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Double-stranded (ds) RNA induces transcription of the 561 gene by
activating IFN regulatory factor (IRF) transcription factors, whereas
similar induction of the IFN- gene is thought to require additional
activation of NFkB and AP-1. In mutant P2.1 cells, dsRNA failed to
activate NF«B, IRF-3, p38, or c-Jun N-terminal kinase, and transcrip-
tion of neither 561 mRNA nor IFN-B mRNA was induced. The defect
in the IRF-3 pathway was traced to a low cellular level of this
protein because of its higher rate of degradation in P2.1 cells. As
anticipated, in several clonal derivatives of P2.1 cells expressing
different levels of transfected IRF-3, activation of IRF-3 and induc-
tion of 561 mRNA by dsRNA was restored fully, although the
defects in other responses to dsRNA persisted. Surprisingly, IFN-
mRNA also was induced strongly in these cells in response to
dsRNA, demonstrating that the activation of NFkB and AP-1 is not
required. This conclusion was confirmed in wild-type cells overex-
pressing IRF-3 by blocking NF«B activation with the IkB superre-
pressor and AP-1 activation with a p38 inhibitor. Therefore, IRF-3
activation by dsRNA is sufficient to induce the transcription of
genes with simple promoters such as 561 as well as complex
promoters such as IFN-f.

Double-stranded (ds) RNA is a potent regulator of gene
expression in mammalian cells (1). The addition of dsSRNA
to human cells in culture causes rapid induction of transcription
of more than 100 genes, with a concomitant decrease in the
mRNA levels of a different set of genes (2). The dsRNA-
stimulated genes include those known to be induced by virus
infection such as the genes encoding type I IFN as well as genes
induced by cytokines such as IFN-«/B, IFN-vy, tumor necrosis
factor, and IL-1. Thus, dsRNA, viruses, and different inflam-
matory cytokines induce the transcription of partially overlap-
ping sets of cellular genes, the products of which mediate some
of the common cellular responses to these agents.

The human IFN-B gene is one of the most well investigated
dsRNA-inducible genes. Its promoter is complex, with several
partially overlapping positive and negative regulatory elements
(3, 4). Three families of transcription factors, all of which are
activated by dsRNA, have been shown to participate in the
induction process. Members of the IFN regulatory factor (IRF)
family, most notably IRF-3 (5), bind to the cognate IFN response
element site, NFkB binds to the kB site, and c-Jun/ATF-2
heterodimer binds to the AP-1 site (6-9). NFkB is activated by
dsRNA, which causes degradation of IkB in response to its
phosphorylation by the activated IkB kinase complex (10, 11).
The dsRNA-dependent protein kinase (PKR) is required for
activating this pathway, although its immediate substrate in this
context remains unknown. Similarly, although IRF-3 is also
activated by phosphorylation, the relevant protein kinase has not
yet been identified (12, 13). dsSRNA has been shown also to
activate the stress-activated protein kinases p38 and c-Jun N-
terminal kinase (JNK) (14, 15). Their actions lead to the
activation of the transcription factors ATF-2 and c-Jun, respec-
tively. Thus, treatment of cells with dsRNA causes the rapid
activation of several cytoplasmic protein kinases, resulting in the
activation and nuclear translocation of their target transcription
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factors. For activation of the complex IFN-B promoter, coordi-
nate actions by several of these transcription factors are thought
to be essential.

In contrast to the complex promoter of the IFN-B gene, the
human 561 gene has a simple promoter with one perfect and
another putative IFN-stimulated response element (ISRE) as
the only recognizable cis elements (16). Recent microarray
screens have identified 561 to be the human gene most strongly
induced in response to type I IFN (17) or dsRNA (2). The
encoded protein, p56, inhibits cellular protein synthesis by
binding to the translation initiation factor, eukaryotic initiation
factor-3 (18). Our previous studies have established that the
induction of 561 mRNA by dsRNA is not mediated by IFN and
does not require ongoing protein synthesis (16). The signaling
pathways used by IFN-«a/B and dsRNA are different, because
dsRNA can induce the 561 gene in mutant cell lines that are
defective in IFN-dependent signaling.

