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Virus infection of numerous cell types results in the transcriptional induction of a subset of virus- and
interferon (IFN)-stimulated genes. The beta IFN (IFN-b) gene is one of these rapidly induced genes; it serves
as a fundamental component of the cellular defense response in eliciting potent antiviral, immunomodulatory,
and antiproliferative effects. One of the transcription factors involved in the stringent regulation of IFN-b
production following virus infection is interferon regulatory factor (IRF) 3 (IRF-3). We have characterized an
alternatively spliced isoform of IRF-3 that we have called IRF-3a. IRF-3a can selectively and potently inhibit
virus-induced activation of the IFN-b promoter. IRF-3a lacks half of the DNA binding domain found in IRF-3
and is unable to bind to the classical IRF binding elements, IFN-stimulated response elements. These studies
suggest that IRF-3a may act as a modulator of IRF-3.

Virus infection of mammalian cells results in the immediate
and transient transcriptional induction of a number of cytokine
and chemokine genes. Included among these are the type I
interferons (IFNs), alpha IFN (IFN-a) and beta IFN (IFN-b).
The IFNs are a large family of multifunctional cytokines in-
volved in the antiviral response, regulation of cell growth, and
activation of the immune system (reviewed in reference 26).
IFN-b production is a complex process that is controlled at
many levels, with the primary regulatory step occurring at the
level of transcription. The virus-inducible enhancer of the
IFN-b gene has been well defined and contains both positive
regulatory domains (PRDs) and negative regulatory domains
that are bound by specific transcription factors. Upon virus
infection, repressor proteins bound to the negative regulatory
domains appear to dissociate and novel transactivators bind to
the PRDs of the promoter (19). In this way, the production of
IFN-b is stringently regulated by the orchestrated association
and dissociation of transcriptional regulators, allowing for the
rapid response of the cell to a variety of environmental stimuli
(19, 22). Two PRDs, PRD I and PRD III, of the IFN-b pro-
moter are responsible for virus activation. They closely resem-
ble the IFN-stimulated response elements (ISREs) found in
the promoters of a large number of virus and IFN-stimulated
genes. ISREs are known to bind the family of IFN regulatory
factors (IRFs).

The IRFs are involved in a large number of cellular re-
sponses, including cellular growth control, resistance to bacte-
rial infection, commitment to transformation by oncoproteins,
T- and B-cell development, response to DNA damage, apo-
ptosis, and the response to virus infection (reviewed in refer-
ences 10, 18, and 24). There are presently nine members of the
IRF family, all of which share significant structural homology
in the amino-terminal DNA binding domain (DBD). The IRF

DBD contains a characteristic tryptophan repeat that has been
implicated in the interaction of IRF molecules with DNA. The
crystal structures of the IRF-1 and IRF-2 DBDs bound to PRD
I revealed that three of the five tryptophan residues contained
within the helix-turn-helix motif are in direct contact with
DNA (5, 7).

One IRF family member, IRF-3, has been implicated in the
virus- and double-stranded RNA (dsRNA)-mediated induc-
tion of IFN-b, of the chemokine RANTES, and of a subset of
interferon-stimulated genes (ISGs) (14, 15, 23, 27–29). Under
normal conditions, IRF-3 exists in a latent form in the cyto-
plasm. Virus infection or the presence of dsRNA triggers the
phosphorylation and translocation into the nucleus of IRF-3.
IRF-3 then associates with the transcriptional coactivators
p300 and CREB binding protein (CBP) to form virus-activated
factor or dsRNA-activated factor 1 (27, 28). The site-specific
DNA binding proteins which bind the PRDs of the IFN-b
promoter, namely, IRF-3, IRF-7, NF-kB, ATF-2, and c-Jun,
recruit the coactivators p300 and CBP to the IFN-b promoter
after virus infection. These proteins, together with high-mobil-
ity-group protein I(Y), constitute a higher-order transcription-
enhancing complex, the enhanceosome (19, 22). IRF-3 has also
been identified in the cytomegalovirus-induced ISRE binding
factor (31). The cytomegalovirus-induced ISRE binding factor
is distinct from the virus-activated factor and dsRNA-activated
factor 1 complexes, however, in that only CBP and not p300
has been identified as a binding partner in the complex.

