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Respiratory syncytial virus (RSV) is a mucosa-restricted virus that is a leading cause of epidemic respiratory
tract infections in children. In epithelial cells, RSV replication activates nuclear translocation of the inducible
transcription factor nuclear factor kB (NF-kB) through proteolysis of its cytoplasmic inhibitor, IkB. In spite
of a putative role in mediating virus-inducible gene expression, the spectrum of NF-kB-dependent genes
induced by RSV infection has not yet been determined. To address this, we developed a tightly regulated cell
system expressing a nondegradable, epitope-tagged IkBa isoform (Flag-IkBa Mut) whose expression could be
controlled by exogenous addition of nontoxic concentrations of doxycycline. Flag-IkBa Mut expression potently
inhibited IkBa proteolysis, NF-kB binding, and NF-kB-dependent gene transcription in cells stimulated with
the prototypical NF-kB-activating cytokine tumor necrosis factor alpha (TNF-a) and in response to RSV
infection. High-density oligonucleotide microarrays were then used to profile constitutive and RSV-induced
gene expression in the absence or presence of Flag-IkBa Mut. Comparison of these profiles revealed 380 genes
whose expression was significantly changed by the dominant-negative NF-kB. Of these, 236 genes were
constitutive (not RSV regulated), and surprisingly, only 144 genes were RSV regulated, representing numer-
ically ~10% of the total population of RSV-inducible genes at this time point. Hierarchical clustering of the 144
RSV- and Flag-IkBa Mut-regulated genes identified two discrete gene clusters. The first group had high
constitutive expression, and its expression levels fell in response to RSV infection. In this group, constitutive
mRNA expression was increased by Flag-IkBa Mut expression, and the RSV-induced decrease in expression
was partly inhibited. In the second group, constitutive expression was very low (or undetectable) and, after RSV
infection, expression levels strongly increased. In this group, NF-kB was required for RSV-inducible expression
because Flag-IkBa Mut expression blocked their induction by RSV. This latter cluster includes chemokines,
transcriptional regulators, intracellular proteins regulating translation and proteolysis, and secreted proteins
(complement components and growth factor regulators). These data suggest that NF-kB action induces global

cellular responses after viral infection.

NF-«B is a family of inducible transcription factors control-
ling expression of genes important for pathogen- or cytokine-
induced inflammation, immune response, and cellular survival
(5, 21, 37). The prototypical NF-kB complex, composed of
50-kDa NF-«kB1 and 65-kDa RelA heterodimers, is regulated
by its association with a family of cytoplasmic inhibitors, IkBs,
whose members bind and specifically inactivate NF-kB mem-
bers by masking their nuclear localization sequence, thereby
preventing nuclear entry (27, 32; reviewed in reference 7).

NF-kB activation is a sequential process whose final result is
to induce nuclear translocation of the inactivated cytoplasmic
NF-kB complex through targeted proteolysis of the IkB inhib-
itors. Intracellular NF-kB-activating signals converge on the
multiprotein cytoplasmic IkB kinase complex (IKK), a com-
plex that phosphorylates IkB on two serine residues (Ser** and
Ser®) in its NH,-regulatory domain (reviewed in reference
37). Phospho-IkB is then specifically bound by the SCF-type
E3 ubiquitin ligase E3RS, initiating IkB ubiquitination and

* Corresponding author. Mailing address: Division of Endocrinol-
ogy, MRB 8.138, The University of Texas Medical Branch, 301 Uni-
versity Blvd., Galveston, TX 77555-1060. Phone: (409) 772-2824. Fax:
(409) 772-8709. E-mail: arbrasie@utmb.edu.

6800

proteolysis through the proteasome (10, 37, 38). A parallel
pathway important in viral infection produces IkB degradation
through cytoplasmic calpains (30, 34). Following IkB proteol-
ysis, liberated NF-kB enters the nucleus to activate target gene
transcription.

Because of the large number of inducible cytokine, chemo-
kine, acute-phase reactant, and adhesion molecule genes that
contain NF-kB binding sites in their promoters, NF-kB ap-
pears to play an essential role in innate immunity and the
inflammatory (host) response to infectious agents (8, 11, 40,
52; reviewed in reference 56). Our laboratory has been inves-
tigating the mechanisms for chemokine expression induced by
respiratory syncytial virus (RSV). RSV is a ubiquitous human
respiratory tract pathogen known to produce severe lower re-
spiratory tract infections (bronchiolitis) in infants, accounting
for ~100,000 hospitalizations in the United States annually
(50; reviewed in reference 26). Human RSV infections char-
acteristically show virus-induced damage to the epithelial sur-
face (1, 15, 19) and a pronounced inflammatory response,
consisting of a perivascular mononuclear and lymphocytic in-
filtrate (1, 15). Other features of immune activation that can be
detected include neutrophil recruitment into the bronchoal-
veolar lavage (14) and eosinophilic and basophilic degranula-
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tion products in nasopharyngeal secretions whose levels corre-
late with disease severity (20, 31, 53).

