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Upon virus infection, the cell mounts an innate type I inter-
feron (IFN) response to limit the spread. This response is
orchestrated by the constitutively expressed IFN regulatory fac-
tor (IRF)-3 protein, which becomes post-translationally acti-
vated. Although the activation events are understood in detail,
the negative regulation of this innate response is lesswell under-
stood. Many viruses, including Kaposi sarcoma-associated her-
pesvirus (KSHV), have evolved defense strategies against this
IFN response. Thus, KSHV encodes a viral IRF (vIRF)-2 protein,
sharing homology with cellular IRFs and is a known inhibitor of
the innate IFN response. Here, we show that vIRF-2 mediates
IRF-3 inactivation by a mechanism involving caspase-3, al-
though vIRF-2 itself is not pro-apoptotic. Importantly, we also
show that caspase-3participates innormal IRF-3 turnover in the
absence of vIRF-2, during the antiviral response induced by
poly(I:C) transfection. These data provide unprecedented
insight into negative regulation of IRF-3 following activation of
the type I IFN antiviral response and the mechanism by which
KSHV vIRF-2 inhibits this innate response.

The earliest response at the cellular level to virus infection is
the establishment of the antiviral state that results from induc-
tion of type I interferon (IFN)2 expression. The objective of this
antiviral state is containment of the virus infection and elimi-
nation of the infected cell. It operates in multiple ways, includ-
ing inhibiting cell growth by blocking proliferation and modu-
lating apoptosis, and augmenting adaptive immunological
surveillance and responses (see Ref. 1). Sensing of the virus
infection to initiate the antiviral response occurs in different
ways, in part depending upon whether the virus enters the cell
by endocytosis or by fusion with the plasmamembrane. One of
the most important components transducing these virus-sens-
ing signals is IFN regulatory factor (IRF)-3. It participates in

transcribing genes that contribute to establishing the antiviral
state.
Upon virus infection, IRF-3 is post-translationally modified

by C-terminal phosphorylation by a “virus-activated kinase” (2,
3) that promotes translocation of the protein from the cyto-
plasm to the nucleus. There, it is assimilated into the IFN-�
enhancesome, a multiprotein complex that facilitates tran-
scription of IFN and IFN-responsive genes. This enhancesome,
whose structure is well characterized (4, 5), represents the par-
adigm for understanding themolecular basis behind regulation
of gene transactivation in response to virus infection. The com-
ponents of virus-activated kinase that phosphorylate IRF-3
include I�B kinase-� and TANK-binding kinase-1 (6, 7).
Depending on the pathway leading to IRF-3 activation, other
kinases may also participate, including phosphatidylinositol
3-kinase (8).
Although post-translational activation of IRF-3 is under-

stood in detail, less is known of its deactivation that negatively
regulates the type I IFN response. Until now, only phosphoryl-
ation-dependent ubiquitination of IRF-3, leading to its protea-
somal degradation has been recognized. Hiscott and colleagues
showed that C-terminal phosphorylation of IRF-3 is necessary
for degradation and is followed byCullin1 interaction, ubiquiti-
nation, and proteasomal degradation (9; see Ref. 10). Poly-ubiq-
uitination and concomitant degradation of IRF-3 are regulated
by the peptidylprolyl isomerase Pin-1 (11).
Inhibiting the IFN antiviral response is an important compo-

nent of the biology of many viruses (1). Studying the molecular
interactions of viruses with the immune system, including their
strategies of evasion, has provided deeper understanding of its
operation. Recent examples set a precedent in the context of the
innate immune system. First, the study of the human immuno-
deficiency virus Vif protein identified a new innate immune
response to retroviruses (12) mediated by the cellular protein,
CEM15 or APOBEC3G, a DNA deaminase, which destroys or
mutates the virus genome (13). Second, the recognition
through its binding to paramyxovirus V proteins that mda-5 is
a central player in the signal transduction cascade leading to
IFN-� expression (14).

Through studying modulation of the IFN response by
Kaposi sarcoma-associated herpesvirus (KSHV), we now
demonstrate a unique cellular mechanism inhibiting IRF-3
function by a caspase-3-dependent process. KSHV is the etio-
logic agent of the most common malignancy affecting AIDS
patients, Kaposi sarcoma (KS), which is also the most common
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tumor of men in certain African countries (15). Approximately
one quarter of the KSHV genome encodes proteins with either
demonstrated or putative immunomodulatory activity (16),
and one of these viral genes encodes the vIRF-2 protein (17),
which inhibits the type I IFN response to viral infection (18, 19,
20). Here, using a model system of activation of the antiviral
response by transfection of synthetic double-stranded RNA,we
have identified a novel caspase-3-dependent turnover of cellu-
lar IRF-3 that is involved in the normal negative feedback loop
to help terminate the antiviral response. This caspase-3-
dependent mechanism is targeted by vIRF-2 to accelerate cel-
lular IRF-3 turnover and thereby down-modulate the antiviral
response.

EXPERIMENTAL PROCEDURES

Reagents—Poly(I:C), MG132, and etoposide were obtained
from Sigma-Aldrich, and Z-VAD-FMK was from Calbiochem.
SYTO� 16 green-fluorescent nucleic acid stain was a generous
gift of Gemma Kelly.
Cell Culture—HEK293 cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with non-essential
amino acids, penicillin, and streptomycin and 10% heat-inacti-
vated fetal bovine serum.MCF-7 cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with penicillin
and streptomycin and 10% fetal bovine serum.
PlasmidConstructs and Site-directedMutagenesis—Full-length

KSHV vIRF-2 cDNA was subcloned into the pcDNA4/HisMax
expression vector as previously described (20). The resulting
vIRF-2 protein contains contiguous N-terminal polyhistidine and
XpressTM epitope tags and is referred to as Xpress-tagged
vIRF-2.Thecaspase-3 (pcDNA3/caspase-3) andFLAGepitope-
tagged IRF-3 wild-type (IRF-3WT) (21) expression plasmids
were kindly provided by Reiner U. Jänicke and John Hiscott,
respectively. The p125-luc luciferase plasmid contains the full-
length IFN-� promoter upstream of the firefly luciferase gene
and was generously provided by Takashi Fujita (22). Firefly
luciferase levelswere normalized againstRenilla luciferase con-
stitutively expressed from the co-transfected plasmid pRLSV40
(Stratagene).
To mutate the serine and threonine residues in the C-ter-

minal region of IRF-3 to alanine, site-directed mutagenesis
was performed with the QuikChangeTM system (Stratagene),
according to the manufacturer’s instructions. Thus, to gener-
ate the 2A(S385/386A), 5A(ST396/398/402/404/405AA), and
2A5A constructs, PCRwas performed with the following prim-
ers: 2A(S385/386A), 5�-GGGTGCCGCCGCCCTGGAG-3�
and 5�-CTCCAGGGCGGCGGCACCC-3�; 5A(ST396/398/
402/404/405AA), 5�-CATTGCCAACGCCCACCCACTCGC-
CCTCGCCGCCGACC-3� and 5�-GGTCGGCGGCGAGGG-
CGAGTGGGTGGGCGTTGGCAATG-3�. The 2A5A mutant
was derived with the 2A PCR primers on the 5A mutant. All
constructs were verified by sequencing.
Transient Transfections—Transfections were performed

with Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions on 75% confluent HEK293 or MCF-7
cells grown in 6-well plates. Plasmid quantities were: FLAG-
tagged IRF-3WT or mutant expression plasmids (300 ng/well),
pcDNA3/caspase-3 expression plasmid (300 ng/well),

pcDNA4/vIRF-2 expression plasmid (500 ng/well), p125-luc
(100 ng/well), and pRLSV40 (5 ng/well). The corresponding
empty vectors were added to equalize DNA concentration (see
Ref. 20).
Cell Treatments—MG132 (10 �M) or Z-VAD-FMK (10 �M)

treatment (30 min, 37 °C) was performed 24 h following plas-
mid transfection. Negative controls were treated with the
equivalent volume of DMSO. Next, without changing the
medium, the cells were transfected with poly(I:C) (10 �g/ml).
Caspase-3 knockdown was performed with caspase-3 Short-
Cut� siRNA (25 nM, New England Biolabs); the corresponding
negative control was the nonspecific Lit28i Polylinker Short-
Cut� siRNAmix (25 nM, New England Biolabs). Plasmid trans-
fection was performed at the same time, as required. Twenty-
four hours later, transfection with poly(I:C) (10 �g/ml) was
performed as necessary.
Western Blot Analysis—Cell pellets were suspended in lysis

buffer E (100mMTris-HCl, pH 8, 100mMNaCl, 2 mM EDTA, 2
mM EGTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.5
mM phenylmethylsulfonyl fluoride, mini protease inhibitor
mixture (Roche Diagnostic)). After incubation (10 min, 4 °C),
insolublematerial was removed by centrifugation (16,000� g, 5
min, 4 °C). The protein concentration was determined by the
Bradford dye-binding procedure (Bio-Rad Laboratories), and
35 �g of total protein was separated by SDS-PAGE on 12%
acrylamide gels. Proteins were transferred to Immobilon-P
transfer membrane (Millipore) that was then blocked in Tris-
buffered saline containing 0.02%Tween-20 (TBS-T) andnonfat
milk (5%) and probedwith primary antibodies diluted in TBS-T
containing 5%nonfatmilk as described below. Bandswere visu-
alized by probing with appropriate secondary antibodies con-
jugated to horseradish peroxidase (DAKO) and performing
enhanced chemiluminescence. Native PAGE was performed
essentially according to the protocol of a previous study (23).
Antibodies for Western Blot and Immunoprecipitation—Pri-

