and Wt-siIRF-3 cells (as described in (A)) were transfected with poly(I:C) for the indicated time, when cellular DNA was isolated and
analysed by running on 1.5% agarose gel. The left panel shows kinetics of DNA fragmentation for Wt cells. For the above experiments, 2mg/ml
of poly(I:C) was transfected (B, C, E, F) or 100mg/ml of poly(I:C) was added into the culture medium in (B, C); fold induction of caspase
activity by RIG-I signalling in response to transfected poly(I:C) was considered as 100 and other values were normalized to this (B, C).
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test cells because many genetically defective MEFs are easily

available.

Shared need of dsRNA-signalling proteins for both gene

induction and apoptotic actions of IRF-3

To investigate the obvious possibility that IRF-3-mediated

transcriptional induction of pro-apoptotic genes causes the

observed apoptosis, we compared the signalling proteins that

are required for the two effects. Several proteins that mediate

transcriptional signalling by virus or dsRNA-activated path-

ways have been identified. In the next series of experiments,

we investigated whether these proteins are also required for

the apoptotic pathway. For this purpose, we used knock-out

MEFs or other methods of selective functional disruption of

the test genes. A human cell line expressing a dominant-

negative mutant of RIG-I (Yoneyama et al, 2004; Kato et al,

2006) was completely resistant to apoptosis caused by SeV

infection (Figure 2A), confirming that, for SeV, RIG-I was the

relevant receptor. RIG-I and Mda-5 are the two major cyto-

plasmic RNA helicases that recognize viral or transfected

RNA to trigger transcriptional signalling. Between these

two, Mda-5 was not required for apoptosis, but caspase

3/7 activation and TUNEL positivity were greatly reduced in

RIG-I�/� MEF (Figure 2B and C). The residual activation

observed in the RIG-I�/� MEF could be mediated by Mda-5,

which can substitute for RIG-I in its absence. It is important to

note that the dsRNA stimulator used in these experiments

was a mixture of long and short RNAs; for gene induction, the

former is recognized by Mda-5, whereas the latter is recog-

nized by RIG-I (Kato et al, 2008). The mitochondrial adap-

tor protein, IPS-1, was also required for apoptosis: mouse

IPS-1�/� cells were resistant to dsRNA-induced apoptosis

(Figure 2B and C). Expression of the HCV protease, NS3.4A,

that cleaved IPS-1 (Meylan et al, 2005) blocked apoptosis

by transfected dsRNA (Figure 2D) or SeV infection (Supple-

mentary Figure S2A), and gene induction (Figure 2E) by

SeV infection of human cells. Requirement of TRAF3, an

essential component of RIG-I signalling, was also tested by

using TRAF3�/� MEF cells. The results indicate that this

protein was also essential for both dsRNA-induced apoptosis

(Figure 2B) and gene induction (Supplementary Figure S2B).

For mediating transcriptional signalling, IPS-1 recruits the

protein kinase, TBK1, which phosphorylates and activates

IRF-3. We, therefore, tested the requirement of TBK1 in

causing apoptosis by using TBK1�/� MEF and human cells

expressing a dominant-negative mutant of TBK1. In both cell

types, dsRNA-mediated caspase activation and cell killing

were severely inhibited (Figure 2B and D and Supple-

mentary Figure S2C). As expected, the induction of the IRF-

3-dependent ISG56 gene was blocked in the HT1080 cells

expressing TBK1-DN (Figure 2F). These results showed that

RIG-I, IPS-1, TRAF3 and TBK1 were all needed for mediating

both gene induction and the apoptotic effects of IRF-3.

