IFNa/B promotes cell survival by activating NF-«B
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IFNs play critical roles in host defense by modulating the expres-
sion of various genes via signal transducer and activator of tran-
scription factors. We show that IFN«/g activates another important
transcription factor, NF-kB. DNA-binding activity of NF-«xB was
induced by multiple type 1 IFNs and was promoted by IFN in a
diverse group of human, monkey, rat, and murine cells. Human IFN
promoted NF-«B activation in murine cells that express the human
IFNa/B receptor-1 signal-transducing chain of the type 1 IFN
receptor. IFN promotes inhibitor of kappa B « (IxBa) serine phos-
phorylation and degradation, and stimulates NF-«xB DNA-binding
and transcriptional activity. Importantly, IFN promotes cell survival
by protecting cells against a variety of proapoptotic stimuli, such
as virus infection and antibody-mediated crosslinking. Expression
of superrepressor forms of IkBe, besides inhibiting IFN-mediated
NF-kB activation and IkBa degradation, also enhanced apoptotic
cell death in IFN-treated cells. We conclude that NF-«B activation by
IFNa/B is integrated into a signaling pathway through the IFNa/
receptor-1 chain of the type 1 IFN receptor that promotes cell
survival in apposition to various apoptotic stimuli.

apoptosis | viral infection

FNs are multifunctional cytokines that block viral infection,

inhibit cell proliferation, and modulate cell differentiation.
IFNs are produced by a variety of cells in response to infections
by viruses, mycoplasma, and bacteria as well as in response to
noninfectious agents. IFNs are clinically useful in the treatment
of diverse diseases, including certain forms of cancer, laryngeal
and genital papillomas, chronic viral hepatitis, and multiple
sclerosis. In general, IFN is an important model for the study of
how genes are regulated by polypeptide ligand binding to cell
surface receptors.

Type 1 IFNs (IFN «, B8, and w) bind to a common cell-surface
receptor, whereas the receptor for type 2 IFN (IFNv) is distinct
(1). The type 1 IFN receptor is composed of IFN«/f receptor
(IFNAR)-1 and IFNAR-2 chains (2-4) that undergo rapid
ligand-dependent tyrosine phosphorylation. IFNs transduce sig-
nals from the cell surface, resulting in selective gene induction
(5-7) through the activation of Janus tyrosine kinases and signal
transducer and activator of transcription (STAT) factors (8, 9).
Here, we describe another IFN-signaling pathway that also leads
to altered gene expression that involves the NF-«kB transcription
factor.

NF-«B regulates the expression of genes involved in immune
and inflammatory responses by binding to cis-acting B sites in
the promoters and enhancers of these genes. Under most
circumstances, NF-«B lies dormant in the cytoplasm of unstimu-
lated cells by virtue of its interaction with inhibitor of kappa B
(IkB) proteins. Viruses, cytokines, lipopolysaccharides, and
other stimulating agents promote dissociation of the inactive
NF-«B-IkB complexes via the serine phosphorylation and deg-
radation of IkB. These events lead to the unmasking of the
nuclear localization sequence of NF-«B, thereby allowing NF-«xB
to enter the nucleus and bind DNA. NF-«B-regulated genes play
an important role in suppressing apoptosis (10-13). Because
several IFN-regulated genes have kB elements in their promot-
ers and enhancers (14), we examined whether NF-«B activation
is an important pathway through which IFNs modulate immu-
nity, inflammation, and cell survival.

In the present study, we identify an IFN-signaling pathway
involving the NF-«B transcription factor. This pathway protects
cells against proapoptotic agents, showing that IFN is a cell-
survival factor. IFN receptor signaling induces the serine phos-
phorylation and degradation of IkBe, leading to the stimulation
of NF-«kB DNA-binding and transcriptional activity. These data
show that signals generated through NF-«B are indispensable for
IFN-dependent cell survival (antiapoptotic). Because the use
of IFN to treat human diseases is often limited by its inability
to efficiently induce cell death, our identification of the mech-
anism through which IFN-induced death is limited is of great
importance.