The timing and duration of the IFN-b response to virus
infection are likely controlled by the availability of transacti-
vators, the regulation of which occurs at multiple levels. For
example, two transactivators known to bind PRDs, NF-kB and
IRF-3, reside mainly in the cell cytoplasm and are shuttled to
the nucleus after virus infection (3, 15, 27–29). Furthermore,
IRF-3 is subsequently but rapidly degraded, thereby providing
an efficient mechanism for down-modulating IFN-b promoter
activity (15, 25). However, given the complexity of the combi-
natorial control of IFN-b promoter activation, additional reg-
ulatory mechanisms likely will be revealed.

We have recently described alternative splicing for the
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IRF-3 gene (13, 17). Here we characterize the alternative
splice isoform, which we have called IRF-3a, and show that its
expression confers an additional level of regulation of IRF-3
activity. IRF-3a lacks a portion of the DBD at its amino ter-
minus and in its place contains a unique amino acid sequence.
IRF-3a is ubiquitously expressed in all tissues and cell lines
tested, with the highest ratio of IRF-3a to IRF-3 being found
in the brain. We demonstrate that IRF-3a can function in a
dominant-negative manner and selectively impede IFN-b pro-
duction in response to virus infection.

MATERIALS AND METHODS

Expression vectors. The IRF-3a expression vector was obtained by subcloning
the IRF-3a coding region into the KpnI and XbaI sites of plasmid pCMV4. The
AU epitope tag was added at the amino terminus by PCR with the elimination
of the initiator methionine. All clones were verified by sequence analysis.

Chloramphenicol acetyltransferase (CAT) reporters have been previously de-
scribed (for Gal4-thymidine kinase [TK]-CAT) (9, 27). The simian virus 40
(SV-40) b-galactosidase plasmid has been described previously.

Cell lines, transfections, virus infections, and lysates. HEC1B and 293 cells
were maintained in Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum. M059J cells were maintained in 1:1 Dulbecco modified Eagle
medium-F12 medium supplemented with 10% fetal bovine serum (11). HEC1B
cells were transfected by calcium phosphate precipitation (see below). 293 cells
were transfected with Lipofectamine 2000 (GIBCO-BRL) according to the man-
ufacturer’s instructions. Sendai virus (SV) (Spafas) infections were carried out as
described previously (25) for 6 h unless stated otherwise. For immunoprecipita-
tions and Western blot analyses, cells were lysed in RIPA-300 buffer (50 mM
Tris-HCl [pH 8.0], 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate, 1%
Nonidet P-40, 300 mM NaCl). Human tissue lysates were obtained from Geno-
Technology. The KCl extraction buffer used for the coimmunoprecipitation
experiments has been described previously (25).

Electrophoretic mobility shift assays (EMSA). For the ISG15 gene ISRE
(59-CTCGGGAAAGGGAAACCGAAACTGAAGCC-39), a 32P-labeled probe
was incubated with 5 ml of in vitro-translated proteins. The presence of similar
amounts of different proteins was verified by comparison of [35S]Met-containing
in vitro translation reactions performed in parallel. The binding mixture (20 ml)
contained 10 mM HEPES (pH 7.9), 6% glycerol, 37.5 mM KCl, 1 mM dithio-
threitol, 1.25 mM MgCl2, and 0.5 mM EDTA. Poly(dI-dC) (2.5 mg) was added to
reduce nonspecific binding. After 20 min of incubation with the probe, extracts
were loaded on an 8% polyacrylamide gel (75:1 acrylamide-bisacrylamide) pre-
pared in Tris-glycine buffer. After running at 30 mA for 2 h, the gel was dried and
exposed to Kodak film at 270°C for 4 h.

For the ISRE of the IFN-b promoter, the 32P-labeled PRD I/PRD III region
(59-GAAAACTGAAAGGGAGAAGTGAAAGTG-39) was incubated with full-
length glutathione S-transferase (GST)–IRF-3 or GST–IRF-3a. The binding
mixture (20 ml) contained 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 50 mM NaCl,
2 mM dithiothreitol, 5% glycerol, 0.5% Nonidet P-40, and 10 mg of bovine serum
albumin/ml. Poly(dI-dC) (1.5 mg) was added to reduce nonspecific binding. After
20 min of incubation with the probe, reactions were loaded on a 5% polyacryl-
amide gel (60:1 acrylamide-bisacrylamide) prepared in 0.53 Tris-borate-EDTA.
After running at 30 mA for 2 h at 4°C, the gel was dried and exposed to Kodak
film at 270°C for 4 h.