mary antibodies were used at the following dilutions and incu-
bation conditions: anti-Pro-caspase-3 polyclonal antibody (Cell
Signaling Technologies) diluted 1:5,000 and incubated for 18 h
at 4 °C; anti-poly(ADP-ribose) polymerase monoclonal anti-
body (Sigma-Aldrich) diluted 1:5,000 and incubated for 18 h
at 4 °C; anti-phospho-IRF-3 (Ser396) polyclonal antibody
(Upstate) diluted 1:5,000 and incubated for 18 h at 4 °C; anti-
FLAG� M2 monoclonal antibody (Sigma-Aldrich) diluted
1:50,000 and incubated for 1 h at 4 °C; anti-XpressTM mono-
clonal antibody (Invitrogen) diluted 1:5,000 and incubated for
1 h at 4 °C; anti-�-actin monoclonal antibody (Sigma-Aldrich)
diluted 1:50,000 and incubated for 1 h at 4 °C; anti-IRF-3mono-
clonal antibody (Abcam) diluted 1:100 and incubated for 2 h at
4 °C; and for denaturing gels IRF-3 was detected with anti-IRF-
3(FL-425) polyclonal antibody (Santa Cruz Biotechnology)
diluted 1:1000 and incubated 1 h at 4 °C.
Co-immunoprecipitation—Cell lysates were prepared in

buffer E, as described above. They were pre-cleared by incuba-
tion with protein G-Sepharose 4B fast flow (Sigma-Aldrich) or
protein A-Sepharose 4B fast flow (Sigma-Aldrich), and super-
natants were collected by centrifugation (16,000 � g, 1 min,
4 °C). They were then incubated with either 1�g of anti-Xpress
(90 min) or 1 �l of anti-procaspase-3 antibodies (16 h) at 4 °C.
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Immunoprecipitation was performed with either protein G- or
protein A-Sepharose beads, and proteins were analyzed by
Western blot. Negative control immunoprecipitations were
performed on cells transfected with the plasmid pCEP4-SM (1
�g) expressing the FLAG-tagged Epstein-Barr virus protein
BSLF2/BMLF, a generous gift of Martin Rowe.
Transient Transfections and Luciferase Assays in HEK293

and MCF-7 Cells—Dual luciferase assays were performed
according to a previous study (20).
Quantification of Apoptosis—Apoptosis was quantified by

flow cytometry on cells stained with Syto-16 and propidium
iodide according to the method of a previous study (24). Data
for �25,000 cells were collected for each treatment condition.
Caspase Activity Assay—Caspase activity was measured with

theCaspase-Glo�-3/7 assay kit (Promega) thatmakes use of the
luminogenic caspase-3/-7 substrate Z-DEVD-aminoluciferin.
Measurements were performed according to the manufactur-
er’s instructions.
ConfocalMicroscopy—MCF-7 cells were plated on coverslips

in 24-well plates. The next day, they were transfected with
expression vectors for FLAG-tagged IRF-3 wild-type (IRF-
3WT), or Xpress-tagged vIRF-2 (vIRF-2) or caspase-3, as
required. The vIRF-2 protein is dually tagged with both Xpress
and His epitopes. Twenty-four hours later, cells were trans-
fected with poly(I:C) (10 �g/ml) for 16 h, as required. The cells
were fixed with a final concentration of 2% of formaldehyde
solution (methanol-free, Pierce) added directly to the medium
for 20 min at room temperature. After fixation, the cells were
washed three times (PBS, 15 min, room temperature) and were
then permeabilized (2% bovine serum albumin, 0.5% Triton
X-100 in PBS, 10 min, at room temperature) and blocked
(blocking buffer: 2% bovine serum albumin, 0.1% Triton X-100
in PBS, 60 min at room temperature). Primary antibodies were
mouse anti-His (Sigma-Aldrich, 1/100) to detect vIRF-2, goat
anti-IRF-3 (RandD, 10 �g/ml), and rabbit anti-caspase-3
(AbCam) diluted 1/50. All primary antibody incubations were
performed in blocking buffer overnight at 4 °C. After primary
antibody incubation, cells were washed (PBS, four times for 15
min, at room temperature) and incubatedwith appropriate sec-
ondary antibodies: anti-mouse AlexaFluor�-555 (Invitrogen,
1/500 dilution, kindly provided by Dr. Claire Shannon-Lowe),
anti-goat AlexaFluor�-633 (Invitrogen, diluted 1/100), anti-
rabbit-fluorescein isothiocyanate (Sigma-Aldrich, at 1/100
dilution). All secondary antibody incubations were performed
in blocking buffer for 1 h at room temperature. Cells were then
washed (PBS, four times for 15 min, at room temperature) and
incubated with 4�,6-diamidino-2-phenylindole (1/1000 in PBS,
5 min, at room temperature). The coverslips were mounted
with ProLong� Gold Antifade reagent (Molecular Probes,
Invitrogen).
Establishment of the Clone #3–9 Cell Line Stably Transfected

with an Inducible vIRF-2 ExpressionCassette—The vIRF-2 gene
was subcloned in-frame into the doxycycline-inducible expres-
sion vector pTRE2-pur-Myc (Clontech), creating a 5�-Myc-la-
beled vIRF-2 derivative. This plasmid was transfected into
HEK293-Tet-On cells (Clontech) that stably express the tetra-
cycline-regulated transactivator rtTA. From these cells, a clonal
puromycin-resistant cell line was derived with minimal basal

vIRF-2 expression; it is referred to as “clone #3–9.” A negative
control cell line (“Empty Vector” (EV)), isogenic to clone 3–9
cells except that it lacked vIRF-2, was established in the same
way.
Measuring Endogenous IRF-3 Activation—Active endoge-

nous IRF-3 was measured by TransAMTM IRF-3 transcription
factor ELISA (Active Motif) that was performed according to
the manufacturer’s directions. Nuclear extracts for this assay
were prepared with the Nuclear Extract Kit (Active Motif).

RESULTS

KSHV vIRF-2 Represses IFN-� Promoter Transactivation and
Reduces Wild-type IRF-3 Protein Levels—Ectopic expression
studies of vIRF-2 were performed to investigate the function of
the vIRF-2 protein without confounding its activity by the pres-
ence of other KSHV immunomodulatory proteins. Thus, the
cDNA encoding the spliced vIRF-2 gene was cloned into the
pcDNA4/HisMax vector (Invitrogen) to generate pcDNA/vIRF-2
expressing the full-length vIRF-2 protein containing contigu-
ous N-terminal polyhistidine and Xpress epitope tags (20).
Whenmeasuring the activity of the full-length IFN-� promoter
of the transiently co-transfected reporter plasmid p125-luc,
vIRF-2 inhibited IFN-� promoter transactivation by wild-type
FLAG-tagged IRF-3 (IRF-3WT), by up to 70% (Fig. 1A, upper
panel). In this model system, the antiviral response and IRF-3
phosphorylation are activated by transfection of synthetic dou-
ble-stranded RNA (poly(I:C)), as opposed to using the consti-
tutively active phosphomimetic IRF-3 mutant, IRF-3(5D) (21).
These data are consistent with our previous findings on vIRF-2
inhibition of IRF-3(5D) function (20).
Because these studies (Fig. 1A, upper panel) were performed

by activating IRF-3WTwith transfection of poly(I:C), the influ-
ence of IRF-3 phosphorylation on the control of transactivation
by vIRF-2 was investigated. IRF-3 phosphorylation occurs pre-
dominantly within two C-terminal domains, sites 1 and 2, con-
taining serine/threonine-rich tracts (Fig. 1A, lower panel) and is
essential for the activity of the protein. Although some debate
continues as to the precise function of phosphorylation of spe-
cific residues within these sites (see Refs. 10, 25), a detailed
understanding of the significance of phosphorylation of sites 1
and 2 en masse exists. Thus, IRF-3 autoinhibition is repressed
by phosphorylation of the seven serine and threonine residues
in these sites that induces a structural change releasing the N
terminus and allowing the protein to homodimerize, interact
with the transcriptional coactivator CBP/p300, and participate
in assembly of the enhancesome (21, 26). Specifically, phos-
phorylation within IRF-3 site 2 represses autoinhibition,
permitting interaction with CBP/p300, and facilitating phos-
phorylation within site 1 that then enables homodimeriza-
tion (25).
Sites 1 and 2 were mutated separately and together, creat-

ing two previously described IRF-3 mutants (21, 27) 2A and
5A and the double mutant 2A5A (Fig. 1A, lower panel). As
expected, the inherent transactivation capacity of the 5A
mutant, IRF-3(5A), was reduced by �50% compared with
that of IRF-3WT (Fig. 1A, upper panel), consistent with its
reduced dimerization capability (27). vIRF-2 reproducibly
reduced IRF-3(5A) transactivation of the IFN-� promoter
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slightly, but not by a statistically significant amount (Fig. 1A,
upper panel; p � 0.05, Student’s t test). These data suggest
vIRF-2 inhibition of IRF-3 transactivation depends on cog-
nate phosphorylation of residues at IRF-3 C-terminal site 2.
Neither the 2A mutant, IRF-3(2A), nor the double mutant,
IRF-3(2A5A), possess significant transactivation activity
(Fig. 1A, upper panel), consistent with their inability to
dimerize (27), and therefore the impact of vIRF-2 on their
function is indeterminable.