Materials and Methods

Biological Reagents and Cell Culture. Recombinant human IFN«
(IFNConl), IFNea2, and IFNB (Betaseron) were provided by
Amgen Biologicals, Hoffmann-La Roche, and Berlex Bio-
sciences, respectively. Human IFNal and IFNa8 were obtained
from PBL Biomedical Laboratories (New Brunswick, NJ). IFN
activities are expressed in international reference units/ml as
assayed by protection against the cytopathic effect of vesicular
stomatitis virus (VSV) on human fibroblasts by using the
National Institutes of Health human IFN« standard for refer-
ence. Anti-Rel and [kBa antibodies were generously provided by
N. Rice (National Cancer Institute, Frederick, MD). Human
Daudi cells were maintained in static suspension cultures at
2-15 X 10° cells per ml in RPMI medium 1640 supplemented
with 10% defined calf serum (HyClone).

Transfection Conditions and Constructs. High-efficiency transient
transfection of cells was accomplished by electroporation (ca-
pacitance 300 nF; 250 V) with 500 ug of salmon sperm DNA and
20 ug of plasmid DNA for each sample. IkBaM has S32A /S36A
and Ser to Ala mutations in the COOH-terminal PEST motif
(region rich in P, E, S, and T) of I«kBa (12). IkBaAN is an IxBa
deletion mutant with two potential serine phosphorylation sites
removed from the NH; terminus (15). The pUX-CAT
3XHLAKkB chloramphenicol acetyltransferase (CAT) reporter
construct contains three tandemly repeated copies of the NF-«xB
site from the HLA-B7 gene (16).

NF-ikB Activity Measurements. Nuclei were extracted with buffer
(20 mM Tris-HCI, pH 7.85 /250 mM sucrose /0.4 M KCl/1.1 mM
MgCl,/5 mM B-mercaptoethanol/1 mM NaF/1 mM
Na3;VO,/1 mM PMSF/5 pg/ml soybean trypsin inhibitor/5
pg/ml leupeptin/1.75 ug/ml benzamidine), and extracts were
frozen and stored at —80°C (17). For electrophoretic mobility-
shift assay (EMSA), the nuclear extracts were incubated with a
32P-labeled kB probe (5'-AGTTGAGGGGACTTTCCCAGG-
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IFN induces NF-«B activation. (A) EMSA on nuclear extracts from Daudi cells treated with IFNCon1 (5,000 units /ml) for varying times. (B) Nuclear extracts
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from Daudi cells treated with IFNCon1 (5,000 units/ml; 30 min) were subjected to EMSA in the absence or presence of a 50-fold excess of unlabeled B
oligonucleotide probe (competition). *, Positions of supershifted complexes. (C) EMSA on nuclear extracts from Daudi cells treated with various type 1 IFNs (5,000

units/ml) for 30 min.

3") derived from an NF-«B binding sequence in the Ig gene
promoter (18). To define the presence of specific Rel proteins,
nuclear extracts were preincubated with a 1:25 dilution of
anti-Rel antibodies at 25°C for 20 min and then subjected to
EMSA. Gels were quantitated by Phosphorlmager autoradiog-
raphy. For reporter gene assays, cells were transiently cotrans-
fected by electroporation with the pUX-CAT 3XHLAkB CAT
reporter construct (16) and the appropriate expression vector.
After 48 h, the cells were treated with IFNCon1 (5,000 units/ml)
for 15 min and assayed for CAT activity. After TLC, radioactivity
was measured by PhosphorImager autoradiography.

IkBa Degradation. At various times after IFN« treatment, 1 X 108
cells were lysed directly in Laemmli buffer and equivalent
amounts of protein were subjected to SDS/PAGE. Proteins
were transferred to poly(vinylidene difluoride) membranes,
immunoblotted with specific affinity-purified rabbit anti-IkBa
antibody, and visualized by chemiluminescence with the en-
hanced chemiluminescence reagent (Amersham Pharmacia).

