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Interferons (IFNs) play critical roles in host defense
by modulating the expression of various genes via tyro-
sine phosphorylation of STAT transcription factors.
IFN-o/B activates another important transcription fac-
tor, nuclear factor-kB (NF-kB), but its role in IFN-medi-
ated activity is poorly understood. Sensitivity to the
antiviral and gene-inducing effects of IFN was examined
in normal fibroblasts and in NF-«B knockout fibroblasts
from p50- and p65-null mice. Antiviral assays demon-
strated that NF-«B knockout fibroblasts were sensitized
to the antiviral action of IFN. Moreover, analysis of IFN-
stimulated gene expression by real-time PCR demon-
strated selective effects of NF-«kB on gene expression.
Our results demonstrate that a subset of IFN-stimulated
genes is regulated through an NF-«kB-dependent path-
way and that NF-«B may regulate the sensitivity of cells
to IFN-mediated antiviral activity.

Interferons (IFNs)! are a family of multifunctional cytokines
that block viral infection, inhibit cell proliferation, and modu-
late cell differentiation. Whereas type I IFNs (IFN-«, IFN-B,
and IFN-w) bind to a common cell-surface receptor, the receptor
for type II IFN (IFN-v) is a distinct entity (1). IFNs transduce
signals from the cell surface, resulting in selective gene induc-
tion through the activation of JAK tyrosine kinases and STAT
transcription factors (1-3). Upon JAK-mediated tyrosine phos-
phorylation, the STAT proteins (STAT1, STAT2, and STAT3)
dimerize and translocate to the nucleus to activate transcrip-
tion of IFN-stimulated genes (3). IFN also activates the nuclear
factor-kB (NF-kB) transcription factor in a serine/threonine
kinase-dependent signaling pathway that protects cells against
apoptosis (4, 5).

NF-kB regulates the expression of genes involved in cell
signaling, stress responses, growth, survival, and apoptosis by
binding to cis-acting kB sites in the promoters and enhancers of
these genes. Viruses, cytokines, lipopolysaccharides, and other
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stimulating agents promote NF-«B translocation to the nu-
cleus and DNA binding. Active DNA-binding forms of NF-«B
are dimeric combinations of Rel proteins (p50, p52, c-Rel,
v-Rel, RelA/p65, and RelB). In most cell types, the predomi-
nant form of NF-«B is the p50-p65 heterodimer. NF-«B
dimers are retained in the cytoplasm of unstimulated cells in
an inactive state by the binding of a family of inhibitory IxB
proteins.

Whereas STAT proteins play crucial roles in the transcrip-
tional response to IFN-o/f and in the induction of antiviral
activity, the role of NF-«B in IFN signaling and action has not
been studied extensively. To identify the functional role of
NF-kB in IFN action, sensitivity to the antiviral effect of IFN
was examined in fibroblasts that either had normal NF-«B
function or had a functional deletion of the IFN-induced NF-«B
pathway by germ line disruption of the Rel p50 and p65 pro-
teins. Antiviral assays demonstrated that NF-«B knockout
(KO) fibroblasts were sensitized to the antiviral action of
IFN-B. To determine the relationship between gene regulation
by IFN-B and antiviral activity, microarray analysis was per-
formed on RNA samples collected from IFN-treated murine
fibroblasts. Microarray analysis identified several classical
IFN-stimulated genes (ISGs) involved in the antiviral action of
IFN. Quantitative real-time PCR demonstrated that, whereas
the IFN-induced expression of some ISGs was enhanced in
NF-kB KO cells relative to mouse wild-type fibroblasts, the
IFN-induced expression of other ISGs was lower in NF-«kB KO
cells. Our results demonstrate the distinctive role of NF-«B in
the regulation of ISGs and in the induction of antiviral activity.
Thus, the IFN-activated NF-«B pathway not only counterbal-
ances apoptosis, but also regulates the expression of ISGs and
the induction of antiviral activity.

EXPERIMENTAL PROCEDURES

Biological Reagents and Cell Culture—Recombinant Chinese ham-
ster ovary cell-expressed rat IFN-B was obtained from Biogen Idec, Inc.
(6). The biological activity of IFN was assayed by protection against the
cytopathic effect of vesicular stomatitis virus (VSV) on murine fibro-
blasts and was expressed in units/ml using the murine National Insti-
tutes of Health IFN-B standard for reference. Wild-type mouse embryo
fibroblasts (MEF's) and MEFs lacking the Rel p50 and p65 proteins (7),
generously provided by Drs. David Baltimore and Alexander Hoffmann
(California Institute of Technology, Pasadena, CA), were plated at 3 X
10° cells/60-mm dish every 8 days in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% defined calf serum (Hyclone Laborato-
ries, Logan, UT).