Identification of pathway-specific signalling proteins

In addition to the signalling proteins discussed above, several

other adaptor proteins, including TRAF2 and TRAF6, have

been implicated in the dsRNA-signalling pathways. As men-

tioned above, TRAF3 was required for both transcriptional

and apoptotic pathways (Figure 2B and Supplementary

Figure S2B); we tested the roles of the other TRAF proteins

for these pathways. It has been shown that TRAF2 and
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Figure 2 Components of RIG-I signalling are required for apoptosis. (A) HT1080 cells (Wt) and HT1080 cells expressing a dominant-negative
mutant of RIG-I (RIG-Ic) were infected with SeV; 3 days after infection culture fields were photographed. (B) Wt and KO MEF cells (as
indicated) were transfected with poly(I:C), caspase activity was measured after 16 h; fold induction of caspase activity of Wt MEFs was
considered as 100 and all other values were normalized to this. (C) Wt and knockout MEF cells (as indicated), grown on coverslips, were
transfected with poly(I:C) for 16 h, when the cells were stained with FITC-conjugated TUNEL; TUNEL-positive and DAPI-stained cells were
counted under the microscope and percent TUNEL-positive cells are presented. (D) Human cells expressing Hepatitis C virus protease NS3.4A
or HT1080 cells expressing a dominant-negative mutant of TBK1 (TBK1-DN) were used for this experiment. The cells were transfected with
poly(I:C), caspase activity was measured 16 h after transfection. (E) Cell lysates from NS3.4A-expressing cells (as described in (C)) were
analysed for induction of P56 by SeV infection (6 h after infection) by western blot. (F) TBK1-DN (DN)-expressing cells (as described in (C))
were analysed for induction of P56 by western blot, 6 h after poly(I:C) transfection.
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TRAF6 are recruited by mitochondrial adaptor protein IPS-1

upon RIG-I activation (Xu et al, 2005). We investigated their

requirement by testing genetically deficient MEF cells and

observed that both TRAF2 and TRAF6 proteins were essential

for the IRF-3-mediated apoptotic pathway; caspase activation

(Figure 3A) and TUNEL staining (Figure 3B) in response to

dsRNA signalling were significantly inhibited in the deficient

cells. However, neither of these two adaptor proteins was

needed for IRF-3-mediated gene induction (Figure 3C and D).

Taken together, the above analyses of the needs for specific

signalling proteins strongly suggest that dsRNA-elicited acti-

vation of IRF-3 for gene induction and apoptosis uses par-

tially overlapping but distinct pathways.

dsRNA-mediated apoptosis is independent

of IRF-3-driven gene induction

The above observation of the pathway-specific requirement

of signalling components raised the intriguing possibility that

the apoptotic pathway, although IRF-3 dependent, does not

require gene induction. Indeed, when new gene expression

was blocked by the transcriptional inhibitor, actinomycin D,

or the translational inhibitor, cycloheximide (CHX), dsRNA-

induced PARP cleavage remained unabated, although, as

expected, gene induction was completely blocked

(Figure 4A). The unexpected observation that apoptosis

needed IRF-3, but not new gene expression, raised the

possibility that IRF-3 might have a separate function that is

distinct and separable from its role as a transcription factor.

As shown in Figure 4B, the amino-terminal region of IRF-3

contains the DNA-binding domain (DBD), the nuclear locali-

zation signal (NLS) and the nuclear export signal, whereas

the carboxyl-terminal domain contains the critical serine

residues (S385, S386, S396 and S398), of which signal-

dependent phosphorylation and the resultant IRF-3 dimeriza-

tion and nuclear translocation are required for activating

IRF-3 as a transcription factor (Yoneyama et al, 2004). To

determine whether the same changes in the properties of

IRF-3 are required for mediating apoptosis, we used mutants

of IRF-3 that are deficient in driving transcription. For this

purpose, we used IRF-3-deficient human cells, in which IRF-3

expression had been ablated by siRNAs that are targeted

to the untranslated regions of IRF-3 mRNA. As expected,

restoring Wt IRF-3 expression (by transfecting a cDNA that

encoded only the translated region of human IRF-3 mRNA) in

IRF-3-ablated HT1080 cells restored apoptosis and gene in-

duction in response to dsRNA (Figure 4C and Supplementary

Figures S3A and S3B) or SeV (Supplementary Figure S3C).