Antiviral, Antiproliferative, and Apoptosis Assays. For determining
antiviral activity, cell cultures (5 X 103 cells per ml) were
preincubated overnight with IFNConl, followed by infection
with VSV for 1.5 h at 0.1 plaque-forming units per cell. At 24-h
postinfection, the virus yield in the medium was assayed by
plaque formation on indicator Vero cells (19). The antiprolif-
erative action of IFN was assayed by treating Daudi cells (5 X 10*
cells per well of 24-well plates) with IFNConl. After 3 days, the
cells were enumerated in a Coulter Counter (20). For determin-
ing apoptosis, cell cultures (5 X 10° cells per ml) were preincu-
bated overnight with IFNConl, followed by treatment with
either anti-Ig (goat anti-u antibody at 35 ug/ml) (21) or VSV
infection at a high multiplicity of infection (10 plaque-forming
units per cell). After an overnight incubation, the cells were
deposited onto glass slides in a cytocentrifuge, fixed with 4%
formaldehyde, permeabilized with 0.2% Triton X-100, and
processed for terminal deoxynucleotidyltransferase-mediated
UTP end labeling (TUNEL) according to the manufacturer’s
recommendations (Roche Molecular Biochemicals). Alterna-
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tively, lysates of control and IFN-treated (1,000 units/ml; 24 h)
cells were analyzed for apoptotic DNA by modification of a
chemiluminescence-based assay (22). In brief, cells (5 X 10°)
were lysed in hypotonic buffer, and sequentially digested with
RNase and proteinase K. Low molecular weight DNA was
extracted and subjected to nonisotopic labeling of 3’ ends with
digoxigenin-11-dUTP and Taqg DNA polymerase. Labeled DNA
was separated by electrophoresis on 1.6% agarose, transferred to
nitrocellulose, and fragmented DNA visualized by chemilumi-
nescent detection with alkaline phosphatase-conjugated anti-
digoxigenin and CDP-Star substrate (Roche Molecular Bio-
chemicals).

Results

NF-«B Activation by IFNa/B. We considered the possibility that
IFN may stimulate NF-kB activity because IFN-induced genes,
including HLA class I, IFN regulatory factor-1, double-stranded
RNA-dependent protein kinase, intercellular adhesion mole-
cule-1, IFNB, and oligoadenylate synthetase contain NF-«kB-
binding sites in their 5’ regulatory regions. To determine
whether IFNa/B promotes NF-«B activation, highly IFN-
sensitive Daudi lymphoblastoid cells were stimulated with IFNe,
and NF-«B activation was examined by EMSA. Nuclear extracts
from untreated Daudi cells show low constitutive binding to a
consensus kB oligonucleotide probe. However, IFN increased
kB binding in Daudi cells within 5 min. IFN-dependent «B
binding reached a maximal induction after 15 min, and then
decreased to basal levels by 4 h (Fig. 14).

Active NF-kB consists of dimers of the Rel /NF-«B family of
polypeptides, which include p50, p52, c-Rel, v-Rel, RelA (p65),
and RelB. To determine which of these proteins are present in
the IFN-induced NF-«B complexes, nuclear extracts prepared
from IFN-treated Daudi cells were incubated with antisera
directed against specific Rel proteins and NF-«B activation was
examined by EMSA. These assays showed the presence of p50
and c-Rel in the IFN-induced NF-«kB complexes, because the
complexes were supershifted by antisera to either p50 or c-Rel
(Fig. 1B). In contrast, antisera to p65, p52, or RelB did not
supershift the IFN-induced NF-«B complexes. Moreover, im-
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Fig. 2. IFN promotes cell survival. (A) Daudi cells were pretreated overnight
with various concentrations of IFNCon1 and analyzed for apoptosis by TUNEL
assays at 1 day after either infection by VSV or anti-Ig treatment. The data
shown in the graph are the average of two experiments performed in dupli-
cate and are expressed in terms of apoptosis induced by VSV or anti-lg. (B)
Dose-dependent NF-«B activation and sis-inducible element gel shift activity
by IFN. Nuclear extracts from Daudi cells treated with varying concentrations
of IFNCon1 (0-5,000 units/ml) for 30 min were incubated with a 32P-
endlabeled promoter probe for the consensus kB site or the high affinity
sis-inducible element (SIE) from the c-fos gene (5'-AGCTTCATTTCCCGTAATC-
CCTAAAGCT-3'). EMSA results were quantitated on a Phosphorimager (Mo-
lecular Dynamics) by using QUANTITY ONE software (Bio-Rad). The results of
three experiments were averaged (SEM < 20%) and expressed relative to the
increased gel shift activity observed at an IFN concentration of 10,000
units/ml.

munofluorescence microscopy confirmed that IFN induced the
rapid translocation of p50—c-Rel complexes from the cytoplasm
into the nucleus.