In the current study, we have taken advantage of the mutant
cell line P2.1 to delineate further the dSRNA-mediated signaling
pathways that lead to induced transcription of the 561 and IFN-$
genes. Unlike the parental U4C cells, P2.1 cells are defective in
the dsRNA response (19). Although PKR was activated by
dsRNA in these cells, NFkB and IRF-1 were not. Here we report
that p38, JNK, and IRF-3 also are not activated by dsRNA in
these cells. Partial reconstitution was achieved by ectopic ex-
pression of IRF-3 in P2.1 cells; induction of the 561 and IFN-B
genes were restored. However, dsRNA still failed to activate p38,
JNK, and NF«B in the IRF-3-reconstituted cells, thus demon-
strating the sufficiency of IRF-3 for driving transcription from
both the simple 561 promoter and the complex IFN-B promoter.

Materials and Methods

Cell Culture and Generation of Cell Lines. U4C, P2.1, and 2fTGH
cells have been described previously (19, 20). U4C and P2.1 cells
were cotransfected with the pCDNA3/hIRF-3 expression plas-
mid (7) and the pBABE/Puro selection plasmid. After selection
in puromycin, individual clones were expanded and screened for
IRF-3 expression by Western analysis.

The dominant negative S32/36 IkBa super repressor
(IkBaSR) was kindly provided by Inder Verma (21). The
IkBaSR c¢cDNA was cloned into the selectable retroviral vector
pLXIN (CLONTECH). 2fTGH cells were transfected with the
pLXIN/IkBaSR plasmid, and a pool of G418-resistant cells
stably expressing the IkBaSR was obtained. These cells, termed
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2f-SR, were subsequently transfected with the IRF-3 and puro-
mycin plasmids, and IRF-3-expressing clones were isolated and
screened for IRF-3 and IkBa expression by Western analysis.

dsRNA Treatment. dsRNA stocks (1 mg/ml) were prepared by
suspending poly(I)-poly(C) (Amersham Pharmacia) in PBS and
shearing the RNA by passage through a 26-gauge needle.
Working dsRNA stocks were stored at —20°C. To treat cells,
dsRNA (100 pg/ml) was added directly to the medium for the
indicated times.

Ribonuclease Protection Assay (RPA). RNA was isolated with RNA-
zol B (Tel-Test, Friendswood, TX). RPAs were performed as
described (22) or with the RPA III kit (Ambion, Austin, TX).
The 561 probe corresponds to nucleotides 1,342-1,511 of the 561
message. The IFN-B and IRF-3 probes protect nucleotides
354-563 and 1,027-1,287, respectively. The actin RPA probe has
been described previously by Enoch et al. (23). mRNA levels
were measured with a Molecular Dynamics PhosphorImager.

Electrophoretic Mobility-Shift Assay (EMSA). Whole-cell extracts
were prepared as described by Leaman et al. (19). Lysates were
incubated on ice for 15 min and clarified by centrifugation.
EMSAs were performed as described by Sizemore et al. (24) with
the NFkB site of the IP10 gene serving as the probe.

Western Analysis. Whole-cell lysates were prepared as described
for EMSAs (19). Westerns analyses were performed as described
by Guo et al. (25) with antibodies against IkBa (Santa Cruz
Biotechnology), actin (Sigma), and IRF-3 (a gift from Michael
David, ref. 26). To determine the activation of p38, Western
analyses were performed as described by Goh et al. (27). Protein
expression levels were determined by analyzing the Western
transfers with NIH IMAGE software.

Immunofluorescence. Cells were plated on coverslips in 6-well
dishes at least 16 h before treatment. After dSRNA treatment,
cells were washed with PBS, fixed for 30 min with 4% parafor-
maldehyde, and permeabilized with 0.2% Triton X-100 for 15
min. The cells were blocked in PBS containing 0.02% Tween 20,
3% BSA, and 3% goat serum overnight at 4°C or for 2 h at room
temperature. The cells were incubated with the primary IRF-3
and secondary Alexa 488 goat anti-rabbit (Molecular Probes)
antibodies for 1 h at room temperature. Coverslips were
mounted with antifade agent containing 4’,6-diamidino-2-
phenylindole (Vector Labs) and examined.