Because RSV is a mucosally restricted virus, the airway
epithelium is thought to play an important role in initiating
airway inflammation. Here RSV replication induces expression
and secretion of cytokines (16, 21, 44), chemokines (6, 47, 57),
arachidonic acid metabolites (22), reactive oxygen species (11),
and cell surface display of major histocompatibility complex
(MHC) class I (36) and CD18 (46). We recently extended
these observations by profiling chemokine expression patterns
by using macro- and high-density oligonucleotide arrays (57).
These studies suggested that RSV profoundly influenced gene
expression profiles in the cells in which it replicates; focused
analysis of virus-induced chemokines showed a time-depen-
dent expression of CC (I-309, Exodus-1, TARC, RANTES,
MCP-1, MDC, and MIP-1 o/B), CXC (GRO «/B/y, ENA-7S,
IL-8, and I-TAC), and CX,C (fractalkine) subclasses.

Promoter analysis studies suggest that NF-«B is likely to play
a central role mediating inducible cytokine and chemokine
gene expression. For example, we have shown that RSV in-
duces NF-kB translocation through a mechanism involving
proteolysis of the RelA-associated inhibitor IkBa through a
dual pathway involving the 26S proteasome and an as yet
uncharacterized protease (34) stimulated by active viral repli-
cation (17, 34) and mediated upstream by activation of the IKK
complex (25). Mutation of the NF-«B binding site or inhibition
of its translocation blocks RSV-inducible interleukin-8 (IL-8)
and RANTES expression (8, 12, 52). However, the spectrum of
NF-«kB-dependent genes expressed by replicating RSV has not
been reported.

To address this, we developed a cell system expressing a
nondegradable epitope-tagged IkBa (IkBa Ser*?Ala/Ser*®Ala,
termed Flag-IkBa Mut) whose expression is strongly inhibited
after addition of nontoxic concentrations of doxycycline to the
culture medium. Stable clonal cell lines expressing the tetra-
cycline-controlled transactivator and IkBa Mut were isolated
and screened for doxycycline-dependent expression. Upon
doxycycline withdrawal, Flag-IkBa Mut expression potently
inhibited NF-kB-dependent transcription in response to the
prototypical NF-kB-activating cytokine TNF-« and in response
to RSV infection. High-density oligonucleotide arrays were
then used to assay for profiles of gene expression in response
to RSV infection in the presence of Flag-IkBa Mut versus
those induced in its absence. Our data suggest a role for NF-«kB
in controlling constitutive gene expression and further specif-
ically identify members of the RSV-inducible NF-kB-depen-
dent gene network.

MATERIALS AND METHODS

RSV preparation. The human Long strain of RSV (A2) was grown in Hep-2
cells and purified by centrifugation on discontinuous sucrose gradients (57). The
virus titer of the purified RSV pools was 7.5 to 8.5 log PFU/ml, determined by
methylcellulose plaque assay. No contaminating cytokines, including IL-1,
TNF-a, IL-6, IL-8, granulocyte-macrophage colony-stimulating factor, and in-
terferon, were found in these sucrose-purified viral preparations (21). Lipopoly-
saccharide (LPS), assayed by using the Limulus hemocyanin agglutination assay,
was also not detected. Virus pools were aliquoted, quick-frozen on dry ice-
alcohol, and stored at —70°C until used.

Plasmid construction. Plasmids pUHD10-4, a plasmid containing seven copies
of the tetracycline operator (tetO) upstream of the cytomegalovirus minimal
promoter, and pUHD15-1 Neo, a plasmid expressing the tetracycline transacti-
vator (tTA), were gifts of M. Gossen and H. Bujard (University of Heidelberg,
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Germany) (23). The doxycycline-regulated NF-kB dominant-negative expression
plasmid encoding IkBa with serine residues 32 and 36 substituted for alanine
(IkBa Mut) under control of fetO sequences was generated in two steps. The
pUHD10-4 multiple cloning site was modified to encode a Flag epitope tag
downstream of an optimized Kozak initiation site. This plasmid was constructed
by inserting the double-stranded oligonucleotide produced by annealing the
sequence 5'-AATT CGC CAT ATG GAT TAC AAA GAC GAT GAC GAT
ACC ATG GTT AGA TCT GAT ATC G-3' (initiation codon indicated by
double underline, Bg/II site indicated by single underline) with 5'-GATCC GAT
ATC AGA TCT AAC CAT GGT ATC GTC ATC GTC TTT GTA ATC CAT
ATG GC-3' into EcoRI- and BamHI-restricted pUHD10-4 to generate pUHD-
FLAG.