The previous series of experiments were performed with
IFNConl, which is a synthetic human IFN designed as a con-
sensus of several IFN« subtypes. Although all type 1 IFNs bind
to a common cell surface receptor, differences between IFNa/
subtypes in receptor interaction and signal transduction have
been observed (23-25). Therefore, we tested whether various
type 1 IFNs could induce NF-«B activity by treating Daudi cells
with the type 1 IFNs for 15 min and preparing nuclear extracts.
Fig. 1C shows that a wide variety of IFN«/8 subtypes (IFNConl,
IFNal, IFNa2, IFNa8, IFNB, and IFN7) induce NF-kB DNA-
binding activity.

IFN Protects Cells Against Apoptotic Cell Death. NF-«B activation
protects cells from apoptosis induced by cytokines, UV irradi-
ation, and chemotherapeutic agents (10-13). NF-«B knockout
mice die early in embryonic development from extensive apo-
ptosis (10). Inhibition of NF-kB enhances sensitivity to apoptotic
cell death by various agents (11-13). Because we found that IFN
induced NF-«B activation, we tested whether IFN protected
Daudi cells against proapoptotic stimuli. Infection by most
viruses triggers apoptosis of the infected cell (26). Activation of
antigen receptors in B cells (Daudi cells are B-lymphoblastoid
cells) induced by antibody-mediated crosslinking results in apo-
ptosis (21). Specifically, we tested whether viral infection (by
VSV) or antibody-mediated crosslinking (by anti-Ig addition)
induced the programmed death of Daudi cells as determined by
TUNEL assays. Infection with VSV or addition of anti-Ig
efficiently induced Daudi cell apoptosis (34.6 or 27.5%, respec-
tively). In contrast, as shown in Fig. 24, overnight pretreatment
with IFN markedly protected Daudi cells against apoptosis
induced by VSV infection or anti-Ig addition with nearly com-
plete protection observed at an IFN concentration of 100
units/ml. The antiapoptotic action of IFN in Daudi cells had
an ICsp of only ~10 units/ml, which is similar to the ICsg
(<25 units/ml) of the antiproliferative and antiviral actions of
IFN on Daudi cells. Thus, Daudi cells are highly sensitive to the
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antiapoptotic action of IFN, and most importantly, IFN is a cell
survival factor.

These results led us to examine whether Daudi cells are also
highly sensitive to the induction of NF-«B activation by IFN, i.e.,
NF-kB activation was observed at IFN concentrations that
promote cell survival. Daudi cells were treated for 15 min with
IFN at concentrations varying from 10 to 10,000 units/ml,
nuclear extracts prepared, and NF-«B activation was examined
by EMSA. As illustrated in Fig. 2B, increased B binding in
Daudi cells was observed at an IFN concentration of only 10
units/ml and IFN-dependent «B binding reached a maximal
induction at 5,000 units/ml. The dose-response relationship for
IFN-mediated induction of NF-kB activity in Daudi cells is
similar to that for the induction of sis-inducible element gel shift
activity.

IFN Promotes the Serine Phosphorylation and Degradation of IxBa.
The activity of NF-«kB is tightly controlled by inhibitory I«B
proteins that bind to NF-«kB complexes and thus sequester
NF-«B in the cytoplasm. Cytokines, such as IL-1 and tumor
necrosis factor, promote the serine phosphorylation of 1«B, its
polyubiquitination, and proteosome-mediated degradation, and
thereby induce NF-«B translocation to the nucleus. To deter-
mine whether IFN-dependent NF-«kB activation reflects IkBa
degradation, IkBa levels were determined at various times after
IFN addition by immunoblotting with anti-IkBa antisera. As
shown in Fig. 34, IFN induced a progressive decrease in cellular
levels of IkBe, indicating that IFN stimulated NF-«B activation
by promoting IkBa degradation. The kinetics of induction of
NF-«B activation in Daudi cells is consistent with that of IkBa
degradation, with IkB degradation observed within 5 min of IFN
addition, at which time NF-«B activation is detectable. More-
over, although similar amounts of c-Rel were immunoprecipi-
tated from control or IFN-treated cells, precipitates from IFN-
treated cells showed a progressive decrease in associated IkBa
(data not shown). Our results indicate that IFN promotes the
dissociation of IkBa/NF-«B complexes and IkBa degradation.