NF-«kB Activity Measurements—Nuclei isolated from control and
IFN-B-treated MEFs were extracted with buffer containing 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 mMm Na;VO,, 1 mM phenylmethylsul-
fonyl fluoride, 5 pg/ml soybean trypsin inhibitor, 5 pug/ml leupeptin, and
1.75 pg/ml benzamidine, and extracts were frozen and stored at —80 °C
(8). For electrophoretic mobility shift assay (EMSA), the nuclear ex-
tracts were incubated with a 3?P-labeled kB probe (5'-AGTTGAGGG-

This paper is available on line at http://www.jbc.org

1002 ‘0T 1snbny uo Aq B10°ogl-mmm woly papeojumoq


http://www.jbc.org
http://www.jbc.org/cgi/content/full/M308975200/DC1

The Journal of Biological Chemis

e

Role of NF-kB in IFN Action

GACTTTCCCAGG-3') derived from an NF-«B-binding sequence in the
immunoglobulin gene promoter and subjected to electrophoresis (9).
Gels were quantitated by PhosphorImager autoradiography (Amer-
sham Biosciences).

Assays for the Antiviral Activity of IFN—To determine cellular sen-
sitivity to the ability of IFN to reduce virus titer, cell cultures were
preincubated overnight with IFN, followed by infection with VSV for
1.5 h at 0.1 plaque-forming unit/cell. At 24 h post-infection, the virus
yield in the medium was assayed by plaque formation on indicator Vero
cells (10). To determine the sensitivity to protection against the cyto-
pathic effect of VSV, fibroblasts were cultured in 96-well plates, incu-
bated with serial 2-fold dilutions of IFN for 24 h, infected with VSV (0.1
plaque-forming unit/cell), and scored for viability at 24—48 h post-
infection by uptake of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium dye (Promega, Madi-
son, WI). Dye uptake was measured by absorbance at 490 nm in an
enzyme-linked immunosorbent assay plate reader (Bio-Rad).

RNA Preparation and Microarray Analysis—Total cellular RNA from
untreated and IFN-treated (2500 units/ml for 5 h) MEF's was extracted
with TRIzol reagent (Invitrogen) according to the manufacturer’s in-
structions. Approximately 10 pug of RNA was submitted to Genome
Explorations Inc. (Memphis, TN) for labeling and hybridization to the
murine U74Av2 GeneChip (Affymetrix Inc.) according to the manufac-
turer’s protocols. Expression values were determined using Affymetrix
Microarray Suite Version 5.0 software. The raw expression data for six
arrays (performed on RNAs prepared from three individual untreated
and three IFN-treated fibroblast cultures) are given in Supplemental
Table I.

Data Analysis—Data analysis was performed using GeneSpring soft-
ware (Silicon Genetics, Inc.). The Microarray Suite Version 5.0 gene
expression values for each gene were normalized across each chip as
well as across all experiments. All expression values with an average
difference of <20 and those that were flagged absent in all samples
were deleted from subsequent analysis. Statistical significance was
calculated using Welch’s paired two-tailed ¢ test, which assumes un-
equal variance. Using a subset of genes that were statistically affected
by IFN treatment, hierarchical clustering was performed using stand-
ard correlation values. In addition, the expression changes observed in
IFN-treated fibroblasts were compared with the expression changes
observed in studies using IFN-treated human peripheral blood mono-
nuclear cells (11) and human fibrosarcoma cell lines (12).

Quantitative Real-time PCR—Total RNA was isolated from un-
treated fibroblasts and fibroblasts treated with IFN for 24 h using
TRIzol reagent. RNA (2 ug) was reverse-transcribed using the Omnis-
cript reverse transcriptase kit (QIAGEN Inc.). Quantitative real-time
PCR was performed on an iCycler (Bio-Rad) using SYBR Green PCR
master mixture (Applied Biosystems) according to the manufacturer’s
instructions. The primers used were as follows: mx1, 5'-TCTGTGCAG-
GCACTATGAGG-3' (forward) and 5'-GCCTCTCCACTCCTCTCCTT-3’
(reverse); Isg15, 5'-TGACGCAGACTGTAGACACGC-3’ (forward) and
5'-CTTGTCCTCCATGGGCCTT-3' (reverse); nmi, 5'-AGTGGAAAGC-
GTGGATTATGA-3’ (forward) and 5'-AATGCCTTCTAATCCGGTCA-3’
(reverse); Ifit1, 5'-AGGCTGGAGTGTGCTGAGAT-3’ (forward) and 5'-
TCTGGATTTAACCGGACAGC-3' (reverse); and glyceraldehyde-3-
phosphate dehydrogenase, 5'-ATGTGTCCGTCGTGGATCTGA-3’
(forward) and 5'-GATGCCTGCTTCACCACCTT-3' (reverse).