Quantifying the temporal amounts
of phosphorylated IRF-3 revealed
theywere reduced in the presence of
vIRF-2. Thus, 18 h after activating
the antiviral response by poly(I:C)
transfection, phosphorylated IRF-3
levels were reduced in the presence
of vIRF-2 (Fig. 1B, upper panel,
compare the level of phospho-IRF-3
in the presence of vIRF-2, lanes 9
and 10, with that in the absence of
vIRF-2, lanes 4 and 5). Total IRF-3
levels, detected with anti-FLAG
antibody, were likewise also reduced
to some extent, and this finding was
confirmed by non-denaturing gel
analyses that revealed vIRF-2 re-
duced both dimeric (phosphoryla-
ted) and monomeric IRF-3 levels
(Fig. 1C, upper panel). Repeating
these studies up to 48 h post-activa-
tion of the antiviral response with
poly(I:C) transfection provided fur-
ther evidence that vIRF-2 reduced
IRF-3 levels (data not shown). Thus,
these data correlate vIRF-2-medi-
ated inhibition of IRF-3 transactiva-
tion of the IFN-� promoter (Fig. 1A)
with reduced amounts of phospho-
rylated IRF-3, following poly(I:C)
activation of the antiviral response.
Given these findings, the physical

interaction of vIRF-2 and IRF-3 was
investigated. vIRF-2 was immuno-
precipitated, and the products were
analyzed for the presence of IRF-3
by Western blot. Only IRF-3WT
and IRF-3(5A) co-precipitated with
vIRF-2 to any demonstrable extent
(Fig. 1D). Indeed, the amount of
IRF-3WT co-precipitating was al-
ways less than that of IRF-3(5A).
Furthermore, activation of the anti-
viral response by poly(I:C) transfec-
tion consistently reduced the
amount of IRF-3WT co-precipitat-
ing with vIRF-2 (Fig. 1D, top panel,
compare lanes 1 and 2), whereas the
level of co-precipitating IRF-3(5A)

was unaffected or even increased following poly(I:C) treatment
(Fig. 1D, top panel, compare lanes 5 and 6). The faint band
appearing in the presence of IRF-3(2A) (Fig. 1D, top panel, lane
4) is a nonspecific protein of lower molecular size than IRF-3.
Like IRF-3WT (Fig. 1B, upper panel, lanes 4 and 5), IRF-

3(5A) gradually accumulated after poly(I:C) transfection in
the absence of vIRF-2 (Fig. 1E, upper panel, lanes 1–4), most
likely as a consequence of phosphorylation within C-termi-
nal site 1. The absolute levels are lower than for IRF-3WT,

FIGURE 1. KSHV vIRF-2 expression represses IFN-� promoter transactivation and reduces wild type IRF-3
protein levels. In A: upper panel: transcriptional activity of the full-length IFN-� promoter (p125-luc) reporter
vector. HEK293 cells were transiently co-transfected with p125-luc and an expression plasmid of either FLAG
epitope-tagged IRF-3 wild type (IRF-3WT), or the mutants IRF-3(2A), IRF-3(5A), and IRF-3(2A5A). Each transfec-
tion also included the Xpress epitope-tagged vIRF-2-expressing plasmid, pcDNA4/vIRF-2 (vIRF-2), or the empty
parental plasmid backbone, pcDNA4. The pRLSV40 plasmid constitutively expressing Renilla luciferase was
added as an internal control to which firefly luciferase levels were normalized. Twenty-four hours after plasmid
transfection, the cells were transfected with poly(I:C) (10 �g/ml), and luciferase activity was measured 18 h
later. All reporter assays were repeated at least three times and mean values (� S.D.) are presented from one
representative experiment (**, p � 0.01, Student’s t test). White bars, cells lacking ectopic IRF-3 or vIRF-2; gray
bars, cells expressing ectopic IRF-3; black bars, cells co-transfected to express ectopic vIRF-2. Lower panel: the
IRF-3 C-terminal phosphorylation sites 1 and 2 (amino acids 382 to 414) are presented with the identities of
the serine/threonine substitutes. B, vIRF-2 expression reduces total phosphorylated IRF-3 levels. Lysates were
prepared from HEK293 cells that had been transfected with the IRF-3WT expression vector and either the
vIRF-2 expression vector or the empty vector control (pcDNA4). Twenty-four hours after plasmid transfection,
the cells were transfected with poly(I:C). They were then harvested at the times indicated and separated by
SDS-PAGE and immunoblotted with the following antibodies: anti-phospho-IRF-3 (�-p-IRF-3; Ser396), anti-
Xpress (vIRF-2), anti-FLAG (total ectopic IRF-3) and anti-�-actin. C, vIRF-2 expression reduces both monomeric
and dimeric IRF-3 levels. Lysates prepared as described in B were separated by native PAGE to detect the IRF-3
dimeric (D) and monomeric (M) forms with anti-FLAG antibody. D, interaction of vIRF-2 with IRF-3. Co-immu-
noprecipitation studies were performed with lysates of HEK293 cells that had been transfected with the
expression plasmids and poly(I:C) as described in A. vIRF-2 was immunoprecipitated with anti-Xpress mono-
clonal antibody. Immunoprecipitates and input extracts were separated by SDS-PAGE before immunoblotting
with anti-FLAG polyclonal antibody to detect IRF-3 or anti-Xpress to detect vIRF-2. WT, IRF-3 wild type; 2A,
IRF-3(2A) mutant; 5A, IRF-3(5A) mutant; 2A5A, IRF-3(2A5A) mutant; IP, antibody used for immunoprecipitation;
IB, antibody used for immunoblot. IgG, provides a measure ensuring equal loading of immunoprecipitate
between lanes; heavy chain is shown. Input, these lanes demonstrate the expression levels for vIRF-2 and IRF-3
in the lysates before immunoprecipitation. E, IRF-3(5A) accumulates in the presence of vIRF-2. HEK293 cells
were transfected with FLAG-tagged IRF-3(5A)-expression vector in the presence and absence of the Xpress-
tagged vIRF-2 expression vector and transfected with poly(I:C) 24 h later. After incubating for the times indi-
cated, protein extracts were prepared and analyzed by SDS-PAGE and immunoblot.
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because the mutant protein is expressed less efficiently than
the wild type (compare “input levels” detected by anti-FLAG
antibody in Fig. 1D, bottom panel, lanes 5 and 6 for IRF-
3(5A) and lanes 1 and 2 for IRF3WT). However, this mutant,
whose transactivation of the IFN-� promoter is not signifi-
cantly inhibited by vIRF-2, but which binds this viral protein,
is not depleted from the cell in the presence of the viral
protein, unlike IRF-3WT. Rather, IRF-3(5A) accumulates in
the presence of vIRF-2 (Fig. 1E, upper panel, compare the
IRF-3(5A) level in the presence of vIRF-2, lanes 5–8, with
that in its absence, lanes 1–4).

How might vIRF-2 cause the selective turnover of IRF-
3WT? Multiple processes, enzymes, and subcellular compo-
nents drive cellular protein turnover. They include calpain,
autophagy, and the proteasome. The stability of IRF-3 in the
presence of vIRF-2 was not affected by treatment with a spe-
cific inhibitor of calpain (calpain inhibitor I, data not
shown), nor by an activator of autophagy (rapamycin, data
not shown).

The Accelerated Decay of Acti-
vated IRF-3WT by vIRF-2 Is Inde-
pendent of the Proteasome—The
proteasome degrades poly-ubiquiti-
nated proteins. Indeed, as a strategy
to evade induction of the innate
antiviral response, viruses as diverse
as the flavivirus bovine viral diar-
rhea virus (28), having an RNA
genome, and bovine herpesvirus 1
(29) with a DNA genome, can
accelerate the decay of IRF-3 by
augmenting its poly-ubiquitina-
tion and proteasomal degradation
(see Ref. 1).
Proteasome degradation is inhib-

ited by treatment with MG132. As
expected, treating cells withMG132
stabilized IRF-3 following poly(I:C)
transfection (Fig. 2A, top panel,
compare the amount of IRF-3 in
lanes 4–6 in the presence ofMG132
with that in its absence in lanes 1–3;
see also supplemental Figs. S1 and
supplemental Fig. S2A(i)). These
data confirm that IRF-3 can be the
target of a proteasome-dependent
degradative process, as previously
reported (9).
Consistent with the previous data

(Fig. 1, B–E), the level of IRF-3 was
reduced in the presence of vIRF-2
(Fig. 2A, top panel, compare the
amount of IRF-3 in lanes 1–3 in the
presence of DMSO and absence of
vIRF-2 with that in the presence of
both DMSO and vIRF-2 at the same
times in lanes 8–10; see also supple-
mental Fig. S2A(ii)). However,

importantly and remarkably, IRF-3 turnover was dramatically
accelerated in the presence of vIRF-2 and MG132 compared
with the absence of vIRF-2 (Fig. 2A, upper panels, compare the
amount of IRF-3 in lanes 12–15 in the presence of MG132 and
vIRF-2 with that in the absence of vIRF-2 in lanes 4–7). Under
the same conditions, the IRF-3(5A)mutant, which accumulates
in the presence of vIRF-2 (Fig. 1E), also accumulated in the
presence of MG132, and even more so in the presence of both
the proteasome inhibitor and the viral protein (Fig. 2A, upper
panels, compare the amount of IRF-3(5A) in lanes 19–21 in the
presence of MG132 and absence of vIRF-2, with that in the
presence of both MG132 and vIRF-2 at the same times in lanes
27–29; see also supplemental Fig. S2A(iii)).
These data suggested vIRF-2 might recruit, to fully activated

IRF-3WT, either a protein or a protein complex responsible for
IRF-3 decay and perhaps normally targeted for degradation by
the proteasome, but stabilized in the presence of MG132. In
contrast, IRF-3(5A), lacking phosphorylation at C-terminal site
2, resists this degradative process.