We used this system to examine whether apoptosis was

dependent on and mediated by IRF-3-induced genes and

tested the apoptotic properties of IRF-3 mutants that are

incapable of supporting gene transcription. One such mutant

of IRF-3, 396AA, is incapable of inducing gene transcription

(Supplementary Figure S3A) because it lacks two critical

serine residues, 396 and 398, that are targets of signal-

induced phosphorylation (Lin et al, 1998). However, this

mutant was perfectly functional in the apoptosis assay

(Figure 4C and Supplementary Figure S3C). Two other

mutants, missing Ser385 or Ser386, were similarly effective

in inducing apoptosis (Figure 4C), but not gene expression

(Supplementary Figure S3B). A more drastic mutant of IRF-3,

IRF-3DDBD (Figure 4B), which has a deletion of the entire

DBD and the NLS, could also mediate apoptosis as assayed

by PARP cleavage (Figure 4D) and caspase activation

(Supplementary Figure S3D); it obviously could not induce
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gene transcription because of the defects in nuclear translo-

cation and promoter-binding ability (Figure 4E). These

results clearly showed that the transcriptional and the apoptotic

functions of IRF-3 are distinct, and that the apoptotic effect is

not mediated by the products of IRF-3-inducible genes.

dsRNA-induced apoptosis is accompanied

by mitochondrial translocation of IRF-3

The two major branches of apoptosis, the intrinsic and the

extrinsic pathways, are triggered, respectively, by the activa-

tion of caspase 9 and caspase 8 (Galluzzi et al, 2008);

however, the two pathways interact, and often primary

activation of one causes secondary activation of the other

as well. To understand the nature of the apoptosis caused by

RLH signalling, we investigated the involved pathway. Both

apoptotic pathways were activated by RLH signalling, as

indicated by the cleavage of both caspase 9 and caspase 8

(Figure 5A). However, an inhibitor of caspase 9, but not of

caspase 8, blocked apoptosis (Figure 5B), suggesting that the

IRF-3-mediated apoptosis might be mediated by the intrinsic

mitochondrial pathway. Moreover, ablation of caspase 9 by

the corresponding siRNA blocked the dsRNA-induced apop-

tosis; however, an siRNA-mediated ablation of caspase 8 did

not affect the PARP cleavage induced by dsRNA (Figure 5C

and D). As expected from activation of the mitochondrial

apoptotic pathway, cytochrome c (Cyt c) was released from

the mitochondria to the cytoplasm when RLH signalling was

triggered (Figure 5E). To delineate the mechanism of IRF-3-

mediated activation of the mitochondrial apoptotic pathway,

we inquired whether IRF-3 itself was translocated to the

mitochondria. Indeed, signal-dependent translocation of

IRF-3 to the mitochondria could be demonstrated by sub-

cellular fractionation followed by western blotting; much

more IRF-3 was present in the mitochondrial and the nuclear

fractions after dsRNA treatment of cells (Figure 5F). These

results demonstrated that IRF-3-mediated apoptosis is accom-

panied by mitochondrial translocation of IRF-3 and concomi-

tant activation of the mitochondrial apoptotic pathway.

Bax interacts with IRF-3 and is translocated

to the mitochondria

To further analyse the mechanism of IRF-3-mediated activa-

tion of the mitochondrial apoptotic pathway, we wondered

whether IRF-3 interacts with any pro-apoptotic protein of the

Bcl-2 family that is known to trigger this process.

Surprisingly, there was a strong interaction between IRF-3

and the pro-apoptotic protein Bax, in SeV-infected cells, as

revealed by the co-immunoprecipitation of the two proteins

(Figure 6A). A similar interaction was observed in dsRNA-

transfected cells (Supplementary Figure S4A). For these co-

immunoprecipitation experiments, cells were extracted in a

buffer containing the detergent Triton X-100, which some-

times promotes artifactual interactions between proteins. To

eliminate this possibility we repeated the co-immunoprecipi-

tation experiment in a buffer containing a different detergent,

CHAPS, which does not create similar problems, and con-

firmed IRF-3/Bax interaction (Supplementary Figure S4B).