Because serine phosphorylation of IkBa leads to its degrada-
tion, IkBa proteins with mutations or deletions of serine phos-
phorylation sites function as superrepressors of cytokine-
induced NF-«kB activation (12, 15). We transiently transfected
Daudi cells with such IkBa mutant proteins. As shown in Fig. 3B,
IkBaM or IkBaAN expression blocked NF-«B activation by IFN.
These results indicate that NF-«B activation results from IkBa
serine phosphorylation.

To determine the functional importance of NF-«B activation,
COS cells were cotransfected with a NF-«B-CAT reporter
plasmid and IkBa mutant proteins or an empty vector, and
assayed for CAT activity 2 days after transfection. COS cells
were used because they are IFN responsive in reporter assays,
whereas Daudi cells are not. IFN stimulated «kB-dependent
transcription by about 8-fold in cells transfected with empty
vector (Fig. 3C). In contrast, expression of IkBaM or IkBaAN
suppressed IFN-activated kB-dependent transcription by >90%.
Neither IkBa mutant affected IFN-stimulated response element-
dependent transcription (data not shown). These results show
that the IFN-activated kB-dependent mechanism is distinct from
the well-established IFN-stimulated response element-
dependent mechanism in regulating gene expression.

Blockage of NF-xB Activation Sensitizes Cells to the Proapoptotic
Activity of IFN. NF-«B antagonizes apoptosis induced by tumor
necrosis factor, UV irradiation, and chemotherapeutic agents
(11-13). Paradoxically, IFN induces the apoptosis of some tumor
cells (27), whereas protecting other cells against proapoptotic
stimuli. This led us to hypothesize that the IFN-induced NF-«B
pathway counterbalances proapoptotic signals generated by IFN
itself.
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Fig. 3. The role of IkBa in NF-xB activation by IFNa/B. (A) Cell lysates from
Daudi cells treated with IFNCon1 (5,000 units/ml) were resolved by
SDS/PAGE, blotted onto poly(vinylidene difluoride) membranes, probed with
anti-IkBa, and visualized by enhanced chemiluminescence. (B) EMSA with a
32p-|abeled B probe on nuclear extracts from control and IFN-treated Daudi
cells transiently transfected for 48 h with IkBaM, IkBaAN, or with empty vector
(EV). Binding to the kB probe was blocked by a 50-fold excess of unlabeled
probe (+ kB). (C) NF-kB-dependent reporter gene activity in IFN-treated COS
cells transiently cotransfected with the pUX-CAT 3XHLAkB construct and
IkBaM, IkBaAN, or empty vector. At 2 days after transfection, cells were
treated in the presence or absence of IFN for 30 min, lysed, and assayed for CAT
activity as determined by phosphorimaging. Data shown are the average of
three experiments (SEM < 15%), expressed relative to CAT activity in cells
transfected with empty vector.

Thus, we examined whether expression of superrepressor
IkBa mutants, which block IFN-induced NF-«B activation,
would sensitize Daudi cells to IFN-induced apoptosis. In empty
vector-transfected cells, IFN induced a very modest increase in
apoptosis (from 0.1 to 0.6%) as determined by TUNEL assays.
However, as shown in Fig. 4 A and B, expression of superre-
pressor IkBa constructs markedly sensitized Daudi cells to
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Fig. 4. The role of IkBa in IFNa/B promoted cell survival. IFN-treated (1,000
units/ml; 24 h) Daudi cells transiently transfected for 48 h with IkBaM,
IkBaAN, or empty vector were analyzed for apoptosis by TUNEL assays (A and
B) or apoptotic DNA by a chemiluminescent assay with a DNA ladder provided
for reference (C). Apoptotic cells are fluorescent and thus appear green in the
photomicrograph. The TUNEL data (B) represent the mean of three indepen-
dent experiments in which at least 500 cells were scored for each variable
(SEM < 10%).