CAT assays. HEC1B cells were cotransfected with 5 mg of b-galactosidase-
encoding vector, 10 mg of the corresponding CAT reporter, and increasing
amounts of a plasmid encoding IRF-3a. The total amount of DNA was adjusted
to 25 mg with the empty vector in each case. The DNA mixture was removed after
10 h, and cells were washed twice with phosphate-buffered saline. At 48 h
posttransfection, cells were infected with SV for 6 h or left uninfected. Cells were
scraped in phosphate-buffered saline, spun down, and resuspended in 110 ml of
0.25 M Tris-HCl (pH 8.0). Lysis was performed by five cycles of freezing on dry
ice for 15 min followed by thawing at 37°C for 1 min. Cellular debris was spun out
at 4°C for 5 min at top speed in an Eppendorf tabletop centrifuge. Fifteen
microliters of the supernatant was used for the liquid b-galactosidase assay, and
35 ml was used for the CAT assay. Products of the reaction were resolved by
thin-layer chromatography, and the percent acetylation was determined using a
Bio-Rad phosphorimager.

Immunoprecipitation and immunoblotting. Immunoprecipitations and West-
ern blot analyses with antibodies were performed as previously described (25),
and the results were analyzed on a phosphorimager.

RESULTS

We have recently described a second mRNA that is gener-
ated from the IRF-3 gene by alternative splicing (13). Trans-
lation of this mRNA leads to the production of an alternative
splice isoform of IRF-3, which we have called IRF-3a. The
domain structure of IRF-3a is identical to that of IRF-3, except
that a stretch of 20 unique amino acids replaces the N-terminal
half of the DBD (Fig. 1A).

The IRF-3a-specific mRNA is ubiquitously expressed (13).
To determine whether the ubiquitous expression of the IRF-3a
message is reflected in the expression of the protein, polyclonal

FIG. 1. IRF-3a protein is ubiquitously expressed. (A) Schematic
representation of the IRF-3 and IRF-3a proteins. The black box des-
ignates the novel 20 amino acids encoded by the IRF-3a-specific exon,
which replace the first 56 out of 110 amino acids in the DBD of IRF-3.
(B) H2 antibody is specific for IRF-3a. IRF-3 and IRF-3a were in vitro
translated in the presence of [35S]Met and incubated with the indicated
antibodies. Immunocomplexes were resolved by SDS-PAGE, and pre-
cipitated proteins were visualized by radiography. (C) Immunoprecipi-
tation and Western blotting demonstrate ubiquitous expression of
IRF-3a. Immunoprecipitation using IRF-3a-specific antibody H2 co-
valently cross-linked to protein A/G beads was carried out with total
cell lysates. The immunoprecipitates were resolved by SDS-PAGE,
and Western blotting was performed using antibody SL-12, which
recognizes both IRF-3a and IRF-3. HFK, human foreskin keratino-
cytes; HEC, HEC1B cells.
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antibodies were raised against a peptide corresponding to the
unique region of IRF-3a. The antibodies recognized a band of
the expected size of approximately 50 kDa in Western blotting
and showed no cross-reactivity with IRF-3 (data not shown and
Fig. 1B). To ascertain the identity of the recognized protein,
immunoprecipitation with an IRF-3a-specific antibody, H2,
was performed, followed by Western blotting with antibody
SL-12, which recognizes both IRF-3 and IRF-3a. Figure 1B
shows that the IRF-3a protein could be detected in all cell
types examined.

IRF-3a does not bind to the ISG15 ISRE or the PRD I/III
element. IRF family members bind highly conserved purine-
rich elements, the most well-studied ones being the PRD I/III
elements of the IFN-b promoter and the ISG15 ISRE. The
amino-terminal DBD is a conserved functional domain within
the IRF transcription factor family. As IRF-3a retains half of
the DBD present in IRF-3 and possesses a stretch of 20 amino
acids that is unique and unrelated to the N terminus of IRF-3,
we sought to determine whether IRF-3a could bind to either of
these two types of regulatory elements. Comparable amounts
of either in vitro-translated proteins or bacterially produced
GST fusion proteins were used in EMSA with probes repre-
senting either the ISRE of the ISG15 gene or the PRD I/III
sequence of the IFN-b promoter (Fig. 2). Specific binding by
IRF-3 was detected with both the ISG15 ISRE (Fig. 2A) and
the PRD I/PRD III element (Fig. 2B). Interestingly, two dif-
ferent complexes were observed in the gel shift with PRD I/III;
both of these could be supershifted by the anti-IRF-3 antibody
SL-12. In contrast, no binding to either probe was detected for
IRF-3a. Therefore, IRF-3 and IRF-3a differ in their respective
abilities to bind specific ISREs. Additional experiments will
need to be conducted to determine whether IRF-3a exhibits
any sequence-specific DNA binding capacity and, if so, which
other DNA elements IRF-3a may bind.