Determination of IRF-3 Half-Life. U4C.2 and P2.1.17 cells were
washed and preincubated in methionine/cysteine-free DMEM
for 1 h. Cells then were pulse-labeled with 200 wCi/ml (1 Ci =
37 GBq) *°S-labeled methionine/cysteine (Expre33S33S protein
labeling mix, Perkin-Elmer) for 2 h. Cells were washed, and the
label was chased with complete medium for the indicated times.
After the chase, cells were washed with cold PBS and lysed in
radioimmunoprecipitation assay lysis buffer with 25 mM NaF/
0.4 mM PMSF/0.5 mM sodium orthovanadate/10 ug/ml pep-
statin A/10 ug/ml aprotinin/10 ug/ml leupeptin. Lysates were
incubated on ice for 15 min and clarified by centrifugation.
Protein concentrations were determined, and 125 ug of protein
extract was precleared with 100 ul Pansorbin (Calbiochem) for
1 h. The Pansorbin was removed by centrifugation, and the
remaining lysate was incubated with the anti-IRF-3 monoclonal
antibody SL-12 (28) and Protein G-Sepharose (Amersham Phar-
macia) for 4 h. The immunoprecipitates were washed extensively
with radioimmunoprecipitation assay buffer and separated by
SDS/PAGE. The labeled proteins were visualized and
quantified by using storage phosphor technology (Molecular
Dynamics).
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Fig. 1. P2.1 cells display multiple dsRNA-mediated signaling defects. (A)
Kinetics of degradation of IkBa in U4C cells. U4C cells were treated with dsRNA
for the times indicated. Cell lysates were prepared, and Western analysis was
performed with an antibody against IkBa. (B) Lack of IkBa degradation in P2.1
cells. U4C and P2.1 cells were left untreated (—) or treated with dsRNA for 1 h
(+). Cell lysates were prepared, and Western analysis for IkBa was performed
as described for A. (C) Failure of dsRNA-mediated IRF-3 translocation in P2.1
cells. U4Cand P2.1 cells were left untreated or treated with dsRNA for 1 h. The
cells were fixed, and immunofluorescence was performed to detect the nu-
clear translocation of IRF-3 in response to dsRNA. (D) Lack of induction of 561
mRNA inresponse to dsRNAin P2.1 cells. U4Cand P2.1 cells were left untreated
(=) or treated with dsRNA for 6 h (+). RNA was harvested, and an RPA was
performed to detect the induction of 561 message. Actin mRNA served as an
internal control. (E) Failure of p38 activation by dsRNA in P2.1 cells. U4C and
P2.1 cells were treated with dsRNA for the times indicated. Cell lysates were
prepared, and Western analyses were performed with antibodies against p38
or activated, phosphorylated p38 (P-p38). (F) Lack of JNK activation by dsRNA
inU4Cand P2.1 cells. U4Cand P2.1 cells were treated with dsRNA for the times
indicated. Cell lysates were prepared, and Western analyses were performed
with antibodies against JNK or activated, phosphorylated JNK (P-JNK).

Results

The Spectra of dsRNA-Signaling Defects. P2.1 cells are defective in
dsRNA-dependent signaling (19). The nature of these defects
was characterized further in the experiments shown in Fig. 1. We
have shown previously that the activation of NF«B by dsRNA is
defective in P2.1 cells. To understand the mechanism of this
defect, we examined IkB degradation. There was a transient
degradation of IkBa in U4C cells that peaked at 1 h (Fig. 14)
and corresponds to the kinetics of NF«kB activation, as measured
by its ability to bind to DNA (data not shown). Again, no such
degradation of IkBa was observed in P2.1 cells at 1 h (Fig. 1B)
or later time points (data not shown). In contrast, there was no
change in the level of IkBB in either cell line in response to
dsRNA (data not shown).