IFN-induced death (=50%). A prominent feature of apoptosis
is the intranucleosomal cleavage of DNA in a discontinuous
ladder of discrete multimers of ~200 bp. When cell lysates were
examined by a highly sensitive chemiluminiscent-based DNA
fragmentation assay, the formation of the telltale DNA ladder is
clearly evident in IFN-treated Daudi cells expressing either
superrepressor IkBa construct (Fig. 4C). These results indicate
that a pathway leading to NF-«B activation protects cells against
the proapoptotic action of IFN. Thus, IFN generates a strong cell
survival signal, which suppresses the death-promoting activity of
various stimuli (VSV infection, antigen crosslinking, and even
IFN).

Yang et al.
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Fig.5. IFNinduces NF-kB activation in diverse cell types. (A) EMSA on nuclear
extracts from IFN-treated (5,000 units/ml rat IFNgB for 30 min) murine 3T3
fibroblasts and rat intestinal IEC-6 cells, or IFN-treated (5,000 units/ml IFN-
Con1 for 30 min) human CaKi and HepG2 cells. (B) Murine L929 cell transfec-
tants expressing empty vector (EV) or two independent wild-type hulFNAR-1
(WT) transfectants (29) were treated with IFNCon1 (5,000 units /ml) for 30 min
before gel shift analysis with a NF-«B probe.

NF-xB Activation by IFNa/g in a Variety of Cell Types. IFN has
biological activity in a broad variety of cell types. IFNs are, in
general, highly species specific, and therefore human IFN has
limited biologic activity in nonprimate cells. Therefore, we
examined whether IFN induced NF-«B activity in various hu-
man, murine, and rodent cell lines that respond to the antiviral
or antiproliferative activity of IFN. As shown in Fig. 54, rat IFN
induced NF-«B activity in rat intestinal epithelial cells (IEC)-6
and murine 3T3 fibroblasts. Human IFN treatment induced
NF-«kB activity in human HepG2 hepatocarcinoma cells and
CaKi renal carcinoma cells (Fig. 54). IFN«/B promoted NF-«B
DNA-binding activity in diverse cell types, including primary rat
hepatocytes, primary mouse fibroblasts, as well as transformed
human cell lines such as T cell lymphoma, renal carcinoma,
epithelioid carcinoma, hepatocarcinoma, and fibrosarcoma
(data not shown). Supershift assays with antisera directed
against specific Rel proteins showed cell type-specific differ-
ences in the composition of the IFN-induced Rel/NF-«B com-
plexes. For example, whereas IFN-induced p50-RelA complexes
were found in 3T3, IEC-6, CaKi, HepG2, and HT1080 cells,
pS0-c-Rel complexes were found in MOLT-16 and Daudi cells.

We previously demonstrated that the IFNAR-1 chain of the
human IFN«/B receptor acts as a species-specific transducer for
type 1 IFN action when transfected into heterologous mouse
cells (25, 28, 29). Thus, whereas murine cells are unresponsive to
human IFN, murine transfectants expressing the human IF-
NAR-1 chain respond to human IFN as determined by induction
of STAT-containing DNA-binding complexes, IFN-stimulated
gene expression, and antiviral activity. We examined whether
murine transfectants expressing the human IFNAR-1 chain
respond to human IFN as determined by induction of NF-«B
activity. As shown in Fig. 5B, murine cells transfected with empty
vector do not show detectable NF-«B activity on human IFN
addition. However, in two independent murine tranfectants
expressing the human IFNAR-1, NF-«B activity was clearly
evident after human IFN addition. These results not only
demonstrate that NF-«B activation is a common cellular re-
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sponse to IFNa/B, but also suggest a role for the human
IFNAR-1 chain in signaling events leading to NF-«B activation.

Discussion

IFN«a/B has antiproliferative, antiviral, antibacterial, antiproto-
zoal, and immunomodulatory functions. In addition, IFN has
anticancer activity in vivo and is clinically useful for the treat-
ment of laryngeal and genital papillomas, chronic viral hepatitis,
and multiple sclerosis. Understanding the molecular basis of IFN
action is very important when one considers the therapeutic
potential of IFN as well as its role as a model for understanding
the function of many cytokines.