IRF-3a can inhibit the activity of IRF-3 in reporter assays.
The inability of IRF-3a to bind the ISG15 ISRE and the PRD
I/III element suggested that it may not function as a transcrip-
tional activator but may instead function as an inhibitor of the
virus-inducible pathway. Furthermore, Yoneyama et al.
showed that truncation of the first 57 amino acids of IRF-3
generated a dominant-negative molecule capable of inhibiting
the virus-induced expression of IFN-a and IFN-b (29). To
address whether IRF-3a could function as a transactivator or
as a dominant-negative regulator of the virus-inducible path-
way, the ability of IRF-3a to affect the activity of a number of
virus-inducible elements was studied. HEC1B cells were co-
transfected with various CAT reporters, along with increasing
amounts of IRF-3a and b-galactosidase expression vectors.
CAT activity was then assayed in the presence or absence of
virus infection. Three different ISRE-containing CAT report-
ers were used in this series of experiments (Fig. 3A). The first
contained the entire virus-inducible promoter region of the
IFN-b gene from positions 2110 to 237. The second con-
tained only the PRD I/III element (positions 290 to 265) of
the IFN-b promoter, which have been implicated in the bind-
ing of IRF-3 and IRF-7 (15, 27, 29). The third contained three
copies of the ISRE from the promoter of the virus and the
IFN-inducible gene ISG15. As a control, a CAT reporter con-
taining the promoter of herpes simplex virus TK (Gal4-TK-
CAT) was used.

Figure 3B shows that IRF-3a failed to enhance the activity of
virus-inducible promoters, as has been demonstrated for IRF-3
(12, 15, 27, 29). Instead, IRF-3a inhibited virus-induced acti-
vation of the IFN-b promoter in a dose-dependent manner. At
the highest concentration of IRF-3a tested, a fivefold reduction
in CAT activity was observed. Similar results were obtained
with the PRD I/III subdomain of the IFN-b promoter, with
which up to a fourfold reduction in CAT activity was observed.
This decrease in transcription is not the result of general tox-
icity from IRF-3a overexpression, since the data were normal-
ized for b-galactosidase activity. Overexpression of IRF-3a had
no effect on the activity of the herpes simplex virus TK pro-

FIG. 2. IRF-3a does not bind to the ISG15 ISRE or the PRD I/III
element. (A) Comparable amounts (5 ml) of in vitro-translated IRF-3,
Xpress-IRF-3 (Xp-IRF-3), IRF-3a, and AU1-IRF-3a were used for
EMSA along with a 32P-labeled probe corresponding to the ISRE of
the ISG15 gene (59-CTCGGGAAAGGGAAACCGAAACTGAAGC
C-39). Ab, antibody. Xpress and AU1 are epitope tags. (B) Fifty nano-
grams (lanes 2 and 8 to 11) or 5 ng (lanes 3 to 7) of full-length
GST–IRF-3 or GST–IRF-3a was used for EMSA with a 32P-labeled
probe corresponding to the PRD I-PRD III region of the IFN-b
promoter (59-GAAAACTGAAAGGGAGAAGTGAAAGTG-39). In
all cases, an anti-IRF-3 antibody (SL-12) or a nonspecific control
antibody was added to the binding reaction to demonstrate the spec-
ificity of the complexes. Cold probe was added at a 100-fold excess.
Note that the difference in complex migration between the two gels
reflects the difference in the type of gel used.
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moter. In contrast to the inhibition shown for the first two
reporters, IRF-3a had almost no effect on the virus-induced
activity of the concatemerized ISG15 ISRE (Fig. 3C).

IRF-3a inhibits the activity of the endogenous IFN-b pro-
moter. We next examined the ability of IRF-3a to inhibit ex-
pression from the endogenous IFN-b promoter. Numerous
attempts to establish stable cell lines expressing IRF-3a were
unsuccessful. Therefore, transient transfections with human
embryonic kidney cell line 293 were used. Cells were trans-
fected with a control plasmid or a plasmid expressing either
IRF-3a or IRF-3. The expression of IRF-3 and IRF-3a was
analyzed by Western blotting using whole-cell lysates (Fig. 4C).
Cells were analyzed for IFN-b mRNA by RNase protection
24 h after transfection and 6 h after treatment with SV (Fig.
4A).