FIGURE 2. The accelerated decay of activated wild-type IRF-3 by vIRF-2 is independent of the protea-
some, but inhibited by a general caspase inhibitor. A, vIRF-2-accelerated decay of wild-type IRF-3 is inde-
pendent of the proteasome. HEK293 cells were transiently co-transfected with expression vectors for either
FLAG epitope-tagged wild type IRF-3 (IRF-3WT) (left panel) or IRF-3(5A) (right panel) and either Xpress epitope-
tagged vIRF-2, or the empty parental plasmid backbone, pcDNA4. Twenty-four hours later, cells were treated
for 30 min with either DMSO (as the vehicle negative control) or MG132 (10 �M) and then transfected with
poly(I:C) (10 �g/ml). Lysates were prepared at various times thereafter, and protein samples were separated by
SDS-PAGE and immunoblotted with anti-FLAG (to detect IRF-3), anti-Xpress (to detect vIRF-2), and anti-�-actin
antibodies. This experiment is representative of more than three performed independently. A longer exposure
of the anti-FLAG (IRF-3) (top) panel is presented in supplemental Fig. S1, to confirm IRF-3 can be visualized in
lanes 12-18. B, vIRF-2-accelerated decay of wild-type IRF-3 is repressed by Z-VAD-FMK (Z-VAD) treatment, which
inhibits caspase activity. This experiment was repeated essentially as described for A, with the exception that
the cells were treated with Z-VAD-FMK (10 �M) in place of MG132 (left panel) and the IRF-3(5A) expression
plasmid was not used. Alternatively, cells were treated with DMSO, MG132 (10 �M), or both Z-VAD-FMK (10 �M)
and MG132 (10 �M) (right panel). Immunoblotting was performed with anti-FLAG (IRF-3), anti-Xpress (vIRF-2),
anti-PARP, and anti-�-actin antibodies. The anti-PARP antibody recognizes uncleaved PARP (Un-Cl, 116 kDa)
and one cleaved fragment (Cleaved, 83 kDa). This experiment is representative of more than three performed
independently.
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To determine if vIRF-2 enhanced IRF-3 ubiquitination and
thereby degradation by the proteasome, the extent of poly-
ubiquitination of IRF-3 in the presence of vIRF-2 was meas-
ured. No effect of the viral protein could be determined (data
not shown).
TheAcceleratedDecay ofActivated IRF-3WT Is Inhibited by a

General Caspase Inhibitor—Another class of enzymes involved
in proteolysis is the caspases, cysteine-dependent proteases
that cleave substrates after an aspartate residue. They function
during apoptosis, a homeostatic mechanism of programmed
cell death. However, caspases are increasingly recognized as
functioning in the absence of apoptosis (see Refs. 30–32). For
example, caspase-3 was recently implicated in promoting stem
cell development (33, 34). Caspase-8 and -10 participate in sig-
naling by the RNA helicases RIG-I and mda-5 following stimu-
lation with double-stranded RNA, and they drive inflammatory
cytokine production by activating NF-�B (35). Caspase-8 and
-10 are initiator caspases that generally activate the effector
caspases, such as caspase-3, -6, and -7 (see Ref. 32).
To determine if caspases might be responsible for vIRF-2-

mediated turnover of IRF-3, their activity was suppressed by
treatment with a general inhibitor (Z-VAD-FMK). Even in the
presence of Z-VAD-FMK and absence of vIRF-2, IRF-3 accu-
mulated (Fig. 2B, top panel, compare the level of IRF-3 in the
absence of Z-VAD-FMK in lanes 1–3with the levels in its pres-
ence in lanes 4–6; see also supplemental Fig. S2B(i)). These
data suggest that one ormore caspases is responsible in part for
IRF-3 turnover in the normal cell in which the antiviral
response has been invoked by poly(I:C) transfection. IRF-3 also
accumulated in the presence of Z-VAD-FMK and vIRF-2 (Fig.
2B, top panel, compare the level of IRF-3 in the absence of
Z-VAD-FMK and presence of vIRF-2 in lanes 7–9 with the
levels in the presence of Z-VAD-FMK and vIRF-2 in lanes
10–12; see also supplemental Fig. S2B(ii)).

The pronounced accelerated decay of IRF-3 identified in the
presence ofMG132 and vIRF-2 after poly(I:C) transfection (Fig.
2A, top panel, lanes 12-15) was also inhibited with Z-VAD-
FMK (Fig. 2B, top panel, compare the level of IRF-3 in the pres-
ence of vIRF-2 and MG132 in lanes 17-20 with the level in the
presence of vIRF-2, MG132 and Z-VAD-FMK in lanes 21–24;
see also supplemental Fig. S2B(iii)). These data suggest that,
when vIRF-2 binds to IRF-3 (Fig. 1D), it might recruit a caspase
that then contributes to the decay of IRF-3.
IRF-3 levels in the presence of Z-VAD-FMK and vIRF-2 did

not reach those seen in the presence of Z-VAD-FMKalone (Fig.
2B, compare the level of IRF-3 in lanes 10–12with that in lanes
4–6; see also supplemental Fig. S2B(v)), presumably because
caspase inhibition by Z-VAD-FMK was not absolute. vIRF-2
also accumulated in the presence of Z-VAD-FMK (Fig. 2B,
lanes 10–12 and 21–24) compared with the absence of the
caspase inhibitor (Fig. 2B, lanes 7–9 and 13–16; see also supple-
mental Fig. S2B(iv)), suggesting the viral protein is a target of
one or more caspases.
The stabilization of IRF-3 levels by Z-VAD-FMK treatment,

despite the presence of vIRF-2, raised the possibility that this
viral protein may be pro-apoptotic and that it was reducing
IRF-3 levels as a consequence of activating apoptosis. To inves-
tigate this possibility, lysates of cells with and without vIRF-2

were assayed for a hallmark indicator of apoptosis: cleavage of
poly(adenosine diphosphate-ribose) polymerase (PARP). PARP is
a target of mature caspase-3 cleavage (36). As expected, low
levels of cleaved PARP could be detected in cells transfected
with poly(I:C) (Fig. 2B, lanes 2 and 3), because part of the anti-
viral response is to induce apoptosis (1), and IRF-3 can partici-
pate in this induction independently of its role in the IFN
response (37, 38). PARP cleavage was elevated following
MG132 treatment (Fig. 2B, lanes 18–20), and this cleavage was
reduced by the addition of Z-VAD-FMK (Fig. 2B, lanes 22–24).
However, PARP cleavage was not elevated by the expression of
vIRF-2 (Fig. 2B, compare PARP cleavage in the absence of
vIRF-2, lanes 2 and 3, with that in its presence in lanes 8, 9, 15,
and 16), indicating the viral protein is not pro-apoptotic, as
suggested previously (39). Further evidence excluding vIRF-2
from a pro-apoptotic role was obtained by quantifying apopto-
sis in transfected cells by flow cytometry (supplemental Fig. S3).
The Accelerated Decay of Activated IRF-3WT by vIRF-2

Depends on Caspase-3 Activity—Because Z-VAD-FMK is a
pan-caspase inhibitor, the identity of the caspase most likely
involved in IRF-3 decay was sought. Studies with caspase-spe-
cific inhibitors indicated that IRF-3 decay was reduced when
caspase-3 activity was inhibited. Indeed, when functional levels
of caspase-3 were knocked down by �50% with specific siRNA
(Fig. 3A), IRF-3WT-mediated transactivation of the IFN-� pro-
moter in reporter gene assays was increased significantly in the
presence of vIRF-2. Thus, under these circumstances, inhibi-
tion of IRF-3 transactivation by vIRF-2 was significantly miti-
gated (Fig. 3B, compare the normalized IFN-� promoter activ-
ity in bars #7 and #8). However,mitigationwas not complete, as
compared with the level of promoter activity achieved with
caspase-3 siRNA alone (Fig. 3B, compare the normalized IFN-�
promoter activity in bars #8 and #5), suggesting vIRF-2 inhibits
IRF-3 activity by another, caspase-3-independent, mechanism.
Furthermore, IRF-3 transactivation of the IFN-� promoter,
even in the absence of vIRF-2, was increased significantly in the
presence of caspase-3 siRNA compared with control siRNA
(Fig. 3B, compare bars #5 and #4, respectively). These data con-
firm those of Fig. 2B: that IRF-3WTturnoverwas reduced in the
presence of Z-VAD-FMK, even in the absence of vIRF-2 (Fig.
2B, top panel, compare the level of IRF-3 in the absence of
Z-VAD-FMK in lanes 1–3with the level in its presence in lanes
4–6; see also supplemental Fig. S2B(i)). They therefore provide
evidence in support of a cellularmechanism inwhich caspase-3
participates to turnover IRF-3 following activation of the anti-
viral response by poly(I:C) transfection. vIRF-2 accelerates this
process.
Elevated IRF-3WT transactivation of the IFN-� promoter in