The cyclic parameters were as follows: 95 °C for 15 min and ampli-
fication at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s for 40 cycles.
The product size was initially monitored by agarose gel electrophoresis,
and melting curves were analyzed to control for specificity of PCRs. The
data on IFN-induced genes were normalized to the expression of the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase. (Simi-
lar results were obtained by normalization to B-actin.) The relative
units were calculated from a standard curve, plotting three different
concentrations against the PCR cycle number at which the measured
intensity reached a fixed value (with a 10-fold increment equivalent to
~3.1 cycles).

Immunoblotting—At 24 h after IFN-B treatment (1000 units/ml),
cells were lysed directly in Laemmli buffer, and equivalent amounts of
protein were subjected to SDS-PAGE. Proteins were transferred to
polyvinylidene difluoride membranes; immunoblotted with anti-Isgl5,
anti-nmi, or anti-actin antibody; and visualized by chemiluminescence
with ECL reagent (Amersham Biosciences).

RESULTS

NF-«B Activation by Type I IFNs—IFN-a/B promotes NF-«B
DNA-binding activity in diverse normal cells as well as in
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Fic. 1. Requirement for p50 and p65 in IFN-promoted NF-xB
activation. A, EMSA of nuclear extracts from fibroblasts derived from
wild-type and p50:p65 KO mice treated with IFN (1000 units/ml) for
varying durations; B, EMSA of nuclear extracts from wild-type fibro-
blasts treated with 0—10 ng/ml lipopolysaccharide (LPS) for 30 min; C,
EMSA of nuclear extracts from wild-type fibroblasts treated with 1000
units/ml IFN for 30 min in the presence or absence of a neutralizing
anti-IFN polyclonal antibody. Extracts were incubated with a *?P-la-
beled promoter probe for the consensus kB site. EMSA results were
quantitated on a PhosphorImager using Quantity One software (Bio-

Rad). Similar results were obtained in at least two independent
experiments.

transformed cell lines (4). However, cell type-specific differ-
ences were observed in the composition of the IFN-induced
Rel'NF-«kB complexes. For example, IFN-induced p50-p65 com-
plexes were found in mouse 3T3 fibroblast cells, whereas p50-c-
Rel complexes were found in human Daudi cells. To determine
whether IFNs promote NF-«kB activation, fibroblasts derived
from wild-type and p50 and p65 double knockout (p50:p65 KO)
mice were stimulated with IFN-B, and NF-«B activation was
examined by EMSA. Nuclear extracts from untreated cells
(zero time) showed little, if any, constitutive binding to a con-
sensus kB oligonucleotide probe (Fig. 1A). However, IFN in-
creased B binding in wild-type fibroblasts within 15 min after
IFN treatment and reached a maximal induction by 60 min. In
contrast, IFN-induced NF-«B binding was not detected in p50:
p65 KO MEFs. Supershift assays with various Rel-specific
antisera demonstrated that p50 and p65 were present in the
IFN-induced NF-«kB complex. These results demonstrate that
germ line knockout of the Rel p50 and p65 proteins results in
the functional deletion of the IFN-induced NF-«B pathway in
MEFs.

IFN preparations are frequently contaminated with low lev-
els of endotoxin (lipopolysaccharide), which is a potent NF-«B
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Fic. 2. IFN-induced antiviral activity in wild-type and NF-kB KO mouse fibroblasts. A, to determine the ability of IFN-B to inhibit
virus-induced cytopathicity in wild-type (WT) and NF-«<B KO MEFs, fibroblasts were cultured in 96-well plates, incubated with serial 2-fold
dilutions of IFN-B for 24 h, infected with VSV, and scored for viability by 3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium dye uptake. The data represent the average of duplicate determinations from three independent experiments. B, to determine
the ability of IFN-f to reduce virus titers in VSV-infected wild-type and NF-«B KO MEFs, fibroblasts were preincubated overnight with IFN-8 and
infected with VSV, and the virus yield in the medium at 24 h post-infection was assayed by plaque formation. The data represent the average of

duplicate determinations from three independent experiments.

activator. To determine whether NF-«B activation by IFN re-
flects endotoxin contamination, nuclear extracts were pre-
pared from wild-type MEFs incubated with lipopolysaccha-
ride at varying concentrations. As shown in Fig. 1B,
lipopolysaccharide induced a dose-dependent activation of
NF-«kB at concentrations >0.1 ng/ml, which is consistent with
previous findings (13). However, the IFN preparation used
contained 1 X 107 % ng/ml endotoxin at 1000 units/ml IFN
(data not shown), which is 10,000-fold lower than the thresh-
old for NF-«kB activation. Moreover, IFN-promoted NF-«B
activation was prevented by a neutralizing anti-IFN antibody
(Fig. 1C). These results indicate that NF-«B is specifically
activated by IFN and not by contaminating endotoxin in IFN
preparations.