As expected, cells overexpressing exogenous IRF-3 showed
fourfold stimulation of the IFN-b promoter relative to the
controls. In contrast, the overexpression of IRF-3a resulted in
up to 10-fold inhibition of IFN-b mRNA production (Fig. 4A).
Western blotting using an antibody that recognizes both IRF-3
and IRF-3a showed that four- to fivefold overexpression of
IRF-3a protein relative to the endogenous IRF-3 protein re-
sulted in a strong inhibition of IFN-b transcription (Fig. 4C).
Furthermore, as can be predicted from the results of the CAT
assays, the overexpression of IRF-3a had essentially no effect

on the virus-induced activation of the ISG15 gene promoter
(Fig. 4B).

Physiologic levels of IRF-3a may be sufficient for effective
modulation of IRF-3 activity. The data from the previous ex-
periment indicated that severalfold overexpression of IRF-3a
in relation to IRF-3 was required for significant modulation of
IRF-3 activity. This result raised the question of whether phys-
iologic levels of IRF-3a observed in cells are sufficient for this
regulatory mechanism to be important. Therefore, the levels of
the two IRF-3 isoforms in normal human tissues and following
virus infection were compared.

To compare the relative levels of IRF-3 and IRF-3a proteins
in normal human tissues, both immunoprecipitation and West-
ern blotting were performed using antibody SL-12, which rec-
ognizes both isoforms (Fig. 5A). The levels of IRF-3 and
IRF-3a varied among the different tissues examined. In most
cases, the level of IRF-3 was slightly higher than the level of
IRF-3a, with the notable exception of the brain, in which
IRF-3a was the predominant isoform.

To determine if the relative ratio of the two isoforms
changes following virus stimulation, the levels of each protein
were compared after virus treatment. IRF-3 is known to be
rapidly degraded following virus infection. If the kinetics of
IRF-3a degradation are different from those of IRF-3, then the
effect of IRF-3a on the pathway at later stages of the response

FIG. 3. IRF-3a inhibits virus-induced activation of a subset of IRF-3-responsive promoters. (A) Schematic representation of the promoter
elements of the reporter constructs. Lowercase letters represent sequence included in the construct that are not part of the enhancer element. (B)
IRF-3a inhibits virus-induced activation of the IFN-b promoter through its ISRE, PRD I-PRD III. HEC1B cells were cotransfected with 10 mg
of the reporter construct, 5 mg of b-galactosidase, and increasing amounts of IRF-3a. The total amount of DNA per transfection was adjusted to
25 mg with empty vector. At 48 h posttransfection, cells were infected with SV or left uninfected for 6 h, and CAT activity was determined. After
normalization for b-galactosidase activity, results were plotted relative to the CAT activity of uninfected cells carrying no IRF-3a plasmid. (C)
IRF-3a overexpression does not have an effect on virus-induced activation of the IRF-3-responsive ISG15 ISRE. Error bars in panels B and C
indicate standard deviations.
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will be stronger. In this experiment, M059J cells, in which
IRF-3 is almost entirely degraded by 9 h postinfection, were
infected with virus for various times. Immunoprecipitations
were performed with lysates and either antibody H2 or anti-
body SL-12. Immunocomplexes were resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE), and protein levels
were visualized by Western blotting with antibody SL-12. Fig-
ure 5B shows that whereas almost all of IRF-3 had been de-
graded by 9 h postinfection, no significant change in IRF-3a
levels was observed by that time point. Thus, an increase in the
ratio of IRF-3a to IRF-3 following virus infection might con-
tribute to the rapid down-regulation of the IFN response.

IRF-3a forms a heterodimer with IRF-3 after virus infec-
tion. Given that IRF-3a is incapable of binding to ISRE se-
quences, a putative heterodimer between IRF-3 and IRF-3a is
likely to be impaired in the transcriptional activation of pro-
moters with multimeric IRF binding sites. IRF-3 has been
shown to form homodimers after virus infection, and all of the

regions implicated in the dimerization of IRF-3 are present in
the alternative splice isoform (16). Therefore, we sought to
determine whether the two proteins interact in vivo. Coimmu-
noprecipitation assays using an antibody specific for IRF-3a
were performed with lysates from HEC1B cells that had been
infected with virus or left uninfected. The immunocomplexes
were resolved by SDS-PAGE, and bound IRF-3 and IRF-3a
proteins were detected using an antibody which recognizes
both isoforms. As expected, antibody SL-12 precipitated both
IRF-3 and IRF-3a from lysates of both uninfected and infected
cells (Fig. 6A). The IRF-3a-specific antibody, H1, however,
failed to coprecipitate IRF-3 from uninfected cell lysates. This
result is not surprising, as it has been shown that prior to virus
infection, IRF-3 exists in a closed conformation through an
intramolecular interaction and forms homo- and heterodimers
only following stimulation (16). Significantly, IRF-3 could be
coimmunoprecipitated with IRF-3a after virus infection (com-
pare lanes 3 and 6 in Fig. 6A). The IRF-3 signal in Fig. 6A, lane