the presence of caspase-3 siRNA (Fig. 3B, bar #5) was mirrored
by the relative accumulation of phosphorylated IRF-3 under the
same conditions (Fig. 3C, top panel, compare the phospho-
IRF-3 level in the presence of caspase-3 siRNA, lanes 4–6with
that in the presence of control siRNA, lanes 1–3; see also sup-
plemental Fig. S4(i)). Likewise, phospho-IRF-3 levels accumu-
lated in the presence of vIRF-2 and caspase-3 siRNAwhen com-
pared with vIRF-2 and control siRNA (Fig. 3C, top panel,
compare the phospho-IRF-3 level in the presence of caspase-3
siRNA and vIRF-2, lanes 10–12 with that in the presence of
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vIRF-2 and control siRNA, lanes
7–9; see also supplemental Fig.
S4(ii)). This increase in phospho-
IRF-3 levels resulting from caspase-3
siRNA treatment in the presence of
vIRF-2 was not as exaggerated as
that in the absence because com-
plete caspase-3 knockdown was
not achieved and therefore active
caspase-3 continued contributing to
IRF-3 turnover in a mechanism
accelerated by vIRF-2.
As expected, reduced cleavage of

PARPwas evident in the presence of
caspase-3 siRNA (Fig. 3C, lanes 5
and 6), when comparedwith control
siRNA (Fig. 3C, lanes 2 and 3).
Cleaved PARP levels were also
reduced in the presence of vIRF-2
compared with its absence (Fig. 3C,
compare lanes 8 and 9 with lanes 2
and 3), regardless of the presence of
caspase-3 siRNA. This finding is
consistent with that from Fig. 2B
(compare PARP cleavage in the
absence of vIRF-2, lanes 2 and 3,
with that in its presence in lanes 8, 9,
15, and 16) and suggests vIRF-2
might have either anti-apoptotic
activity or sequester caspase-3 away
from PARP, or both. Therefore,
these data are also consistent with
those indicating vIRF-2 is not pro-
apoptotic (supplemental Fig. S3).
Furthermore, vIRF-2 significantly
reduced caspase-3/-7 activities fol-
lowing poly(I:C) treatment in the
presence of IRF-3WT (Fig. 3D, bar
#9), compared with the level in the
absence of vIRF-2 (Fig. 3D, bar #5).
Thus, the data of Fig. 3 (B–D) sug-

gest an interaction between acti-
vated IRF-3WT and caspase-3, and
between vIRF-2 and caspase-3. To
determine if this interaction is phys-
ical, pro-caspase-3 was immuno-
precipitated and the presence of
IRF-3WT and vIRF-2 determined
by Western blot. Both proteins co-
precipitated with pro-caspase-3.
However, the level of vIRF-2 was
reduced following poly(I:C) treat-
ment (Fig. 3E), consistent with this
viral protein being either a direct or
indirect target of caspase-3 activity,
as suggested from the data of Fig. 2B
in which vIRF-2 accumulated in the
presence of Z-VAD-FMK (Fig. 2B,

FIGURE 3. The accelerated decay of activated wild-type IRF-3 by vIRF-2 depends on caspase-3 activity.
A, siRNA knockdown of caspase-3. Functional levels of caspase-3 protein were analyzed with the Caspase-Glo�-
3/7 assay kit (Promega). HEK293 cells were transfected with either Lit28i Polylinker ShortCut� siRNA mix (Con-
trol siRNA) or caspase-3 ShortCut� siRNA (CAS-3 siRNA) for 24 h. They were then transfected with poly(I:C) for
18 h before harvesting for caspase activity assay. Activity assays were repeated at least twice, and average
values (� S.D.) are presented from one representative experiment (*, p � 0.05, Student’s t test). B, knockdown
of caspase-3 elevates IFN-� promoter-driven reporter gene activity. HEK293 cells were transiently co-trans-
fected with the full-length IFN-� promoter reporter plasmid (p125-luc) and an expression vector of FLAG-
tagged IRF-3 wild-type (IRF-3WT), or Xpress-tagged vIRF-2-expression vector (vIRF-2), as indicated. The
pRLSV40 plasmid constitutively expressing Renilla luciferase was added as an internal control to which firefly
luciferase levels were normalized. Co-transfection with control (Control siRNA) and caspase-3 (CAS-3) siRNA was
performed as indicated. Twenty-four hours after plasmid transfection, the cells were transfected with poly(I:C)
(10 �g/ml), and luciferase activity was measured 18 h later. Average values (� S.D.) are presented from one
representative experiment of at least three performed independently (*, #, and � indicate p � 0.05, Student’s t
test). Gray bars, cells expressing ectopic IRF-3; black bars, cells co-transfected to express ectopic vIRF-2.
C, knockdown of caspase-3 elevates phospho-IRF-3 levels. HEK293 cells were transiently co-transfected with an
expression vector for FLAG-tagged IRF-3 wild-type (IRF-3WT), and Xpress-tagged vIRF-2 (vIRF-2) or empty
vector parental plasmid (pcDNA4), as indicated. Co-transfection with control (Control siRNA) and caspase-3
(CAS-3) siRNA was performed as indicated. Twenty-four hours after plasmid transfection, the cells were trans-
fected with poly(I:C) (10 �g/ml). Protein extracts were prepared at the indicated times thereafter and analyzed
by immunoblot with the following antibodies: anti-PARP, anti-Xpress (vIRF-2), anti-phospho-IRF-3 (�-p-IRF-3;
Ser-396) and anti-�-actin. The anti-PARP antibody recognizes uncleaved PARP (Un-Cl, 116 kDa) and one
cleaved fragment (Cleaved, 83 kDa). This experiment is representative of more than three performed independ-
ently. D, expression of vIRF-2 influences caspase-3/-7 activity. HEK293 cells were transiently transfected with an
expression vector for FLAG-tagged IRF-3 wild type (IRF-3WT), and/or Xpress-tagged vIRF-2 (vIRF-2), as indi-
cated. Twenty-four hours after plasmid transfection, the cells were treated with etoposide (50 �M) or DMSO
and 30 min later transfected with poly(I:C) (10 �g/ml). Caspase-3/-7 activities were measured 18 h later. Aver-
age values (� S.D.) are presented from one representative experiment of three performed independently (*,
p � 0.05, Student’s t test). Black bars, cells co-transfected to express ectopic vIRF-2. E, pro-caspase-3 interacts
with IRF-3 and vIRF-2. Upper panel: co-immunoprecipitation studies were performed with lysates of HEK293
cells that had been transfected with an expression vector for FLAG-tagged IRF-3 wild-type (IRF-3WT), or Xpress-
tagged vIRF-2 (vIRF-2), as indicated. Twenty-four hours after plasmid transfection, the cells were transfected
with poly(I:C) (10 �g/ml), and immunoprecipitation assays were performed 18 h later. Wild-type IRF-3 was
immunoprecipitated with anti-FLAG polyclonal antibody and vIRF-2 with anti-Xpress monoclonal antibody.
Immunoprecipitates and input extracts (lower panel) were separated by SDS-PAGE before immunoblotting
with anti-Pro-caspase-3 antibody (�-Pro-cas-3). PE, protein extract; NT, non-transfected cells. Plasmid pCEP-4
expresses a negative control FLAG-tagged protein that did not immunoprecipitate pro-caspase-3. Note that all
seven lanes were separated on the same gel and transferred to the same membrane, but because the vIRF-2
lanes were not contiguous with the others, intervening, irrelevant lanes were removed from the image. IP,
antibody used for immunoprecipitation; IB, antibody used for immunoblot. Right panel, Input: these lanes
demonstrate the expression levels for vIRF-2, IRF-3 and pro-caspase-3 in the lysates before
immunoprecipitation.
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compare vIRF-2 levels between lanes 7–9 in the absence of
Z-VAD-FMK and lanes 10–12 in its presence; see also supple-
mental Fig. S2B(iv)).
IRF-3WT Accumulates in a Caspase-3-deficient Cell Line