The observed interaction was Bax-specific; several other
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members of the Bcl-2 family, including Bak, did not interact

with IRF-3 (Figure 6B). To establish that the IRF-3/Bax

interaction was direct, and not mediated by an intermediate

protein, we purified activated IRF-3 from dsRNA-stimulated

cells and used it for binding to recombinant GST-Bax. IRF-3

was pulled down by GST-Bax, but not by GST (Figure 6C). To

identify the structural element in IRF-3 that mediates its

interaction with Bax, several deletion mutants of IRF-3 were

tested (see Figure 4B). Deletion of even a short region

(residues 366–427) from the carboxyl terminal of IRF-3

eliminated the interaction (Figure 6D). In contrast, as ex-

pected (see Figure 4D), the amino-terminal region was dis-

pensable for interaction; a mutant missing residues 1–112,

encompassing the DBD still interacted with Bax. Examination

of the sequence of the essential region of IRF-3 revealed the

presence of a putative BH3 domain with a strong homology to

the corresponding domains of a number of pro-apoptotic

proteins. Molecular modelling confirmed that this domain

could assume the helical structure of a BH3 domain with

charged residues on one side and hydrophobic residues on

the other (Figure 6E). When we introduced point mutations

in IRF-3, which were expected to functionally disrupt the BH3

domain, IRF-3/Bax interaction was eliminated (Figure 6F).

These results clearly showed that IRF-3 contains a BH3

domain, near its carboxyl terminus, which enables it to

interact with Bax.

As we had seen that activated IRF-3 could translocate to

the mitochondria, we wondered whether it brought along Bax

to the mitochondria. Indeed, mitochondrial translocation of

Bax was observed after dsRNA stimulation (Figure 7A, upper

block, top panel); this was accompanied by a concomitant

decrease in the cytoplasmic level of Bax (Figure 7A, lower

block, top panel). Bax translocation did not occur in cells in

which IRF-3 expression had been knocked down (Figure 7A,

upper block, middle panel) or knocked out (Figure 7B). The

cytoplasm-to-mitochondria translocation of IRF-3 and Bax

and the concomitant cytoplasmic release of Cyt c in stimu-

lated cells were confirmed by simultaneously analysing the

cytoplasmic and mitochondrial fractions of stimulated and

unstimulated cells. The presence and absence of porin, a

mitochondrial protein, and tubulin, a cytoplasmic protein,

were used as quality controls of the preparations. The abun-

dance of IRF-3 and Bax was higher in the mitochondria,

whereas that of Cyt c was higher in the cytoplasm after

dsRNA treatment of the cells (Figure 7C). These experiments

demonstrated that dsRNA signalling induced the interaction

of the BH3 domain of IRF-3 with Bax, followed by their co-

translocation to the mitochondria.

IRF-3 interaction activates Bax and causes Cyt c release

from the mitochondria

For acting as a pro-apoptotic protein, Bax needs to be

activated by a conformational change, often triggered by a

binding partner. We inquired whether Bax is activated in

dsRNA-transfected cells by using an antibody that recognizes

activated Bax (Ohtsuka et al, 2004). Indeed, dsRNA signalling

caused increased activation of Bax and, more importantly, no

activated Bax could be detected in cells devoid of IRF-3
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(Figure 8A). Activation of Bax also causes its oligomerization

in the mitochondria. We used purified Bax, mouse liver

mitochondria and activated IRF-3 to measure Bax oligomer-

ization in the presence of mitochondria in vitro. Gel filtration

analysis confirmed the presence of Bax oligomers only in the

presence of IRF-3 (Figure 8B). IRF-3-induced mitochondrial
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leakage of Cyt c was further investigated using in vitro assays.

For this purpose, the mitochondria were purified from mouse

liver, incubated with different sources of IRF-3 and Bax, and

Cyt c release was monitored. In the first experiment, the assay

was standardized by using purified activated Bid as a positive

control and by providing Bax from the cytoplasmic fraction.