FIG. 4. IRF-3a inhibits virus-induced activation of the endogenous IFN-b promoter. 293 cells were transfected with increasing amounts of
IRF-3a, IRF-3, or empty vector plasmid. At 24 h after transfection, cells were split into two plates for subsequent protein and RNA analyses. At
36 h posttransfection, cells were infected with SV for 6 h; total RNA was isolated and used for an RNase protection assay. Protein lysates were
made in parallel and analyzed for IRF-3 and IRF-3a expression. (A) Thirty micrograms of total cell lysates was resolved on a 4 to 12% Bis-Tris
gel (Novex), and Western blotting was performed using antibody SL-12, which recognizes both IRF-3 and IRF-3a. MW, molecular weight
standards. (B) Five micrograms of total RNA was subjected to an RNase protection assay with IFN-b and b-actin antisense riboprobes. Arrows
with circles indicate unprotected probes; plain arrows indicate protected fragments. Quantitation of the relative IFN-b mRNA levels was
performed by normalizing for the level of b-actin. (C) Comparison of the effect of IRF-3a overexpression on the induction of endogenous ISG15
and IFN-b transcripts. RNase protection and quantitation were carried out as described for panel B.
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6, could not represent a phosphorylated form of IRF-3a, since
there was no change in the migration of IRF-3a following virus
infection, as assayed by Western blotting with whole-cell ly-
sates (Fig. 6B). Thus, IRF-3a is capable of forming a het-
erodimer with IRF-3 following virus infection. An additional
band in Fig. 6 cross-reacted with both antibodies and was
variably observed in the immunoprecipitates. Given the spec-
ificity of the IRF-3a-specific antibody, this band likely repre-
sents a modified form of IRF-3a, although the presence of an
additional isoform containing both the IRF-3a-specific region
and the region common to IRF-3 and IRF-3a can be ruled out.
Further studies are needed to characterize this protein.

DISCUSSION

IRF family members are multifunctional regulators of tran-
scription capable of both transcriptional activation and repres-
sion, depending upon the context of the target promoter (re-
viewed in references 10, 18, and 24). IRF-3 has been
functionally characterized as a transcriptional activator in-
volved in the induction of the cellular cytokine response after
virus infection. This study describes an alternatively spliced
isoform of IRF-3 and suggests that alternative splicing of
IRF-3 provides an additional level of regulation of virus-in-
duced IFN-b gene expression.

Our results suggest that the splicing of the IRF-3 and IRF-3a
transcripts may be regulated in a tissue-specific manner (13).
We postulate that the relative levels of IRF-3a and IRF-3 in a
given cell type may dictate the extent of IFN-b production
after virus infection. Most cell types have been shown to pro-
duce IFN-a and IFN-b in response to virus infection; however,
there is some variation in the extent of IFN production among
various tissue and cell types. For instance, neuronal cell lines
are impaired in the up-regulation of class I molecules relative
to glial cell lines after virus infection, and this differential
regulation correlates with the failure of virus infection to stim-
ulate IFN-b (4). Indeed, chronic expression of IFN-a and
IFN-b in the central nervous system has been found to elicit

pathological effects, including encephalopathy, gliosis, and
neurodegeneration (1, 4). Thus, IFN-b production is likely to
be restricted in certain cell types due to the toxic effects of
IFN-b exposure.

Our results demonstrate that the brain contains a much
higher IRF-3a/IRF-3 ratio than other tissue types. A high IRF-
3a/IRF-3 ratio would be expected to lead to significant inhibi-
tion of IRF-3-dependent genes, such as the IFN-b gene. The
level of IRF-3a in tissues other than the brain was found to be
0.5 to 0.9 that of IRF-3. These levels of IRF-3a may be suffi-
cient to affect IRF-3 activity. The differential expression of
IRF-3 and IRF-3a in specific tissues could be an important
determinant of the magnitude of the IFN-b response of certain
cell types following virus infection. Indeed, since IRF-3 is tar-
geted for ubiquitination and proteolysis rapidly after activation
of the IFN-b promoter, stable pools of IRF-3a may set a
threshold to inhibit further IFN-b expression. The precise
physiologic role of IRF-3a, however, will become clear only in
isoform-specific gene targeting studies.