Unless Ectopic Caspase-3 Is Introduced, when vIRF-2 Acceler-
ates IRF-3WTDecay—Because knockdown studies with siRNA
did not completely abrogate caspase-3 activity, the transacti-
vating function and fate of IRF-3WT were investigated in the
human breast adenocarcinoma cell line, MCF-7, which is
caspase-3-deficient (40). First, the full-length IFN-� reporter
plasmid was found to be significantly activated by poly(I:C)
transfection (Fig. 4A, compare bars #1 and #2), confirming the

function of the antiviral response
signaling pathway in this cell line.
This activationwas increased signif-
icantly by ectopic expression of IRF-
3WT (Fig. 4A, bar #3). The intro-
duction of caspase-3 into these cells
reduced IRF-3WT transactivation
of the IFN-� promoter significantly
(Fig. 4A, compare bars #3 and #4), to
that level resulting from vIRF-2
expression (Fig. 4A, bar #5). The
expression of caspase-3 and vIRF-2
together synergistically reduced
IRF-3WT transactivation (Fig. 4A,
bar #6). The inhibition of IRF-3WT
transactivation by vIRF-2, despite
the absence of caspase-3 (Fig. 4A,
bar #5) indicates that the viral pro-
tein also inhibits IRF-3 activity in a
caspase-3-independent manner, as
suggested previously (Fig. 3B).
These effects on IRF-3WT trans-

activation of the IFN-� promoter
were mirrored directly by the levels
of IRF-3WT (Fig. 4B). In particular,
within 24 h of poly(I:C) transfection
of MCF-7 cells already transfected
with the caspase-3 expression vec-
tor, IRF-3WT levels were reduced
by�60% (Fig. 4B, lane 6), compared
with the levels in the absence of
caspase-3 (Fig. 4B, lane 3).However,
co-transfecting the vIRF-2 and
caspase-3 expression vectors resulted
in IRF-3WT levels becoming unde-
tectablewithin 24 h of poly(I:C) treat-
ment (Fig. 4B, lane 12).
The coincident transfection of

the vIRF-2 and caspase-3 expression
vectors also reduced the levels of
both proteins substantially (Fig. 4B,
compare vIRF-2 and pro-caspase-3
levels, in lanes 10–12, with the level
of vIRF-2 without caspase-3, lanes
7–9, and pro-caspase-3 levels with-
out vIRF-2, lanes 4–6). The data

suggest a multiprotein complex forms between minimally
vIRF-2, caspase-3, and IRF-3, leading to a reduction in the levels
of each of them.
vIRF-2 significantly inhibited caspase-3 activity against the

Z-DEVD-aminoluciferin substrate (Fig. 4C, compare bars #6
and #10), providing further evidence against a pro-apoptotic
role for vIRF-2. Moreover, reduced caspase-3/-7 activity in the
presence of vIRF-2 (Fig. 4C, bars #9 and #10) is consistent with
the reduced levels of caspase-3 in the presence of this viral pro-
tein (Fig. 4B, lanes 10–12). In these studies, the enzyme activi-
ties measured in the absence of caspase-3 (Fig. 4C, bars #1, #2,
and #4) represent basal caspase-7 activities and therefore

FIGURE 4. IRF-3WT accumulates in a caspase-3-deficient cell line unless ectopic caspase-3 is introduced,
when vIRF-2 accelerates the decay. A, IFN-� promoter-driven reporter gene activity is elevated in the
absence of caspase-3. Caspase-3-deficient MCF-7 cells were transiently co-transfected with the full-length
IFN-� promoter reporter plasmid (p125-luc) and an expression vector for FLAG-tagged IRF-3 wild type (IRF-
3WT), or Xpress-tagged vIRF-2 (vIRF-2) or pcDNA3/caspase-3, a caspase-3 expression vector (CAS-3), as indi-
cated in the figure. The pRLSV40 plasmid constitutively expressing Renilla luciferase was added as an internal
control to which firefly luciferase levels were normalized. Twenty-four hours after plasmid transfection, the
cells were transfected with poly(I:C) (10 �g/ml), and luciferase activity was measured 18 h later. Average values
(� S.D.) are presented from one representative experiment (F, *, #, and � p � 0.05, Student’s t test) of at least
three performed independently. White bars, cells lacking ectopic IRF-3 or vIRF-2; gray bars, cells expressing
ectopic IRF-3; black bars, cells co-transfected to express ectopic vIRF-2. B, IRF-3WT accumulates in a caspase-3-
deficient cell line. MCF-7 cells were transiently co-transfected with an expression vector for FLAG-tagged IRF-3
wild-type (IRF-3WT), or Xpress-tagged vIRF-2 (vIRF-2) or pcDNA3/Caspase-3, a caspase-3 expression vector
(CAS-3) or the empty vector pcDNA4, as indicated in the figure. Protein extracts were analyzed by immunoblot.
C, vIRF-2 sequesters caspase-3 activity. Caspase-3/7 activity was measured in MCF-7 cells transfected with
plasmids described above, as indicated in the figure. Twenty-four hours after plasmid transfection, the cells
were transfected with poly(I:C) (10 �g/ml). Caspase-3/-7 activities were measured 18 h later. Average values
(�S.D.) are presented from one representative experiment of three performed independently (* and #, p �
0.05, Student’s t test). Black bars, cells co-transfected to express ectopic vIRF-2.
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enable the contribution of ectopic caspase-3 activity to be
determined (Fig. 4C, bars #3, #6, #9, and #10).
Intracellular Localization of vIRF-2, IRF-3WT, and

Caspase-3—Because IRF-3 stability in the presence of
vIRF-2 protein expression was higher in caspase-3-deficient
MCF-7 cells than in HEK293 cells, the distribution of these
proteins in the breast adenocarcinoma cell line was investi-
gated (Fig. 5). The studies were performed 16 h following
poly(I:C) transfection, because after longer times in the pres-
ence of caspase-3, IRF-3 levels become undetectable (see Fig.
4B). The vIRF-2 protein assumed a diffuse cytoplasmic and
nuclear distribution, with some concentration around the
inner nuclear membrane (Fig. 5A). Upon activation of the
antiviral response by poly(I:C) transfection, this distribution
becamemore punctatewith expression emphasized in the cyto-
plasm and not the nucleus (Fig. 5A). Conversely, IRF-3 redis-
tributed to both the nuclear and cytoplasmic compartments
from a predominantly cytoplasmic location upon poly(I:C)

transfection (Fig. 5B), as described
previously (23). When vIRF-2 and
IRF-3 were co-expressed, IRF-3 was
sufficiently abundant to be detected
readily, consistent with theWestern
blot data (Fig. 4B, lanes 7–9), but its
redistribution to the nucleus was
minimized (Fig. 5C). These data are
consistent with caspase-3-inde-
pendent inhibition of IRF-3 transac-
tivation by vIRF-2, as suggested pre-
viously (Figs. 3B and 4A). Both
vIRF-2 and IRF-3, when expressed
independently in MCF-7 cells, were
sufficiently abundant to be identi-
fied as colocalizing with ectopic
caspase-3, predominantly in the cyto-
plasm (Fig. 5,D and E, respectively).
When MCF-7 cells were co-

transfected with vIRF-2, IRF-3 and
caspase-3 expression vectors, the
proteins they encode co-localized in
the cytoplasm (Fig. 5F). Poly(I:C)
transfection reduced IRF-3 protein
to barely detectable levels, consist-
ent with the Western blot data (Fig.
4B). Nevertheless, cytoplasmic co-
localization of vIRF-2, IRF-3, and
caspase-3 could still be determined

in discrete regions of the cytoplasm (Fig. 5F, bottom row of
magnified images) when sufficient IRF-3 levels were detectable.
Endogenous IRF-3 Is Affected by vIRF-2 in the Same Way as

Ectopic IRF-3WT—The studies to date were performed with
overexpressed, epitope-tagged ectopic IRF-3. We therefore
examined the fate of endogenous IRF-3, to determine if it is
regulated by vIRF-2 in the same way as ectopic IRF-3WT.
First, activation of the full-length IFN-� promoter by endog-

enous IRF-3 in response to poly(I:C) transfection was verified
(Fig. 6A, compare bars #1 and #2). This activationwas increased
significantly following treatment with the pan caspase inhibitor
Z-VAD-FMK (Fig. 6A, compare bars #2 and #3). These data are
consistent with those of Fig. 2B, showing elevated levels of IRF-
3WT in the presence of this inhibitor. The presence of vIRF-2
significantly inhibited IFN-� promoter activity (Fig. 6A, com-
pare bars #2 and #4), by �50%, consistent with the inhibitory
activity of vIRF-2 on ectopic IRF-3WT (Fig. 1A). Treatment

FIGURE 5. IRF-3WT, vIRF-2, and caspase-3 co-localize in the cytoplasm. A, vIRF-2 redistributes from the nucleus and the cytoplasm (panel: vIRF-2) to the
cytoplasm following activation of the antiviral response by poly(I:C) transfection (panel: vIRF-2�IC). MCF-7 cells were transfected with the expression vector for
Xpress-tagged vIRF-2. After 24 h they either were (�IC) or were not transfected with poly(I:C), fixed, and stained a further 16 h later. B, IRF-3 redistributes from
the cytoplasm (panel: IRF-3) to the nucleus and the cytoplasm following activation of the antiviral response by poly(I:C) transfection (panel: IRF-3�IC). MCF-7
cells were transfected with the expression vector for FLAG-tagged IRF-3. After 24 h they either were (�IC) or were not transfected with poly(I:C), fixed, and
stained a further 16 h later. C, vIRF-2 and IRF-3 co-localize in the cytoplasm. MCF-7 cells were co-transfected with the expression vectors for Xpress-tagged
vIRF-2 and FLAG-tagged IRF-3. After 24 h they were (�IC) or were not transfected with poly(I:C) and fixed and stained a further 16 h later. D, vIRF-2 and caspase-3
co-localize in the cytoplasm. MCF-7 cells were co-transfected with the expression vectors for Xpress-tagged vIRF-2 and caspase-3 (CAS-3). After 24 h they were
(�IC) or were not transfected with poly(I:C) and fixed and stained a further 16 h later. E, IRF-3 and caspase-3 co-localize in the cytoplasm. MCF-7 cells were
cotransfected with the expression vectors for FLAG-tagged IRF-3 and caspase-3 (CAS-3). After 24 h they were (�IC) or were not transfected with poly(I:C) and
fixed and stained a further 16 h later. F, vIRF-2, IRF-3, and caspase-3 co-localize in the cytoplasm. MCF-7 cells were co-transfected with the expression vectors
for Xpress-tagged vIRF-2, FLAG-tagged IRF-3, and caspase-3 (CAS-3). After 24 h they were (�IC) or were not transfected with poly(I:C) and fixed and stained a
further 16 h later. A region of co-localization in the merge panel (white arrow) was magnified, and the images are presented in the bottom row of panels.