Cyt c was released to the cytoplasm only when activated Bid

was added and the cytoplasmic extract was from Wt cells, but

not from Bax�/� cells (Figure 8C). Cyt c release was also

observed when IRF-3 purified from stimulated cells was used

instead of Bid; again the cytoplasmic extract had to come

from Wt cells, but not from Bax�/� cells (Figure 8D). To

develop the right conditions for these experiments, different

amounts of extracts and pure proteins were titrated into the

reactions (Supplementary Figure S5). Finally, similar assays

were done, in the absence of cell extracts, using purified

activated IRF-3 and purified recombinant GST-Bax, which

were added to freshly isolated mitochondria. Cyt c was

released by activated Bid (Figure 8E) and by activated IRF-3

(Figure 8F). These results showed that activated IRF-3 can

trigger mitochondrial apoptosis by directly interacting with

Bax, activating it and translocating it to the mitochondria.

Bax is essential for dsRNA-induced apoptosis

The functional importance of Bax activation and mitochon-

drial translocation was tested in genetically altered cells. In

human cells, in which Bax expression had been ablated by

expressing the corresponding siRNA (Figure 9A), there was

no dsRNA-triggered apoptosis (Figure 9B). The same was true

for Bax�/�MEFs (Figure 9C), although IRF-3-mediated gene

induction was normal in the absence of Bax (Figure 9D).

Similarly, in mouse primary dendritic cells, apoptosis induc-

tion by SeV infection needed both IRF-3 and Bax (Figure 9E).

As anticipated, IRF-3 mutants that did not interact with Bax

could not mediate apoptosis (Figure 9F). These results

showed that Bax and its interaction with IRF-3 were essential

for mediating the apoptotic effect of IRF-3.

Discussion

The results presented above led us to propose a model for the

dual actions of IRF-3 in infected cells (Figure 9G). It is known

that IRF-3 activation by virus infection causes apoptosis. As

IRF-3 induces the transcription of several pro-apoptotic

genes, such as TRAIL, Noxa, etc. (Kirshner et al, 2005;

Goubau et al, 2009), it was assumed that the observed

apoptosis was mediated exclusively by the products of

these genes. This notion was reinforced by the observation

that ectopic expression of a constitutively active mutant of

IRF-3 caused apoptosis as well (Heylbroeck et al, 2000;

Weaver et al, 2001); however, the action of the mutant

probably does not reflect the physiological situation, because

signal-dependent activation and action of IRF-3 is transient in

nature and of short duration, whereas the constitutively

active mutant transcribes the target genes continuously

(Lin et al, 1999). It is more likely, as demonstrated here,
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that at least one pro-apoptotic effect of IRF-3 is distinct from

its transcriptional effect, but for both activities of IRF-3, its

activation by the RLH-signalling pathway is required. Added

support for the two-branch model comes from the observa-

tion that IRF-3 activation by the alternative dsRNA receptor,

TLR3, did not cause apoptosis, although very similar set of

genes are induced by the two receptors (Elco et al, 2005).

Several common proteins were required for activating IRF-3

in both transcriptional and apoptotic pathways. For causing

apoptosis, the relevant signalling receptor is, one of the

RLH proteins, because the absence of another dsRNA sensor,

PKR (Der et al, 1997), did not diminish the apoptotic activity

(data not shown); on the other hand, blocking RIG-I signal-

ling protected the infected cells from apoptosis. IPS-1, TRAF3

and TBK1 are common components of both apoptotic and

transcriptional pathways, but the apoptotic pathway requires

TRAF2 and TRAF6 in addition.

For the apoptotic pathway, the exact biochemical nature of

activation of IRF-3 remains to be delineated. However, it is

clear that apoptotic activation does not require its DNA-

binding activity, its ability to translocate to the nucleus and

its phosphorylation at serine residues 385, 386, 396 and 398,

properties all of which are necessary for its transcriptional

functions. The observed need of TBK1 suggests that induced

phosphorylation of different Ser/Thr residues causes the

apoptotic conformational change of IRF-3, allows its binding

to Bax and targets it to the mitochondria. Identification of

such residues is technically difficult because IRF-3 is phos-

phorylated at many sites, even in unstimulated cells. We

speculate that the activation process causes a conformational

change of IRF-3 that makes the BH3 domain accessible to

Bax. The BH3 domain of IRF-3, identified in this study, was

necessary for the interaction with Bax, a Bcl-2 family member.