Role of NF-kB in the Antiviral Activity of IFN—IFNs protect
cells against virus-induced cytopathicity and inhibit viral rep-
lication. To determine the role of NF-«B in the antiviral action
of IFN, we assayed the ability of IFN-B to protect wild-type and
p50:p65 KO MEFs from the cytopathic effect of VSV. Fibro-
blasts were treated with 2-fold serial dilutions of rat IFN-g,
infected with VSV, and scored for cell viability at 24 h post-
infection. As shown in Fig. 24, both wild-type and NF-«xB KO
MEFs exhibited an IFN-dependent reduction in virus-induced
cytopathicity. However, the dose-response curve is clearly
shifted to the left in NF-«B KO cells (IC;, ~ 1 unit/ml) com-
pared with wild-type MEF's (IC5, ~ 7 units/ml). These results
demonstrate that NF-«<B KO MEFs are ~7-fold more sensitive
to IFN-B in terms of protection against virus-induced
cytopathicity.

To further characterize the role of NF-«B in the antiviral
action of IFN, we assayed the ability of low IFN concentrations
to reduce virus titer. In these assays, MEFs were incubated
with 0, 1, or 10 units/ml IFN-B for 24 h prior to infection with
VSV at a multiplicity of infection of 0.1 plaque-forming unit/
cell. Virus was harvested from culture supernatants at ~24 h
post-infection and assayed for plaque formation. The titer of
virus produced in MEFs not treated with IFN was similar
(~1 X 108 plaque-forming units/ml) in wild-type and NF-«<B

KO cell lines. As shown in Fig. 2B, treatment of wild-type
MEFs with 1 unit/ml IFN reduced the virus titer by ~3-fold,
which is consistent with the theoretical efficacy of IFN, i.e. 1
unit of IFN should reduce the virus titer by 2-fold. In contrast,
IFN treatment of NF-xB KO MEFs reduced the virus titer by
~30-fold. Moreover, whereas treatment of wild-type fibroblasts
with 10 units/ml IFN reduced the virus titer by ~100-fold, it
reduced the virus titer by ~100,000-fold in NF-«B KO fibro-
blasts. These results indicate that loss of NF-«B activity by KO
of p50 and p65 sensitizes fibroblasts to the antiviral action of
IFN.

IFN-regulated Gene Expression—IFNs produce their biolog-
ical effects through altering gene expression, most notably
through induction of a family of early response genes called
ISGs (3). Gene expression profiling using DNA microarrays has
revealed a large number of IFN-regulated genes in a variety of
cells (11, 12, 14). To investigate the role of specific genes in the
IFN-induced antiviral state of murine fibroblasts, we examined
the pattern of IFN-regulated gene expression by using high
density oligonucleotide arrays. In three separate experiments,
fibroblasts from four individual flasks were cultured for 5 h in
the absence or presence of IFN-3; RNA was isolated; and cRNA
probes were generated for hybridization to the Affymetrix mu-
rine U74Av2 GeneChip. The U74Av2 array contains 12,422
non-control probe sets representing ~6000 annotated genes
and ~6000 expressed sequence tags. After preprocessing of the
data (see “Experimental Procedures”), a total of 5400 probe sets
were used to compare gene expression between untreated and
IFN-treated MEF's. Using Welch’s paired ¢ test, we found 118
probe sets whose expression levels were increased and six
probe sets whose expression levels were decreased after IFN
treatment (Fig. 3). Many of the 118 probe sets that increased
upon IFN treatment represented previously identified ISGs. In
some cases, multiple probe sets were represented for a single
gene (i.e. Ifi204 (IFN-induced 204 gene), Adar (adenosine
deaminase, RNA-specific), and Trim21 (tripartite motif protein
21)). Importantly, the calculated -fold changes by multiple
probe sets for the same gene were comparable (for example,
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Fic. 3. IFN-regulated gene expression in wild-type MEF's. Total
cellular RNA from untreated and IFN-B-treated (2500 units/ml for 5 h)
MEFs was subjected to microarray analysis. Hierarchical clustering is
shown for 124 genes (rows) that were significantly changed by >2-fold
(p < 0.05, Welch’s ¢ test) in IFN-treated (last three columns) compared
with untreated (first three columns) murine fibroblasts. The color cod-
ing depicts the normalized expression value for each gene based on a
scale of 0-3.0 with 1.5 as the median. ESTs, expressed sequence tags.