The IRF-3 transcription factor is also known to be activated
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Fig.2. The level of IRF-3 protein but not mRNA is lower in mutant P2.1 cells.
(A) The IRF-3 and actin protein levels in U4Cand P2.1 cells were determined by
Western analysis. The relative levels of IRF-3 in U4C and P2.1 cells, normalized
against the actin levels, are shown beneath the figure. (B) IRF-3 and actin
mRNA levels were determined by using RPA and quantified by using a Mo-
lecular Dynamics Phosphorimager. The relative normalized levels of IRF-3
mRNA are denoted beneath the figure.
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by dsRNA (9, 29). As measured by its nuclear translocation,
IRF-3 was activated after dSRNA treatment of U4C but not P2.1
cells (Fig. 1C). The lack of IRF-3 activation in P2.1 cells was
reflected in their failure to induce 561 mRNA (Fig. 1D). Three
protein kinases, PKR, p38, and JNK, are activated in dsRNA-
treated cells (14, 15). We reported previously that PKR is
activated in both U4C and P2.1 cells after dSRNA treatment
(19). In contrast, p38 was phosphorylated only in U4C cells (Fig.
1E), thus revealing another difference in dsRNA-dependent
signaling between the two cell lines. In P2.1 cells, the activation
of p38 was not intrinsically defective, because it still could be
activated by anisomycin (data not shown). Neither JNK-1 nor
JNK-2 was activated by dsRNA treatment in either cell line (Fig.
1F), although both were activated by anisomycin (data not
shown).

The above results showed that among the three kinases known
to be activated by dsRNA, JNK is not activated in either line, p38
is activated in U4C but not P2.1 cells, and PKR is activated in
both. At the level of transcription factor activation, IkB was not
degraded in response to dsRNA treatment of P2.1 cells, and
consequently NFkB was not released. Similarly, dsSRNA failed to
activate IRF-3 in P2.1 cells, and thus the transcription of
IRF-driven genes such as 561 was not induced.

The Nature of the IRF-3 Defect. The lack of IRF-3 activation in P2.1
cells (Fig. 1C) probably was because of a 10-fold lower cellular
level of IRF-3 in P2.1 cells as compared with U4C cells (Fig. 24).
However, this large difference was not reflected at the levels of
IRF-3 mRNA, because both cell lines expressed similar mRNA
levels (Fig. 2B). Thus, either IRF-3 synthesis or its turnover is
defective in P2.1 cells. Pulse-labeling of newly synthesized pro-
teins followed by immunoprecipitation of radiolabeled IRF-3 did
not reveal any major difference in the rate of IRF-3 synthesis
(data not shown). In contrast, measuring IRF-3 turnover by
Western analysis of extracts of cells in which new protein
synthesis had been blocked by cycloheximide treatment indi-
cated enhanced degradation of IRF-3 in P2.1 cells (data not
shown). However, it was difficult to compare accurately the
turnover rates of IRF-3 in the two cell lines because of the low
level of this protein in P2.1 cells (Fig. 24). To circumvent this
problem, cell lines expressing high levels of IRF-3 were estab-
lished. P2.1.4 expressed about three times more IRF-3 than U4C
cells, whereas P2.1.6 expressed about eight times more. In the
P2.1.17 and U4C.2 lines, about 40 times more IRF-3 was
expressed as compared with U4C cells (Fig. 34).