However, activated IRF-3 did not bind to several other Bcl2-

family proteins; moreover, such member-specific binding of

BH3-only proteins is not unprecedented. The apoptotic effect of

IRF-3 was mediated by its binding and activation of Bax and co-

translocation of the two proteins to the mitochondria.

Translocation of activated Bax to the mitochondria triggered,

as expected, the mitochondrial apoptotic pathway by activating

caspase 9 and releasing Cyt c to the cytoplasm. In the absence

of IRF-3, or its BH3 domain, the mitochondrial translocation of

Bax and apoptosis were blocked. As expected, in the absence of

Bax, apoptosis did not happen. Using in vitro assays, we
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established that IRF-3 directly bound to Bax and the two

proteins were both necessary and sufficient to cause the release

of Cyt c from the mitochondria. These observations provide

strong genetic and biochemical evidence for the proposed

model of IRF-3-mediated apoptosis.

Our findings help explain the observation that virus-

infected IRF-3-deficient mice have significantly decreased

survival, despite IFN induction being largely normal

(Honda et al, 2005). Thus, in virus-infected cells, IRF-3 is

essential for triggering a direct apoptotic response in addition

to inducing the synthesis of many antiviral proteins. It

remains to be seen whether other members of the IRF family

share the dual-function paradigm of IRF-3. In this respect, it is

interesting to note that although IRF-7 is a major regulator of

IFN production (Honda et al, 2005), we observed that IRF-7

expression could not compensate for the absence of IRF-3 in

the apoptotic response (data not shown).

Materials and methods

Cells and reagents
HT1080, U4C, P2.1, P2.1.17, HT1080/RIG-Ic and HT1080/siIRF-3
cells have been described before (Peters et al, 2002, 2008;
Matikainen et al, 2006). RIG-I�/�, Mda-5�/�, IPS-1�/�,
TRAF2�/�, TRAF6�/�, TBK1�/�, IRF-3�/� MEFs and their
corresponding Wt cells were kind gifts from Michael Gale
(University of Washington, Seattle, WA), Michael Diamond and
Marco Colonna (Washington University School of Medicine, St
Louis, MO), Xiaxioa Li, Nywana Sizemore, George Stark and Robert
Silverman(Cleveland Clinic). These cells were grown in DMEM
supplemented with 10% Fetal Bovine Serum (FBS). NS3.4A
expressing cell line was a kind gift from Michael Gale (University
of Washington). Primary peritoneal macrophages and bone-
marrow-derived dendritic cells were isolated from Wt and
Bax�/� mice using the protocol described elsewhere (Hamilton
and Major, 1996; Fensterl et al, 2008). Antibody against human IRF-
3 was a gift from Michael David (University of California, San
Diego, CA); phospho-IRF-3 S396 was a gift from John Hiscott (Lady
Davis Institute for Medical Research, Canada); SeV C protein was a
gift from Atsushi Kato (National Institute of Infectious Diseases,
Tokyo, Japan); human Bax plasmid was a gift from Dr Shigemi
Matsuyama (CWRU, Cleveland); P54 and P56 were raised in our
laboratory; PARP was from Cell Signaling; Bax and Cyt c were from
Santa Cruz; Bax-6A-7 was from BD Pharmingen; porin and tubulin
were from Calbiochem; b-actin was from Sigma; and GAPDH was
from Chemicon International. Poly(I:C) and CHX were purchased
from GE Healthcare and Sigma Aldrich, respectively. FuGENE 6 and
Lipofectamine were purchased from Roche Diagnostics (Indianapo-
lis, IN) and Invitrogen, respectively. Inhibitors of caspase 8 and
caspase 9 were obtained from Calbiochem. Recombinant full-length
human Bax protein was obtained from Abnova, recombinant
human Bid (caspase 8 cleaved) from R&D Systems and TUNEL
staining reagent from Promega.