three probe sets for Ifi204 yielded 12.2-, 8.2-, and 5.6-fold
induction), serving as an internal control for hybridization
conditions as well as GeneChip integrity. As an independent
confirmation of the expression changes we observed in IFN-
treated fibroblasts, we compared our data with those in other
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studies using IFN-treated human cell lines (11, 12). All of the
murine genes whose human homologs were definitively identi-
fied showed similar changes, albeit to varying degrees, in re-
sponse to IFN treatment of mouse fibroblasts, human periph-
eral blood mononuclear cells, and human fibrosarcoma cell
lines (Table I). Interestingly, the expression level of Gbp2 (gua-
nylate-binding protein 2) was increased 400-fold by IFN in
fibroblasts and only 2.6-fold in peripheral blood mononuclear
cells. These results indicate that the regulation of some genes
by IFN is cell type-specific.

Role of NF-kB in IFN-induced Gene Expression—To further
characterize the role of NF-«kB in the IFN-B response, we fo-
cused on four genes that were identified to be IFN-induced by
our microarray analysis: mxI (myxovirus resistance 1), Ifitl
(IFN-induced protein with tetratricopeptide repeats 1), nmi
(N-Myc/STAT-interacting protein), and Isg15 (IFN-stimulated
gene 15). These IFN-induced genes were selected for analysis
because they were induced by at least 10-fold in wild-type
fibroblasts and appeared to be differentially regulated by IFN
in NF-«B KO fibroblasts compared with wild-type fibroblasts in
preliminary microarray studies. mxI is a member of the Mx
family of GTPases, which block orthomyxovirus replication
(15). Ifit1 is a member of the tetratricopeptide (34 amino acids)
repeat family of proteins, which interfere with the function of
protein kinase R, a serine/threonine protein kinase (16, 17).
Protein kinase R is an IFN-inducible protein whose enzymatic
activity is activated by double-stranded RNA. Nmi interacts
with N-Myc (as well as c-Myc, Max, and Fos). However, more
recently, nmi has been shown to interact with STAT proteins
and appears to augment transcriptional activity and to inhibit
proteasome-mediated degradation of STAT proteins (18). Isg15
is a ubiquitin-like protein that conjugates to numerous proteins
in IFN-treated cells (19).

Expression levels of mx1, Ifitl, nmi, and Isg15 were deter-
mined by quantitative real-time PCR analysis of RNA from
fibroblasts derived from wild-type and p50:p65 KO mice, which
had been treated with 0-1000 units/ml IFN-B for 5 h. The
mRNA levels for each gene were normalized to glyceraldehyde-
3-phosphate dehydrogenase and are expressed as -fold induc-
tion relative to the level of expression in the absence of IFN-3
treatment. As shown in Fig. 4, MEFs from wild-type and
NF-«B KO mice exhibited a dose-dependent induction of all
four of the previously identified IFN-induced genes. How-
ever, mxl and nmi were induced by IFN-B at a much higher
level in the NF-«kB KO versus wild-type fibroblasts. For ex-
ample, at 1000 units/ml IFN-B, mxI and nmi levels were both
higher (~7- and ~5.5-fold, respectively) in NF-«kB KO MEF's
than in wild-type MEFs. In contrast, Isg15 and Ifit1 were
induced at much higher levels in wild-type versus NF-«B KO
MEFs. At 1000 units/ml IFN-B, Isg15 and Ifit1 levels were
higher (~3- and ~5-fold, respectively) in wild-type fibro-
blasts than in NF-«B KO fibroblasts. These results illustrate
that NF-«B plays a selective and distinct role in IFN-induced
gene expression.