Clones U4C.2 and P2.1.17, which express similar steady-state
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Fig. 3. The degradation rate of IRF-3 is increased in P2.1 cells. (A) Establish-
ment of U4C and P2.1 cell lines expressing IRF-3. P2.1 and U4C cells were
transfected with an IRF-3 expression plasmid, and individual clones were
isolated. Western analysis was performed to determine IRF-3 and actin ex-
pression levels. The normalized IRF-3 expression levels relative to that in U4C
cells are given below the lanes. (B) Determination of IRF-3 half-life. U4C.2 (m)
and P2.1.17 (0) cells were pulse-labeled with a mixture of 3>S-labeled methi-
onine and cysteine for 2 h. The label then was chased for the indicated times,
and cell lysates were prepared. IRF-3 was immunoprecipitated from equal
amounts of whole-cell extract and separated by SDS/PAGE. Radiolabeled IRF-3
was quantified with a Molecular Dynamics Phosphorimager.

levels of IRF-3, were used to determine the turnover rates of the
protein in the two lines. Cells were pulse-labeled with a mixture
of [**S] methionine and cysteine, and the label was chased with
excess unlabeled amino acids for various lengths of time. IRF-3
immunoprecipitated from cell extracts was analyzed by gel
electrophoresis, and its radioactivity was determined. IRF-3
turned over much more rapidly in P2.1 cells (Fig. 3B). The
half-life of the protein was ~1.5 h in P2.1 cells and ~4 h in U4C
cells. These results suggest that in the parental P2.1 cells, IRF-3
turns over more rapidly than in U4C cells. This turnover was not
caused by any change in the primary structure of IRF-3, because
IRF-3 cDNA cloned from P2.1 cells by reverse transcription—
PCR had the same sequence as the corresponding cDNA from
U4C cells (data not shown).

Selective Restoration of dsRNA-Signaling Pathways. In the next
series of experiments, we examined the status of dsRNA-
dependent signaling in the IRF-3-expressing clonal derivates of
P2.1 cells. In these clones, dSRNA can activate IRF-3, as
monitored by its nuclear translocation (Fig. 44). Consequently,
the induction of 561 mRNA was restored as well (Fig. 4B). 561
mRNA was not detected in any clones before dsSRNA treatment,
although IRF-3 was highly overexpressed in some of them.
However, dsRNA treatment led to 561 mRNA induction in all
three clones tested. The levels of induction in P2.1.6 and P2.1.17
clones were similar, but the level was lower in P2.1.4 cells. These
results demonstrate that the expression of exogenous IRF-3
restores IRF-3-dependent signaling in P2.1 cells.

In contrast to IRF-3-mediated gene induction, the defects in
other dsRNA-dependent signals persisted in P2.1 clones over-
expressing IRF-3. NF«B activation by dsRNA, as measured by
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Fig. 4. Expression of IRF-3 in P2.1 cells restores IRF-3 activation and 561

induction. (A) Restoration of dsRNA-induced activation of IRF-3. P2.1.6 cells
were treated with dsRNA and stained for IRF-3 immunofluorescence as de-
scribed for Fig. 1C. (B) Restoration of 561 mRNA induction by dsRNA in
IRF-3-expressing cells. Cells were left untreated (—) or treated with dsRNA for
6 h (+) and examined for the induction of 561 mRNA by RPA as described for
Fig. 1D. The normalized 561 mRNA level in treated U4C cells was set to 10. The
results of three separate experiments were averaged, and the graph repre-
sents the mean =+ SD.

DNA-binding activity (Fig. 54), was not restored to the level
present in U4C cells, although there was a hint of activation in
the P2.1.6 and P2.1.17 clones. However, examination of NFxB
activation by nuclear translocation showed none in P2.1.6 and
P2.1.17 cells (data not shown). Similarly, p38 was not activated
by dsRNA in P2.1.17 cells (Fig. 5B). These results demonstrate
that restoration of dsRNA-dependent signaling pathways was
partial and selective in the P2.1-derived clones. Although IRF-
3-mediated gene induction was restored, the other defects of the
parental P2.1 cells persisted.

IRF-3-Mediated Induction of IFN-B mRNA. In contrast to the simple
promoter of the 561 gene, containing only ISRE sites, the
promoter of the human IFN-B gene is complex, and multiple
transcription factors are needed for its activation (3, 8, 9, 15, 30,
31). Thus, it was surprising when we observed strong induction
of IFN-B mRNA in response to dsSRNA treatment of P2.1.17
cells (Fig. 5C). About half this level of induction was observed
in P2.1.6 cells, which express a much lower level of IRF-3,
whereas no induction was detectable in the P2.1.4 cells (data not
shown). As expected, in the parental U4C.2 cells expressing a
comparably high level of IRF-3, there was strong induction of
IFN-B, and in neither cell line was IFN-B mRNA constitutively
expressed. These results indicate that, similar to the induction of
561 mRNA, IRF-3 activation alone may drive the induction of
IFN-B mRNA.