The list of transcription factors whose functions are affected
by splice variations is growing rapidly and includes other mem-
bers of the IRF family (IRF-1 and IRF-7) and members of the
STAT family (9, 20, 21, 30). It is particularly noteworthy that
negative regulation by a splice isoform has been recently de-
scribed for IRF-7, which had been implicated in the later
stages of the IFN response. Furthermore, deletions within the
N-terminal DBD of IRF-7 resulted in dominant-negative ac-
tivity similar to what we describe here for IRF-3a (2, 20). These
data provide a unifying picture of the regulation of IRF protein
activity and underscore the importance of this regulatory
mechanism for the tight control of the activity of this family of
transcription factors.

FIG. 5. Physiologic levels of IRF-3 and IRF-3a. (A) IRF-3 and
IRF-3a are expressed in normal human tissues. Immunoprecipitation
with antibody SL-12 and 150 mg of lysates from different tissues was
followed by Western blotting with the same antibody. (B) Lack of
degradation of IRF-3a results in a higher IRF-3a/IRF-3 ratio following
virus infection. M059J cells were infected with virus for 9 h, and
immunoprecipitations were performed with either antibody H2 or
antibody SL-12. Immunoprecipitates were analyzed by Western blot-
ting with antibody SL-12.

FIG. 6. IRF-3a and IRF-3 form a heterodimer after virus infection.
(A) Immunoprecipitations with HEC1B cell lysates were carried out
either with protein A/G beads (lanes 1 and 4), antibody SL-12 cross-
linked to protein A/G beads (lanes 2 and 5), or antibody H1 (anti-
IRF-3a) (lanes 3 and 6). Immunocomplexes were resolved by SDS-
PAGE, and Western blotting was performed with antibody SL-12. IgG,
immunoglobulin G. (B) Western blotting with HEC1B whole-cell ly-
sates and antibody H1 in the absence or presence of virus infection
demonstrates a lack of change in migration for the IRF-3a protein.
Asterisks indicate a nonspecific band recognized by antibody H1.
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The strongly conserved N-terminal DBD containing a tryp-
tophan pentad is a characteristic feature of the IRF family of
proteins. The crystal structures of the DBDs of two family
members, IRF-1 and IRF-2, bound to ISRE oligonucleotides
have been analyzed (5, 7). These two structures can easily be
superimposed using the secondary structure elements, suggest-
ing that the overall fold of this domain is conserved across the
family. The global fold of the DBDs of IRF proteins is similar
to that of helix-turn-helix proteins. All but one of the specific
contacts with DNA are made by residues in the recognition
helix of the fold. The crystal structure of IRF-2, but not that of
IRF-1, has revealed that an additional specific contact with a
base pair is made by a conserved histidine in the large loop
preceding the first helix of the fold, His40, through a bridging
water molecule. Furthermore, residues in the above-men-
tioned loop, as well as several others throughout the DBD,
contribute to the stability of the structure by making nonspe-
cific contacts with the phosphodiester backbone. Three out of
five tryptophan residues (W11, W38, and W58) are involved in
such nonspecific interactions.

From these structural studies, it is possible to infer which
residues in IRF-3 have direct contact with DNA. The IRF-3a
protein, on the other hand, can be predicted to have some of
these structural features but is missing others. IRF-3a contains
an intact recognition helix and, thus, is potentially capable of
making most of the specific contacts with the ISRE sequences
(Pro74-Arg86 in IRF-3). Although IRF-3a is missing two out
of three tryptophans involved in the stabilizing interaction
(W11 and W38 in IRF-3), its unique N-terminal region con-
tains a single tryptophan residue (W11) which could contribute
to the stabilization of DNA binding by IRF-3a. Furthermore,
the unique region of IRF-3a contains a number of basic amino
acids, which could play a role similar to that of the basic
residues involved in the nonspecific binding of the large loop in
IRF-3. However, the potentially critical His40 is not present in
IRF-3a, and the first helix of the helix-turn-helix motif, which
is known to be crucial for the positioning of the rest of the
protein against bound DNA, is partially replaced by a novel
sequence in IRF-3a. Therefore, the N-terminal domain of
IRF-3a might preclude its binding to the ISRE sequences.
Thus, it is not surprising that no specific DNA binding to the
ISRE sequences was detected for this isoform.