To further characterize the role of NF-«B, similar experi-
ments were also performed in MEFs solely lacking the p65
protein (p657). As illustrated in Fig. 4, Isg15 and Ifitl were
induced at relatively similar levels in wild-type and p65~
MEFs. nmi levels were somewhat higher in p65~ MEFs com-
pared with wild-type MEF's, but lower than induced levels in
NF-kB KO MEFSs. In contrast, mx1 levels were both signifi-
cantly higher in NF-«B KO and p65~ MEFs compared with
wild-type MEFs. These results suggest that the enhancing
role that NF-«B plays in some ISGs, such as Isg15 and Ifitl,
does not involve p65-containing NF-«kB complexes. In con-
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TABLE 1
A subset of genes whose expression is modulated by IFN in murine fibroblasts in this study
as well as in other studies using human blood or fibrosarcoma cell lines
-Fold changes are displayed in descending order for murine fibroblasts, which were treated with 2500 units/ml IFN-B for 5 h. For comparison,
-fold changes are reported for identifiable human homologs of genes whose expression was altered in peripheral blood mononuclear cells by
treatment with 1000 units/ml IFN-«a and IFN- for 6 h (11) and in human fibrosarcoma cell lines by treatment with 1000 units/ml IFN-« or IFN-
(14). PBMC, peripheral blood mononuclear cell; EST, expressed sequence tag; IL-6, interleukin-6.

-Fold change

Gene ontology classification

Accession no. Gene

e, ERMG, Fibmgroma Fibrgeoma
U43084 Ifit1 486.5 29.4 124.6 Immune response
AJ007970 Gbp2 407.9 2.6 GTPase
M33266 Cxcl10 201.9 188.6 2.7 2.7 Immune response Cytokine
M21038 mxl 87.9 14.2 5.7 12.7 Immune response GTPase
X56602 Isg15 49.5 27.9 20.7 16.3 Immune response
U06924 Statl 38.0 4.9 8.5 Transcription DNA binding
AF019249  nmi 33.3 3.3 3 4.6
J03368 mx2 30.6 24.4 21.3 31.3 GTP binding
M31419 Ifi204 12.2 2.7 4.9 12.7 Immune response
U60020 Tapl 11.0 3.4 28 21 Immune response ABC transporter
AF052506  Adar 9.1 1.9 DNA editing RNA binding
AA960657  Ifi204 8.2 2.7 4.9 12.7
U88325 Socs1 7.5 5.3 Immune response Kinase inhibitor
X67809 Ppicap 7.2 8.2 0 2.1 Scavenger receptor
AWO049897  FIn29 (pending) 7.0 4.3 Zinc binding
U51992 Isgf3g 6.6 1.7 10.1 9.6 Immune response DNA binding
X54542 16 6.5 12.0 Immune response IL-6 receptor ligand
M31419 1fi204 5.6 2.7 4.9 12.7 Immune response
L.27990 Trim21 5.5 3.7 10.2 6.6 RNA binding
AW046250 Adar 5.4 1.9 RNA binding
M21065 Irf1 4.9 1.5 4 5.3 Immune response DNA binding
AW046479 EST 4.6 1.3
V09928 Prkr 4.5 0 7 Immune response Ser/Thr protein kinase
AA138192  Trim21 3.7 3.7 10.2 6.6 RNA binding
U15635 Samhd1 3.3 1.9 Immune response Enzyme
AA608387  Il13ral 2.8 2.9 0 1.7 Interleukin receptor
AI838195 Ogfr 3.0 2.4 Receptor
L16956 Jak2 2.2 6.1 Differentiation/proliferation Protein-tyrosine kinase
U60329 Psme2 2.9 2.80 1.6 1.6 Proteasome activator
X51397 myD88 3.0 2.4 Immune response Transmembrane receptor
AB007136  Psmel 2.7 19 1.6 Immune response
U33626 Pml 2.4 3.0 Transcription DNA binding

trast, the NF-«kB-mediated repression of some ISGs, such as
mx1 and nmi, apparently involves p65-containing complexes.

To determine whether the selective effects of NF-«xB on ISG
expression can be detected at the protein level, the effects of
IFN on Isg15 and nmi protein expression were determined in
wild-type and NF-«kB KO MEFs. Lysates were prepared from
cells treated with 0—1000 units/ml IFN-B for 24 h, and protein
expression was determined by immunoblotting. As illustrated
in Fig. 5, although a small but detectable induction of nmi
protein expression was observed in wild-type MEF's after 1 day
of treatment with a relatively high IFN concentration (1000
units/ml), nmi induction was much greater in NF-«B KO MEF's
and was induced at low IFN concentrations. In contrast, the
induction of Isgl5 protein by IFN treatment was greater in
wild-type MEFs than in NF-kB KO MEFs. Therefore, the re-
sults on the effects of NF-kB on ISG expression at the protein
level are consistent with the results determined at the RNA
level.