The conclusion that activation of a high level of IRF-3 by
dsRNA may obviate the need for NF«kB, p38, and JNK activation
for IFN-B gene induction was confirmed in the experiment
shown in Fig. 6. Because there was a slight activation of NF«B
in the P2.1.17 cells (Fig. 54), we established new cell lines in
which NFkB activation was blocked completely. The parental
2fTGH cells, from which the U4C and P2.1 cells were derived,
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Fig. 5. Expression of IRF-3 does not restore other signaling defects of P2.1
cells but restores IFN-B mRNA induction. (A) dsRNA-induced activation of
NF«B. U4C, P2.1, and the P2.1 clones expressing IRF-3 cells were left untreated
(=) or treated with dsRNA for 60 min (+). An EMSA for NF«xB was performed.
(B) Lack of p38 activation. P2.1.17 cells were treated with dsRNA for the
indicated times or anisomycin (An) for 15 min. Activation of p38 was deter-
mined by Western analysis as described for Fig. 1E. (C) Induction of IFN-B
mMRNA by dsRNA treatment. U4C, P2.1, and P2.1.17 cells were treated with
dsRNA for 6 h (+) or left untreated (—). RNA was harvested, and an RPA was
performed with probes for IFN-B and actin mRNAs.

were used for this experiment. A new cell line, 2f-SR, expressing
a high level of the IkBaSR, was established (Fig. 64). Two other
cell lines derived from the 2f-SR cells, 2f-SR.1 and 2f-SR.3,
express different levels of transfected IRF-3 in addition to the
IkBaSR (Fig. 6A4). As expected, dsSRNA activated NF«B in the
parental 2fTGH cells but not in its super repressor-expressing
derivatives (Fig. 6B). In both clones overexpressing IRF-3,
dsRNA induced IFN-B mRNA efficiently in the complete ab-
sence of NF«B activation (Fig. 6C). Furthermore, pretreatment
of the 2f-SR.3 cells with the p38 MAP kinase inhibitor (Calbio-
chem) did not block IFN-B induction by dsRNA (data not
shown). Because JNK is not activated by dsRNA in these cells,
we conclude that the activation of NF«kB, p38, and JNK are
dispensable for dSRNA-mediated induction of IFN-B mRNA in
cells overexpressing IRF-3.

Discussion

In the current study, we have continued to investigate the nature
of the defects of P2.1 cells in dSRNA-dependent signaling. As
noted previously (19), transcription of neither the IFN-$ gene
nor the 561 gene was induced by dsRNA in these cells. The
defects in gene induction were attributed to the lack of activation
of the requisite transcription factors IRF-3 and NF«B in re-
sponse to dsRNA treatment. IRF-3 activation in response to
virus infection is mediated by extensive phosphorylation, which
can be monitored because the phosphorylated form migrates
more slowly during electrophoresis in a denaturing gel (8, 9, 32).
In contrast, the activation of IRF-3 by dsRNA does not cause
such a marked change in its electrophoretic mobility, probably
because it is phosphorylated at fewer or different sites (K.L.P.
and G.C.S., unpublished data). Nonetheless, IRF-3, activated by
either dsRNA or virus infection, translocates from the cytoplasm
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Fig. 6. NF«B activation is not required for the induction of IFN-3 mRNA by
dsRNA. (A) Western analysis of IkBaSR, IRF-3, and actin expression. 2fTGH cell
lines expressing the 1kBaSR and IRF-3 were established as described in Mate-
rials and Methods. Western analyses of the clones were performed with
appropriate antibodies. (B) NF«B activation in response to dsRNA treatment.
Cells were treated with dsRNA for 1 h (+) or left untreated (—). EMSA analysis
of cell extracts was performed with the NF«B probe. (C) Induction of IFN-g8
mMRNA after dsRNA treatment. Cells were treated with dsRNA for 6 h (+) or left
untreated (—). RNA was harvested, and an RPA was performed with probes
against IFN-B and actin mRNAs.