Poly(I:C) transfections
dsRNA stocks were prepared by re-suspending poly(I):poly(C) in
PBS and shearing RNA by passing through a 26-gauge needle. Poly
(I:C) was transfected using FuGENE 6 reagent in all experiments
according to the protocols provided by the manufacturer. Briefly,
2 mg of poly(I:C) per 3 ml of FuGENE was incubated in 100 ml of
serum-free DMEM for 15–30 min before being added to the
supernatant of cells containing 10% of FBS.

Virus infections
SeV (Cantell strain) was obtained from Charles Rivers SPAFAS
(Preston, CT). For infections, cells were washed two times with
virus infection media (DMEM supplemented with 2% FBS) and
then placed in a minimal amount of virus infection media. SeV was
added at a concentration of 80 HAU/ml. Cells were incubated with
virus for 1 h with gentle agitation every 10 min. The virus was
removed, and cells were washed twice with complete media. The

cells were placed in complete media until they were harvested
(Peters et al, 2008).

Retrovirus transduction
Phoenix cells were transfected with pBabePuro-IRF3 plasmids using
Lipofectamine Plus reagent (Invitrogen). The cell supernatant was
collected after 24 h, filtered through a 0.22-mM filter and combined
with polybrene (4 mg/ml) (Sigma), and used to infect the target
cells. After three rounds of infections, the target cells were grown in
a medium containing an antibiotic for selection.

Caspase 3/7 activity
Cells were grown in black-walled 96-well plates with a transparent
bottom and treated as indicated. All treatments were performed in
biological triplicates and the results shown represent the average
and s.d. of the three independent wells. Caspase activity was
measured directly from the 96-well plate using the Apo-ONE
Homogeneous caspase 3/7 assay, according to the protocols
provided by the manufacturer (Promega, Madison, WI). Fold
induction of caspase activity was obtained by dividing the caspase
activity in treated samples by the value obtained from untreated
cells. Induction of caspase activity for Wt cells was considered as
100 and all other values were normalized to this. Results are
representative of at least two independent experiments. It is
noteworthy that we and others have found a good correlation
between the levels of caspase 3 activity and other methods used to
measure apoptosis, such as DNA fragmentation, TUNEL assay and
PARP cleavage (Figures 1D–F, 2C and 3B; Marques et al, 2005). We
therefore chose to use caspase 3/7 activity as the standard method
to quantitatively measure apoptosis. For measuring the caspase
activation of the primary bone-marrow-derived DCs from IRF-3 and
Bax KO mice, the cells were infected by SeV, and the cell lysates
were used for testing the caspase activity using the manufacturer’s
instructions and the data represented as indicated in the
figure legend (Figure 9E).

Cell fractionation
Mitochondrial and cytosolic fractions were isolated using the
Mitochondria Isolation Kit (Pierce Biotechnology) following the
manufacturer’s instructions. Isolated mitochondrial fractions were
washed with PBS and extracted in lysis buffer for analysis. The
mitochondrial fractions were isolated from livers of Wt C57Bl/6
mice using the above method and were washed twice with HE
buffer (10 mM HEPES, pH 7.4, 1 mM EDTA) before being used in the
reactions. Nuclear fractions were isolated from the unstimulated
and the dsRNA-transfected cells by procedures described earlier
(Sarkar et al, 2004).

siRNA experiments
HT1080-siIRF-3 cells were generated as described previously (Peters
et al, 2008) and were routinely cleaned by transfecting poly(I:C) for
any revertant cells. The siRNAs against caspase 8, caspase 9, Bax
and cyclophillin A (100 nmol/ml, Dharmacon) were transfected
using DharmaFECT 4 reagent for 48 h when the cells were
transfected with poly(I:C) as indicated.