DISCUSSION

IFN-o/B has numerous biological activities, including anti-
cancer, anti-proliferative, antiviral, antibacterial, anti-proto-
zoal, and immunomodulatory functions (20). Moreover, IFN is
used clinically in diseases of diverse pathogenesis and mani-
festation such as hairy cell leukemia, Kaposi’s sarcoma, laryn-
geal and genital papillomas, chronic viral hepatitis, and mul-
tiple sclerosis. The therapeutic potential of IFN and its role as
a model for understanding the function of many cytokines
make it important to understand the molecular basis for IFN-

of/B action. Although the JAK-STAT signaling pathway has
been a useful paradigm for the understanding of signal trans-
duction by IFNs, evidence has accumulated that IFN signaling
is more complex and involves serine/threonine kinases such as
protein kinase C, phosphatidylinositol 3-kinase, Akt/protein
kinase B, and ERK (extracellular signal-regulated kinase) (21).
Recent studies have established that IFN also signals through
a pathway involving the NF-«kB transcription factor, which
counterbalances pro-apoptotic signals. In this study, we have
further characterized the biological significance of NF-«B acti-
vation during IFN-mediated responses.

NF-«B functions as a dimer, which consists of different Rel
family proteins. We have shown that IFN activation of NF-«B
was abolished in fibroblasts derived from mice in which the
p50 and p65 members of the Rel family have been knocked
out. Moreover, we showed that MEF's from p50:p65 KO mice
were more sensitive to the antiviral action of IFN as demon-
strated by higher sensitivity to protection against virus-
induced cytopathicity as well as to the inhibition of viral
replication as measured by plaque assays. It is of interest
that recent studies suggest that NF-«B may down-regulate
cellular responsiveness to specific cytokines. For example,
enhanced tumor necrosis factor-mediated JNK (c-Jun N-
terminal kinase) signaling has been observed in NF-«B KO
mice (22, 23).

A number of IFN-induced proteins are believed to be respon-
sible for the antiviral state induced by IFNs. Our microarray
analysis of IFN-regulated genes in MEFs from wild-type mice
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Fic. 4. Differential expression of ISGs in wild-type and NF-«B KO fibroblasts. Real-time PCR (iCycler) was performed on ¢cDNAs
prepared from untreated fibroblasts and IFN-B-treated (5 h) fibroblasts derived from wild-type (WT), p50:p65 KO (double knockout (DKO)), and
p65~ mice. Real-time PCR was performed in triplicate, and the results from at least three independent experiments were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression. Data are expressed as -fold induction relative to gene expression in untreated fibroblasts

and are means * S.E.

identified 124 probe sets that were differentially regulated
upon IFN treatment. This group consisted of many known
ISGs such as Ifit1, Gbp2, mx1, Isgl5, Statl, nmi, mx2, If204,
Adar, Irf1, and protein kinase R. To further characterize the
role of NF-«kB in IFN action, we performed a preliminary
microarray experiment using MEFs from p50:p65 KO mice.2
A subset of the ISGs (mx1, Ifit1, nmi, and Isg15) was selected
for further analysis based on the following criteria: induced
at least 10-fold in wild-type fibroblasts, described previously
as IFN-inducible, play a role in IFN action, have kB sites in
their promoters, and appeared to be differentially regulated
in NF-«B KO cells.

Our results indicate that NF-«B plays a complex role in the

2 L. M. Pfeffer, L. Wei, and R. Homayouni, unpublished data.

regulation of IFN-inducible genes. For instance, NF-kB en-
hances the IFN-induced expression of Isg15 and Ifit1 (higher
levels in wild-type versus KO MEFs) while repressing the IFN-
induced expression of mxI and nmi (higher levels in KO versus
wild-type MEFs). NF-«B regulates gene expression by binding
to cis-acting kB sites in promoters bearing the consensus se-
quence 5'-GGGRNNYYCC-3' (where R is a purine nucleoside,
N is a nucleoside, and Y is a pyrimidine nucleoside). Interest-
ingly, a number of kB sites upstream of the transcription start
site are detectable in all four genes using the Genomatix Soft-
ware Suite. Dimeric complexes of various combinations of the
Rel/NF-«B family of polypeptides differ in their preference for
certain kB sites on DNA, transactivation potentials, kinetics of
nuclear translocation, and levels of tissue expression. The
p50-p65 complex is ubiquitously expressed and tends to be
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Fic. 5. Differential protein expression of ISGs in wild-type and
NF-kB KO fibroblasts. Inmunoblotting was performed on cell lysates
prepared from untreated fibroblasts and IFN-B-treated (1000 units/ml
for 24 h) fibroblasts derived from wild-type (WT) and p50:p65 KO
(double knockout (DKO)) mice. Cell lysates were resolved by SDS-
PAGE; blotted onto polyvinylidene difluoride membranes; probed with
anti-Isg15, anti-nmi, or anti-actin antibody; and visualized by enhanced
chemiluminescence. Equal protein loading on gels was demonstrated by
similar levels of actin staining.