FIGURE 5—continued
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with Z-VAD-FMK in the presence of vIRF-2 completely
restored IFN-� promoter activity to the levels seen in the
absence of vIRF-2 (Fig. 6A, compare bars #3 and #5). These data
are consistent with the increase in ectopic IRF-3WT levels in
the presence of vIRF-2 and Z-VAD-FMK (Fig. 2B). Because
IFN-� promoter activity is a surrogate marker for IRF-3 func-

tion, we then quantified active
endogenous IRF-3 binding to its
cognate oligonucleotide by ELISA,
under similar experimental condi-
tions (Fig. 6B). For these ex-
periments an engineered derivative
of HEK293 cells was studied, clone
#3–9, in which all cells can be
induced to express vIRF-2 (data not
shown). Thus, this clonal cell line
was stably transfected with a doxy-
cycline-inducible vIRF-2 expression
cassette (see “Experimental Proce-
dures”) and compared with isogenic
empty vector (EV) cells. Both cell
lines were treated with doxycycline
to mitigate any effects of leaky
vIRF-2 expression in the absence of
doxycycline treatment. Measuring
endogenous IRF-3 activity in clone
#3–9 cells generated similar data to
those obtained for IFN-� promoter
activity in transiently transfected
HEK293 cells (Fig. 6A): vIRF-2
expression significantly inhibited
endogenous IRF-3 activity by �50%
(Fig. 6B, for DOX�DMSO-treated
cells, compare IRF-3 activity in
EV cells at 12 h with that in clone
#3–9 cells). This inhibition was sig-
nificantly repressed by the presence
of Z-VAD-FMK (Fig. 6B, compare
IRF-3 activity at 12 h in DOX�
DMSO-treated clone #3–9 cells with
that of DOX�Z-VAD-FMK-treated
clone #3–9 cells). Moreover, the level
of IRF-3 activity at 12 h in
DOX�DMSO-treated EV cells is
comparable to that in DOX�Z-
VAD-FMK-treated clone #3–9
cells, suggesting the caspase inhibi-
tor can almost completely restore
endogenous IRF-3 activity in the
presence of vIRF-2. Consistent with
these data, dimeric IRF-3 levels in
clone #3–9 cells increased with
Z-VAD-FMK treatment (Fig. 6C,
upper panel, compare the levels of
dimeric (D) IRF-3 in lanes 11 and 12
with those in lanes 8 and 9).
To verify the effects of Z-VAD-

FMKon endogenous IRF-3 involved
caspase-3, the effect of caspase-3 siRNA on endogenous IRF-3
was determined. Essentially, the experiment presented in Fig.
3Bwas repeated, but IFN-�promoter activitywasmeasured.As
expected, IFN-� promoter activity was inhibited significantly
by the presence of vIRF-2 (Fig. 6D, compare bars #2 and #4).
However, this inhibition was significantly repressed by

FIGURE 6. Endogenous IRF-3 shares the same fate as ectopic IRF-3. A, vIRF-2 inhibition of the transcriptional
activity of the full-length IFN-� promoter (p125-luc) reporter vector driven by endogenous IRF-3 is repressed
by the caspase inhibitor Z-VAD-FMK. HEK293 cells were transiently co-transfected with p125-luc and the
Xpress epitope-tagged vIRF-2-expressing plasmid, pcDNA4/vIRF-2 (vIRF-2; black bars), or the empty parental
plasmid backbone, pcDNA4 (light bars). The pRLSV40 plasmid constitutively expressing Renilla luciferase was
added as an internal control to which firefly luciferase levels were normalized. Twenty-four hours later, cells
were treated for 30 min with either DMSO (as the vehicle negative control) or Z-VAD-FMK (10 �M) and then
transfected with poly(I:C) (10 �g/ml). Luciferase activity was measured 12 h later. The data represent the mean
(� S.D.) from one representative experiment of three performed independently (*, #, and �, p � 0.005, Stu-
dent’s t test). B, vIRF-2 inhibition of endogenous IRF-3 activity is repressed by Z-VAD-FMK (Z-VAD) treatment.
The clone #3–9 cell line (#3–9) harboring doxycycline-inducible vIRF-2 and the negative control empty vector
cell line (EV) were both treated with doxycycline (DOX) for 24 h. They were then treated with either DMSO (as
the vehicle negative control) or Z-VAD-FMK (Z-VAD; 10 �M) and transfected with poly(I:C) (10 �g/ml) for the
times indicated. IRF-3 activity was determined with the TransAMTM IRF-3 ELISA (Active Motif). The data repre-
sent the mean (� S.D.) of two independent experiments (* and #, p � 0.005, Student’s t test). C, vIRF-2-
accelerated decay of endogenous IRF-3 is repressed by Z-VAD-FMK (Z-VAD) treatment. This experiment was
performed essentially as described for Fig. 6B, with the exception that IRF-3 levels were measured by Western
blot. The clone #3–9 cell line (#3–9) harboring doxycycline-inducible vIRF-2 and the negative control empty
vector cell line (EV) were both treated with doxycycline (DOX) for 24 h. They were then treated with either
DMSO (as the vehicle negative control) or Z-VAD-FMK (10 �M) and transfected with poly(I:C) (10 �g/ml) for the
times indicated. Immunoblotting was performed on 10 �g of lysates separated either by native PAGE (upper
panel) or denaturing PAGE (lower three panels). Native PAGE enabled IRF-3 dimeric (D) and monomeric (M)
forms to be detected with anti-IRF-3 antibody. Aliquots of the same lysates were analyzed by denaturing PAGE
to quantify total IRF-3, c-Myc-tagged vIRF-2, and �-actin. D, vIRF-2 inhibition of the transcriptional activity of
the full-length IFN-� promoter (p125-luc) reporter vector driven by endogenous IRF-3 is repressed by
caspase-3 siRNA. HEK293 cells were transiently co-transfected with p125-luc and the Xpress epitope-tagged
vIRF-2-expressing plasmid, pcDNA4/vIRF-2 (vIRF-2; black bars), or the empty parental plasmid backbone,
pcDNA4 (light bars). The pRLSV40 plasmid constitutively expressing Renilla luciferase was added as an internal
control to which firefly luciferase levels were normalized. At the same time, either siRNA for caspase-3 (CAS-3
siRNA) or negative control scrambled siRNA (Control siRNA) was transfected. Twenty-four hours later, cells were
transfected with poly(I:C) (10 �g/ml), and luciferase activity was measured 12 h later. The data represent the
mean (� S.D.) from one representative experiment of three performed independently (* and #, p � 0.005; �, p �
0.05, Student’s t test). E, measuring endogenous IRF-3 activity in the presence of vIRF-2 and MG132. The clone
#3–9 cell line (#3–9) harboring doxycycline-inducible vIRF-2 and the negative control empty vector cell line (EV)
were treated with doxycycline (DOX) for 24 h. They were then treated with either DMSO (as the vehicle negative
control) or MG132 (10 �M) and transfected with poly(I:C) (10 �g/ml) for the times indicated. IRF-3 activity was
determined with the TransAMTM IRF-3 ELISA (Active Motif). The data represent the mean (� S.D.) of two
independent experiments (*, #, and �, p � 0.005, Student’s t test).
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caspase-3 siRNA (Fig. 6D, compare bars #4 and #5). Thus, as for
IRF-3WT (Fig. 3B), inhibition of endogenous IRF-3 transacti-
vation by vIRF-2 was significantly mitigated by down-regulat-
ing caspase-3. Mitigation was not complete though, as meas-
ured by comparing the level of promoter activity achieved with
caspase-3 siRNA alone (Fig. 6D, compare the IFN-� promoter
activity in bars #3 and #5), suggesting vIRF-2 might also inhibit
endogenous IRF-3 activity by a caspase-3-independent mecha-
nism. Furthermore, even in the absence of vIRF-2, there ismod-
est, but significantly increased, IFN-� promoter activity in the
presence of caspase-3 siRNA compared with control siRNA
(Fig. 6D, compare bars #2 and #3). This pattern is consistent
with that seen for ectopic IRF-3WT (Fig. 3B), suggesting
caspase-3 contributes to the negative regulation of IRF-3 activ-
ity even in the absence of vIRF-2.
Finally, we verified that inhibition of the proteasome does

not obviate vIRF-2-mediated inhibition of endogenous IRF-3
transactivation, as suggested from our studies of ectopic IRF-
3WT (Fig. 2A). Again IRF-3 activity was quantified by func-
tional ELISA (Fig. 6E). First, when comparing clone #3–9 and
EVcells treatedwith doxycycline, IRF-3 activitywas suppressed
by �50% in the vIRF-2 expressing cells (Fig. 6E, compare IRF-3
activity at 12 h from EV cells treated with DOX�DMSO with
that of clone #3–9 cells treated with DOX�DMSO), as
described above (Fig. 6B). This vIRF-2 inhibition of IRF-3 activ-
ity was not reversed by MG132 treatment. Rather, inhibition
was increased significantly (Fig. 6E, compare IRF-3 activity at
12 h from clone #3–9 cells treatedwithDOX�DMSOwith that
of clone #3–9 cells treated with DOX�MG132). This effect of
MG132 in the presence of vIRF-2 is consistent with the sugges-
tion from the data of Fig. 2A that vIRF-2 might recruit to IRF-3
either a protein or a protein complex responsible for IRF-3
decay that is normally targeted for degradation by the protea-
some, but is therefore stabilized by MG132.
Moreover, treating EV cells with MG132 increased IRF-3

activity significantly, again consistent with the known protea-
some involvement in normal IRF-3 turnover (Fig. 6E, compare
IRF-3 activity at 12 h from EV cells treated with DOX�DMSO
with that of EV cells treated with DOX�MG132).