to the nucleus (25, 33). Using nuclear translocation as an index
of activation, we failed to detect activated IRF-3 in dsRNA-
treated P2.1 cells. Further investigation revealed that this failure
was caused by a low cellular level of IRF-3. Because restoration
of IRF-3 to normal or higher levels by ectopic expression
resulted in robust activation of IRF-3 by dsRNA, it seems that
the dsRNA-elicited IRF-3 activation machinery is not defective
in P2.1 cells. In contrast to the low level of IRF-3 protein, the
level of IRF-3 mRNA was comparable in P2.1 and parental U4C
cells. The mRNA also was translated equally well in the two cell
lines, but the protein turned over more rapidly in P2.1 cells. To
obtain quantitative values of the turnover rates of IRF-3 in the
two lines, we had to use overexpressing lines to increase the
quantities of radiolabeled protein. For this reason, the observed
difference of a 2.7-fold shorter half-life in P2.1 cells (Fig. 3)
could be an underestimate. At the normal level of IRF-3
synthesis in U4C and P2.1 cells, over 40-fold lower than those in
P2.1.17 and U4C.2 cells (Fig. 3), the difference in the turnover
rates could be higher, thus accounting for the 10-fold difference
in the steady-state levels of the protein (Fig. 2). It seems that the
enhanced degradation of IRF-3 in P2.1 cells is not caused by
enhanced susceptibility to proteolysis because of any change in
its primary structure.
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Unlike IRF-3, NF«B and IkB were present at normal levels in
P2.1 cells, and the pathway could be activated efficiently by
tumor necrosis factor-a (19), indicating that the IxB kinase
complex is functional in these cells. There was no nuclear
translocation of NF«B and little DNA binding activity in extracts
of dsRNA-treated P2.1 cells, suggesting that it had not been
released from the IkB complex. The lack of NF«kB release was
caused by a lack of dsRNA-elicited degradation of IkBa. Thus,
the defect in this pathway of signal transduction by dsRNA lies
upstream of IkB degradation but downstream of PKR activation.
A third transcriptional pathway activated by dsRNA is mediated
by the transcription factor c- Jun/ATF-2 of the AP-1 family.
Activation of this pathway in mouse embryo fibroblasts requires
the protein kinase JNK2, which gets phosphorylated in dsSRNA-
treated cells in a PKR-independent manner (15). However, in
the U4C and P2.1 cells used in our study, dsSRNA did not activate
either JNK1 or JNK 2, indicating that their activation could be
cell type-dependent. dsSRNA is known to activate another stress-
activated protein kinase, p38 (14). Unlike JNK, p38 activation by
dsRNA depends on PKR (27). We observed that PKR-mediated
p38 activation by dsRNA was also defective in P2.1 cells,
although other stresses such as inhibitors of protein synthesis
could activate it. These observations suggest that the dsRNA-
signaling defect in P2.1 cells lies upstream of p38 and I«B kinase
activation, although PKR is activated normally. Activation of at
least one other protein kinase that leads to dsRNA-mediated
IRF-3 phosphorylation must be unaffected in these cells as well.
With the available information, it is not apparent how mutation
in a single gene in P2.1 cells could cause the observed multiple
defects in dsSRNA-dependent signaling. The lack of activation of
I«B kinase and p38 may be connected at the level of an upstream
kinase, the activation of which by a PKR-mediated pathway may
be defective in P2.1 cells. Although how this defect leads to
IRF-3 destabilization in P2.1 cells remains an open question, it
is clear that excess IRF-3 supplied by ectopic expression can be
activated efficiently by dsRNA. It is also evident that the low
IRF-3 level is only a downstream defect resulting from the
central lesion in P2.1 cells, because overexpression of IRF-3
restores only the IRF-3-signaling pathway without repairing
other defects. Our study also formally established that activation
of NFkB, p38, or JNK2 by dsRNA is not necessary for the
activation of IRF-3. This conclusion is in tune with the results
obtained by others (13, 34, 35) regarding the distinct properties
of the as-yet-unidentified protein kinase responsible for activat-
ing IRF-3.