The absence of intrinsic DNA binding ability suggests that
IRF-3a is unlikely to interfere with IRF-3 function through
direct competition for binding to DNA. Nevertheless, several
possible mechanisms of inhibition can be envisioned. In one
model, IRF-3a could sequester a binding partner(s) of IRF-3
required for synergistic transcriptional activation. Given the
difference in the inhibitory activities of IRF-3a at the IFN-b
promoter and the ISG15 promoter, this model would require
IRF-3a to be able to sequester a protein(s) specific to the
IFN-b promoter but not to the ISG15 promoter. Although the
transcriptional enhancer complex at the ISG15 promoter has
not been as extensively characterized, it has not been reported
to contain the ATF-2–c-Jun transactivator that is part of the
IFN-b promoter complex. Recent evidence suggests that an
interaction between the DBDs of ATF-2 and IRF-3 is critical
for fixing the ATF-2–c-Jun heterodimer in the correct orien-
tation at the IFN-b promoter (6). It is possible that IRF-3a

contains the domain responsible for the interaction with
ATF-2 but is incapable of bringing it to the IFN-b promoter.

In a second model, IRF-3a and IRF-3 could nucleate a
nonproductive enhanceosome complex at the IFN-b promoter.
Coimmunoprecipitation experiments showed that IRF-3a can
form a heterodimer with IRF-3 upon virus infection (Fig. 6).
Given the inability of IRF-3a to bind the ISRE sequences and
the structural distortion of the DNA induced by IRF protein
binding (5, 7), an IRF-3–IRF-3a heterodimer is likely to be
attenuated in its ability to activate transcription from promot-
ers containing several IRF binding sites, such as the IFN-b
promoter. In contrast, for promoters at which only one mole-
cule of IRF-3 needs to bind in order to activate transcription,
transcriptional activity might not be affected by IRF-3a, since
the IRF-3a–IRF-3 heterodimer could then be transcriptionally
competent. Analysis of the crystal structure of the IRF-2 DBD
bound to the ISRE sequence revealed that the extended bind-
ing site for the IRF proteins contains the AAXXGAAA motif
(7). While some IRF-responsive genes (including IFN-b) con-
tain two such complete motifs, others (including ISG15) con-
tain only one nonoverlapping site for IRF binding. This may
provide one explanation for the different effects of IRF-3a on
the IFN-b and ISG15 promoters. A possible different expla-
nation for the selectivity of the inhibitory effect of the IRF-
3a–IRF-3 heterodimer proposed in this second model may
involve the ATF-2–c-Jun transactivator. As discussed above,
IRF-3a may contain the domain responsible for the interaction
with ATF-2, which is an IFN-b promoter-specific partner of
IRF-3 in transcriptional activation. By virtue of its inability to
bind DNA, IRF-3a may then prevent the establishment of the
activation-competent orientation of the ATF-2–c-Jun het-
erodimer and selectively inhibit the induction of the IFN-b
promoter. Either of the two explanations within the second
model would account for the results we observed with the
IFN-b and ISG15 reporter constructs (Fig. 3 and 4), since both
predicted that the IRF-3–IRF-3a heterodimer would be inac-
tive at the IFN-b promoter but not at the ISG15 promoter.
Other models of the selective inhibitory action of IRF-3a un-
doubtedly exist, and further work is required to fully address
the question of how IRF-3a functions.

Thus, alternative splicing of the IRF-3 gene-encoded tran-
script leads to the production of two isoforms with antagonistic
functions. The expression of IRF-3a leads to potent and spe-
cific negative regulation of IRF-3 transcriptional activity, sug-
gesting that the relative levels of IRF-3a and IRF-3 may pro-
vide a mechanism for the fine-tuning of the virus-induced
activation of the IFN response. Our results demonstrate that
the expression of IRF-3a is ubiquitous but that the levels of
IRF-3a, compared to those of IRF-3, vary in a tissue-specific
manner. Such regulated production of the IRF-3a protein
would result in controlled inhibition of IRF-3 activity at the
IFN-b promoter as well as at other promoters where dimer-
ization of IRF proteins is required for transcriptional induc-
tion. Although the formation of an inactive IRF-3–IRF-3a
heterodimer provides a possible explanation for the observed
transcriptional inhibition, other models, including the ability of
IRF-3a to disrupt an interaction between IRF-3 and an acti-
vator specific for the IFN-b promoter, cannot be excluded and
await further investigation.
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