DISCUSSION

The present study of the function of the KSHV vIRF-2 pro-
tein, in addition to elucidating the molecular mechanisms of a
viral immune modulator, has identified a previously unrecog-
nized cellular mechanism of negative feedback control of the
IFN antiviral response. Our data reveal that in a cell in which
this response is invoked by transfection of synthetic double-
stranded RNA, a proteolytic process that involves caspase-3
activity depletes fully activated IRF-3. The studies with MCF-7
cells (Figs. 4 and 5) provide conclusive genetic proof for amech-
anism of IRF-3 turnover involving caspase-3. This mechanism
contributes to IRF-3 destabilization, along with the activity of
the proteasome, to negatively regulate the antiviral response.
KSHV is unique among viruses that infect humans in that it

encodes a family of four vIRFs (41). Sequence comparisons
indicate they share homology with cellular IRFs, from which
they are likely to have been derived (17). The only other virus
known to encode vIRFs is theKSHV-related non-human rhesus

rhadinovirus (42, 43). However, all four of the KSHV vIRFs
function in different ways, and vIRF-2 is not the only KSHV
protein capable of suppressing the IFN antiviral response (see
Ref. 16).
By accelerating the caspase-3-dependent process of IRF-3

turnover, the KSHV vIRF-2 protein functions as a catalyst in
this IRF-3-degradative process, inhibiting IRF-3 transactiva-
tion and the concomitant antiviral response. The inhibition of
IRF-3WT transactivation by vIRF-2, in MCF-7 cells in the
absence of ectopic caspase-3 expression (Fig. 4A) and also in
HEK293 cells during siRNA knockdown of caspase-3 (Fig. 3B),
indicates that the viral protein can also repress IRF-3 activity
independently of caspase-3; this observation was confirmed for
endogenous IRF-3 (Fig. 6D). Confocal microscopy analyses
suggest this caspase-3-independent activity may be due to
vIRF-2 preventing IRF-3 redistribution to the nucleus (Fig. 5C).
Indeed, vIRF-2 is likely multifunctional, as suggested from
studies in the Pitha laboratory on theN-terminal exon-encoded
protein (18, 19) that we refer to as vIRF-2�1 (17), to distinguish
it from the two-exon-encoded full-length vIRF-2 protein of our
present andprevious (20) studies. Transactivation of the IFNA4
promoter upon Newcastle disease virus infection was inhibited
by vIRF-2, likely through interactingwith IRF-1 and post-trans-
lationally activated IRF-3, and/or the p300/CBP transcriptional
coactivator (18). vIRF-2�1 also physically interacts with dou-
ble-stranded RNA-activated protein kinase R (19). This inter-
action suppresses protein kinase R function, for example,
reducing inhibition of eukaryotic translational initiation factor
2� activity by protein kinase R-mediated phosphorylation.
Moreover, the interaction of vIRF-2 with IRF-1 identified by
Burysek et al. (18) appears to be pleiotropic. Kirchhoff et al.
identified positive regulatory IRF-1-dependent domains in the
promoter of CD95 (Fas) ligand and recognized that vIRF-2
repressed transactivation of this promoter, perhaps through
IRF-1 and NF-�B inhibition, in turn reducing activation-in-
duced cell death (39).
A mutant of IRF-3, IRF-3(5A), which homodimerizes upon

phosphorylation of the serine residues in C-terminal site 1, but
lacks phosphorylation targets in site 2 (Fig. 1A, lower panel), is
still depleted in the absence of vIRF-2, but accumulates in its
presence (Fig. 1E). Because IRF-3(2A) and IRF-3(2A5A) are
incapable of homodimerization (27) and do not interact with
vIRF-2 (Fig. 1D), we infer that dimerization is necessary for
IRF-3 interaction with the viral protein. However, homodimer-
ization and vIRF-2 interaction are insufficient for vIRF-2-accel-
erated decay of IRF-3, because IRF-3(5A) remains abundant in
the presence of the viral protein (Figs. 1E and 2A). Thus,
authentic phosphorylation of IRF-3 at both C-terminal sites is
required for IRF-3 turnover involving caspase-3. These data
suggest the caspase-3-dependent mechanism only operates on
fully phosphorylated and functional IRF-3 that has undergone
complete conformational rearrangement and is competent for
transcriptional activation of cognate genes; constitutively
expressed, non-activated IRF-3 is disregarded.
Increasingly, the paradigm that caspases function only in a

pro-apoptotic manner is being dispelled. Active caspases oper-
ate in multiple cellular processes, through both proteolytic and
non-proteolytic activities, without activating apoptosis (see
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Refs. 30–32). These processes include cell differentiation, pro-
liferation, and activation of inflammatory cytokines (44).
Caspase-3 has non-apoptotic functions in various cell types (33,
34, 45–47), and transcription factors represent a class of non-
apoptotic caspase targets (31), e.g. NFATc2 is cleaved by
caspase-3 in apoptotic and non-apoptotic T cells (48).
The type I IFN-driven antiviral response can inhibit cell

growth by blocking proliferation and inducing apoptosis, and it
can enhance the adaptive immune response (see Ref. 1). Recent
reports suggest IRF-3 itself is pro-apoptotic, providing cell
death as a strategy to inhibit persistent virus infection (37). The
mechanism may depend on the induction of expression of
the pro-apoptotic protein, Noxa, because IRF-3 transactivates
the gene encoding this protein (38). Our work has revealed
caspase-3 inhibits IRF-3 by contributing to its depletion (Fig. 3)
and concomitant functional inactivation (Fig. 6) and that
vIRF-2 inhibits caspase-3/-7 function, as measured by cleavage
of the luminogenic substrate Z-DEVD-aminoluciferin (Fig.
4C). These data suggest that vIRF-2 might sequester caspase-3
to augment IRF-3 decay, either directly or through recruitment
of a protease that is in turn activated by caspase-3 and then
degrades the vIRF-2/caspase-3 complex. This possibility is also
supported by the data of Figs. 1E and 2A, in which the decay of
incompletely activated IRF-3(5A) is inhibited by the presence
of vIRF-2. We interpret this observation as IRF-3 being
recruited by vIRF-2 to a caspase-3-containing complex, but the
conformation of IRF-3(5A) is not amenable to its turnover by
the complex. Certainly, in the context of the KSHV-infected
cell, vIRF-2 expression kinetics are consistent with such a role:
Krishnan et al. described vIRF-2 expression within 2 h of de
novo KSHV infection (49).
Hence, vIRF-2 catalyzes caspase-3-mediated decay of IRF-3,

functioning as a putative platform to recruit IRF-3 and
caspase-3 and directing the proteolytic enzyme to initiate IRF-3
degradation.Whether caspase-3 acts either directly on IRF-3 to
effect its depletion or, more likely, activates a proteolytic
enzyme that then acts on IRF-3 remains to be established. Even
if, in the KSHV-infected cell, the augmentation of this IRF-3
decay through sequestration of caspase-3 by vIRF-2 resulted in
apoptosis, a panoply of anti-apoptotic KSHV factors, including
vIRF-2 itself (39), would be expected to counteract it and pre-
vent progression (16). Indeed, different KSHV proteins repress
other aspects of the type I IFN-driven antiviral response. For
example, the KSHVK3 andK5 proteins down-regulate cell sur-
face expression ofmajor histocompatibility class Imolecules by
augmenting their endocytosis (50–52; see Ref. 53).
In conclusion, our work reveals a cellular process for termi-

nating IRF-3 transactivation, not previously appreciated, and a
new mechanism of virus evasion of the IFN response.
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B. (2007) Glia 55, 954–965
48. Wu, W., Misra, R. S., Russell, J. Q., Flavell, R. A., Rincón, M., and Budd,

R. C. (2006) J. Biol. Chem. 281, 10682–10690
49. Krishnan, H. H., Naranatt, P. P., Smith, M. S., Zeng, L., Bloomer, C., and

Chandran, B. (2004) J. Virol. 78, 3601–3620
50. Coscoy, L., and Ganem, D. (2000) Proc. Natl. Acad. Sci. U.S.A. 97,

8051–8056
51. Ishido, S., Wang, C., Lee, B. S., Cohen, G. B., and Jung, J. U. (2000) J. Virol.

74, 5300–5309
52. Stevenson, P. G., Efstathiou, S., Doherty, P. C., and Lehner, P. J. (2000)

Proc. Natl. Acad. Sci. U.S.A. 97, 8455–8460
53. Rezaee, S. A., Cunningham, C., Davison, A. J., and Blackbourn, D. J. (2006)

J. Gen. Virol. 87, 1781–1804

KSHV vIRF-2 Inactivation of IRF-3

AUGUST 28, 2009 • VOLUME 284 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 23285