Using 561 as a prototype IFN-stimulated gene, the transcrip-
tion of which is stimulated also by dsRNA, we have shown
previously that the ISRE is the responsive cis element in its
promoter for both inducers (16). However, the signal transduc-
tion pathways are completely different, and the dsRNA-
mediated induction does not require all the proteins needed for
type I IFN-dependent signaling. The current study identifies
IRF-3 as the crucial transcription factor for 561 gene induction
by dsRNA; the restoration of IRF-3 restored 561 gene induction
in P2.1-derived clones. Within a range, expression of a higher
level of IRF-3 caused higher induction of 561 mRNA, indicating
that the level of IRF-3 could be the limiting component in the
signaling pathway. The above observation was true not only for
the P2.1 cells but also for the U4C clones overexpressing IRF-3
(data not shown). The critical role of IRF-3 in ISRE-mediated
signal transduction by dSRNA has been demonstrated by others,
who have identified IRF-3 as a component of the corresponding
ISRE-binding, dsRNA-activated, or virus-activated transacting
factors (6, 8, 9, 29).

Restoration of the induction of IFN-8 mRNA in P2.1.17 cells
was unexpected. As the NF«B, the JNK, and the p38 pathways
of dsRNA signaling remained defective in those cells (Fig. 5),
this result indicated that these pathways are not essential for
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induction of the IFN-B gene if ample IRF-3 is available. This
conclusion was confirmed in cells expressing the IkB super
repressor. These observations compel us to modify the current
model for human IFN-B gene induction, built on extensive
studies by many laboratories (3, 31). Transcription of this gene
requires the assembly of an enhanceosome on its promoter. The
enhancer contains three partially overlapping positive regulatory
elements to which NF«B, IRFs, and the c-Jun/ATF-2 transcrip-
tion factors bind. Each of these factors is activated in cells in
response to dsRNA or virus infection. In addition to the
activated factors, the high mobility group protein HMG I(Y)
binds to four sites within the IFN-B enhancer and unbends the
DNA, thus facilitating enhanceosome formation (36). Previous
studies have shown that inducers that can activate the individual
transcription factors fail to induce transcription of the IFN-
gene, probably because of the need of the other factors for
proper enhanceosome formation, although in transient trans-
fection assays IFN-B-promoter driven reporters are induced
partially (31).

Similarly, inducible expression of a constitutively active IRF-3
mutant did not cause IFN-B gene induction, indicating addi-
tional need for this process (37). However, the results presented
here provide evidence suggesting that the assembly of the
multicomponent enhanceosome may not be necessary for IFN-3
gene transcription if one of the relevant transcription factors is
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available in excess. It was known that the individual cis elements,
in the absence of the others, can drive dsRNA-induced tran-
scription of transfected reporter genes, indicating that each
element is capable of communicating with the basal transcription
machinery and the coactivators (3). Our data show that the same
is true for the complex promoter of the endogenous IFN-f gene
in cells overexpressing IRF-3. It is conceivable that in cells
containing limiting amounts of the transcription factors, none of
the factors by themselves can bind stably to the cognate cis
elements, but the coordinate assembly of the enhanceosome
stabilizes binding of all factors to DNA and facilitates their
interactions with the transcriptional machinery. In contrast, the
same result could be achieved in IRF-3-overexpressing cells by
promoting and stabilizing IRF-3 /IFN-response element inter-
action, thus increasing the local concentrations of activated
IRF-3. Therefore, the complex promoter of the IFN-3 gene was
functionally converted to a simple dsRNA-responsive ISRE-
driven promoter similar to the ones present in IFN-stimulated
genes such as 561.
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