IFN elicits pleiotropic biological effects by regulating gene
expression through signals generated on its binding to a
distinct surface receptor on target cells. Type 1 IFNs bind to
a ubiquitously expressed cell-surface receptor, composed of
the IFNAR-1 and IFNAR-2 subunits (2, 4, 30, 31). Whereas
IFNAR-2 is the ligand-binding subunit, IFNAR-1 acts as a
species-specific transducer for the actions of type 1 IFN
(28, 32). These receptor subunits have no inherent enzyme
activity, but generate cytoplasmic signals in combination with
the nonreceptor Janus protein tyrosine kinases and STAT
proteins. On their tyrosine phosphorylation, IFN-activated
STATs (STAT1-STAT3) dimerize and translocate into the
nucleus to induce gene transcription. STAT proteins function
in the gene activation pathway induced by many other cyto-
kines (33, 34). Thus, the IFN-activated Janus kinase/STAT
tyrosine phosphorylation pathway serves as a paradigm for
understanding cytokine signal transduction.

We show that IFNs also transmit nuclear signals through
activation of the important transcription factor family, NF-«B.
The family of NF-«B transcription factors regulates the expres-
sion of genes involved in immune and inflammatory responses
and cell growth, as well as viral genes by binding to cis-acting kB
sites in the promoters and enhancers of genes bearing the
consensus sequence 5'-GGGPuNNPyPyCC-3'. We show that
IFN promotes transcription through a NF-kB-dependent re-
porter and this effect is blocked by two different superrepressor
I«B constructs (Fig. 3). Moreover, we found in preliminary
studies that IFN appears to up-regulate antiapoptotic genes
(Bcl-2 and inhibitor of apoptosis protein-2) that depend on
NF-kB (W. J. Valentine and L.M.P., unpublished observations).

In addition, NF-«B has an important antiapoptotic function.
We report that IFN promotes cell survival by protecting cells
against proapoptotic stimuli, such as virus infection, antibody-
mediated crosslinking, and IFN itself. We have also shown that
NF-«kB activation is a common cellular response to IFNa/B.
Recently, IFN«/B has been found to promote the survival of
activated T cells in vivo, but has little or no effect on resting T
cells (35), observations consistent with those reported here. It
will be interesting to determine whether this effect is mediated
through the NF-«B pathway.

By using murine transfectants expressing the human IFNAR-1
chain, we found that NF-«B activation involves signals generated
through this subunit of the human IFN«/B receptor. The
IFNAR-1 chain plays a critical role in the function of the IFN«/f3
receptor. IFNAR-1 acts as a species-specific transducer for type
1 IFN action undergoing rapid IFN-dependent tyrosine phos-
phorylation, and its knockout in mice results in the loss of the
antiviral response to type 1 IFNs (28, 32, 36, 37). We have
previously identified a conserved motif within the intracellular
domain of IFNAR-1, which is required for the IFN-dependent
activation of STAT3 and phosphatidyinositol 3-kinase (PI-3K)
(17, 38). Furthermore, STATS3 is responsible for bringing PI-3K
into a complex with the IFNa/B receptor (38). Expression of
STAT3 in an IFN-resistant Daudi cell line complemented de-
fective NF-«B activation, as well as several other signaling
defects (18). These results suggest that NF-kB activation by
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IFNa/B may require signals generated through the IFNAR-1
chain involving STAT3 and PI-3K (C.H.Y., A.M., S.R.P., and
L.M.P.; unpublished results). Moreover, NF-«B can be activated
through a PI-3K-dependent pathway (39, 40), and IFN activates
PI-3K (38, 41).

Our findings are important because they are clinically relevant
to the use of IFN in the treatment of cancer and viral diseases.
The clinical efficacy of IFN is often limited by its inability to
efficiently induce cell death (27, 42). Our results suggest that this
inability reflects the induction by IFN of potent cell survival
signals generated through NF-«B. On the other hand, the
therapeutic action of IFN in multiple sclerosis may reflect its
ability to protect neuronal cells against proapoptotic cytokines
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