Western blot and immunoprecipitation
Western blots were performed as described elsewhere (Marques
et al, 2005; Peters et al, 2008). Briefly, cells were lysed in 50 mM Tris
buffer, pH 7.4 containing 150 mM of NaCl, 0.1% Triton X-100, 1 mM
sodium orthovanadate, 10 mM of NaF, 10 mM of b-glycerophos-
phate, 5 mM sodium pyrophosphate and protease/phosphatase
inhibitors; the total protein extracts were analysed by sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE)
followed by western blot. For immunoprecipitation, cell lysates
were pre-cleared using protein A–G agarose (Santa Cruz) beads
and then reacted with V5-agarose beads (Sigma) for 16 h. The
beads were washed in lysis buffer and analysed by SDS–PAGE
and western blot. For the reverse IP reaction using Bax anti-
body, an ExactaCruz system (Santa Cruz) was used using the
manufacturer’s instructions. For immunoprecipitation in CHAPS-
containing lysis buffer, the cells were lysed in 10 mM Hepes pH 7.4,
150 mM NaCl and 1% CHAPS-containing buffer, and immuno-
precipitated using Bax 6A-7 monoclonal antibody (BD Pharmingen)
or IRF-3 antibody and protein A–G agarose. The beads were then
washed with lysis buffer and analysed by SDS–PAGE and western
blot using a polyclonal Bax antibody.
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For mapping the IRF-3/Bax interaction, the cells were co-
transfected with epitope-tagged IRF-3 mutants and Bax; the Bax
protein was pulled down by Ni-NTA beads in the presence of 25 mM
of immidazole and the immunoprecipitates were washed in the
presence of 50 mM immidazole and analysed by western blot. For
the molecular modelling of BH3 domains, the amino-acid sequences
of IRF-3, Puma and Bad (as shown in Figure 6E) were analysed
using the program Swiss PDB Viewer and the critical residues were
mutated to Ala as described before (Ghosh et al, 2001).

In vitro interaction, Cyt C release and oligomerization assays
Human IRF-3 was purified from P2.1 cells expressing doubly-tagged
(N-His and C-Flag) IRF-3. The cells were transfected with poly(I:C)
for 12 h before purification of IRF-3. Briefly, the cell lysate was first
incubated with Ni beads and bound proteins were eluted using
immidazole; the resultant eluate was incubated with Flag beads
and eluted in the presence of Flag peptide in HE buffer. The final
preparation was used for the following experiments. For the in vitro
interaction experiment, the purified IRF-3 was incubated with
recombinant Bax in mitochondrial reaction buffer (HE buffer
containing 200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH
pH 7.4, 100 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.1% BSA, 5 mM
succinate, 2 mM ATP, 10 mM phosphocreatine, 10 mg/ml creatine
kinase and protease inhibitors) at 37 1C for 60 min, when the
reaction mixture was pulled down using GST beads and analysed by
SDS–PAGE.

Mitochondria were freshly isolated from the liver of 6-week-old
Wt C57Bl/6 mice using the techniques described above; mitochon-
dria-free cytosolic extracts were isolated from Wt or Bax�/� MEF
cells and used for the following reactions as indicated. The
indicated proteins were incubated with mitochondria in the
mitochondrial reaction buffer at 37 1C for 60 min. Samples were
centrifuged at 5500 g for 15 min and the supernatants and pellets
(washed with mitochondrial buffer) were analysed by SDS–PAGE.

For Bax oligomerization assay, isolated mitochondria were
incubated with recombinant Bax and IRF3 as described above.
Membranes were pelleted by centrifugation at 5500 g for 15 min and

washed with the mitochondrial buffer. Proteins were extracted from
the mitochondrial pellet in HE buffer containing 1% CHAPS.
Extracts were centrifuged at 18 000 g for 30 min and the soluble
material was applied to a Superdex 200 PG XK16/60 column (GE
Life Sciences) equilibrated in low-salt buffer (20 mM HEPES-KOH
pH 7.4, 250 mM KCl, 0.25 mM EDTA, 0.25 mM DTTand 10%
glycerol) and eluted isocratically; 3.6-ml fractions were collected,
precipitated with trichloroacetic acid, and analysed by western
blot for Bax. Column calibration was performed in the same buffer
using the molecular weight standards kit for gel filtration, in the
12 000–200 000 range (Sigma).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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