rapidly translocated to the nucleus in response to activating
signals, whereas other complexes tend to accumulate in nuclei
more slowly. The p50 homodimer is generally thought of as an
inhibitor of kB-dependent transcription (24). Our results sug-
gest that p50, but not p65, contributes to the enhancing role
that NF-«B plays in some ISGs such as Isg15 and Ifit1. This is
consistent with the recent finding that p50 rather than p65 is
involved in the NF-kB-mediated activation of the Gbp1 gene by
IFN (25). In contrast, both p50 and p65 apparently contribute
to the NF-«kB-mediated repression of some ISGs such as mx1
and nmi. Consistent with this notion is the finding that p65,
but not p50, inhibits c-maf-dependent interleukin-4 tran-
scription (26). Taken together, our results suggest that
NF-kB participates in an intricate gene regulatory network
involving a number of other transcription factors that coor-
dinately regulate the expression of ISGs in the context of
other cell signaling pathways. Understanding the exact role
of NF-«kB subunits in ISG expression will most certainly
require further analysis of the interaction of these IFN-
activated signaling pathways.

The mouse mx1 protein is induced by IFN and accumulates
in the nucleus. mx1 is a member of the Mx family of dynamin-
like GTPases, which appear to block viral nucleocapsid trans-
port and inhibit viral RNA synthesis. mx1 alone appears to be
sufficient to block viral replication in the absence of any other
IFN-inducible genes. mx1 appears to be exclusively regulated
by IFN-o/B and is not responsive to other cytokines (27). nmi
is an IFN-inducible protein that was originally identified in a
two-hybrid screen with N-Myc and hence was named N-Myc-
interacting protein. nmi is also induced by double-stranded
RNA, an intermediate in viral replication and a potent IFN
inducer, but not by the inflammatory cytokines tumor necro-
sis factor and interleukin-1 (28). nmi also interacts with
c-Myc, Max, and Fos as well as with all members of the STAT
transcription factor family with the exception of STAT2. nmi
enhances STAT association with the CBP (cAMP-responsive
element-binding protein-binding protein)/p300 coactivator
proteins and thereby augments STAT-dependent transcrip-
tion. We found that both mxI and nmi were more sensitive to
IFN induction in NF-«kB KO cells, which is consistent with
their presumptive role in mediating IFN action.

Ifit1, also called p58™FX, is an IFN-inducible member of the
tetratricopeptide repeat and J-domain protein families. Ifit1 is
also induced by double-stranded RNA, but not by the inflam-
matory cytokines tumor necrosis factor and interleukin-1 (28).

Role of NF-kB in IFN Action

Ifit]1 inhibits the double-stranded RNA-activated protein ki-
nase R. Protein kinase R is part of the IFN-induced host re-
sponse to viral infection and inhibits translation initiation
through the phosphorylation of ribosomal eukaryotic initiation
factor-2a. Ifit1 may play a broader role in cellular stress re-
sponse by acting as a co-chaperone for Hsp/Hsc70 (17). Since
Ifit1 is an inhibitor of IFN action and since we observed an
increase in antiviral sensitivity in NF-«xB KO mice, it is entirely
consistent that Ifit1 is induced to a greater extent in MEFs
from wild-type mice than in those from NF-«kB KO mice. Sim-
ilar to Ifitl, induction of Isg15 by IFN was also regulated
through an NF-«kB-dependent pathway. Isgl15 encodes a 15-
kDa protein that is strongly induced after IFN treatment and
that has strong sequence homology to ubiquitin (19). Isg15 can
be conjugated to intracellular proteins via an isopeptidase bond
in a manner similar to ubiquitin and ubiquitin-like modifiers.
The ubiquitin/proteasome pathway functions in the controlled
degradation of cellular proteins and regulates cytokine signal
transduction through the degradation of specific signaling com-
ponents. A number of important regulators of signal transduc-
tion are modified by Isg15, including JAK1 and STAT1. Al-
though the biochemical function of Isgl5 conjugation is
unresolved, it is tempting to speculate that Isg15 conjugation
may target IFN signaling components for degradation and
thereby negatively regulate IFN signaling. If this is the case,
the observed increase in antiviral sensitivity to IFN in NF-«B
KO mice would be consistent with Isg15 being induced to a
greater extent in MEF's from wild-type mice than in those from
NF-«kB KO mice.
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