The IkBa Ser*?Ala/Ser**Ala mutation was produced by PCR by using muta-
genic primers as previously described by us (12). The IkBa Mut cDNA was
isolated containing upstream BamHI and downstream HindIIl (made blunt
ended by Klenow polymerase) and ligated into Bg/II and BamHI-restricted
pUHDFLAG (the BamHI site made blunt ended by Klenow polymerase) to
generate the expression vector pUHDFLAG-IkBa Mut for use in transient
transfection assays. For stable cell isolation, the Flag-IkBa Mut cDNA was
excised, made blunt ended, and cloned into the Pvull site of the plasmid pBI-
EGFP plasmid (Clontech, Palo Alto, Calif.). pBI-EGFP-IkBa Mut expresses the
enhanced green fluorescent protein (EGFP) and Flag-IkBa Mut from a bidirec-
tional tetO-driven promoter for rapid visual screening of stable transfectants.

The firefly luciferase reporter genes driven by the human IL-8 (hIL-8) native
promoter, —162/+44 hIL-8/LUC, and the IL-6 native promoter, —310/+25 hIL-
6/LUC, have been described (8, 29). Constructs carrying three copies of the
angiotensinogen RelA/NF-kB1 binding site or three copies of the IL-6 RelA/
NF-kB1 site cloned upstream of an inert TATA box driving expression of firefly
luciferase, (APREWT);-p59rAT/LUC and (IL-6kBE);-pS9rAT/LUC, respec-
tively, have been described (8, 29, 35). pTK-Hyg, encoding the hygromycin
resistance marker, was obtained commercially (Clontech, Palo Alto, Calif.).
Plasmids were purified by ion exchange chromatography (Qiagen, Chatsworth,
Calif.) and sequenced across cloning junctions to verify authenticity prior to
transfection.

Cell culture and transfection. The human cervical epithelioid carcinoma cell
line HeLa expressing tTA (HeLa Tet-Off) was constructed earlier (23). HeLa
Tet-Off cells were grown in medium containing 90% Dulbecco’s modified Eagle’s
medium, 10% heat-inactivated fetal bovine serum, 4 mM L-glutamine, 0.1 mM
nonessential amino acids, and 1 mM sodium pyruvate plus 100 pg of G418, 100
U of penicillin G sodium, and 100 pg of streptomycin sulfate per ml in a
humidified atmosphere of 5% CO,.

To establish stable cell lines in which IkBa Mut is regulated by exogenous
doxycycline, HeLa Tet-Off cells were cotransfected with pBI-EGFP-IkBa Mut
and pTK-Hyg plasmids by using Lipofectamine (Life Technologies, Inc.). At 24 h
after transfection, cells were changed into medium containing 250 pg of hygro-
mycin B and 2 pg of doxycycline per ml. Hygromycin-resistant clones were
isolated and screened after doxycycline withdrawal by culture in tetracycline-free
fetal bovine serum (Clontech) for 7 days. Only strongly fluorescent clones were
selected further. These clones were further screened for IkBa Mut expression by
Western blotting (with either anti-IkBa or anti-Flag antibodies) or by inhibition
of TNF-a-stimulated NF-«kB binding in electrophoretic mobility shift assays.
Only the clones whose expression of IkBa Mut was tightly regulated by doxycy-
cline were selected for further experiments.

For TNF-a stimulation, recombinant TNF-a (rTNF-a) was added directly to
the culture medium for the indicated times (25 ng/ml, final concentration). For
RSV infection, freshly isolated cells were split into two cultures; one group was
maintained in doxycycline, and the other was maintained without for 7 days, a
time at which IkBa Mut expression was maximal. Cells were then changed into
Dulbecco’s modified Eagle’s medium containing 2% (vol/vol) fetal bovine serum.
Cell monolayers were infected with sucrose cushion-purified RSV at a multiplic-
ity of infection of 1.

For transient transfections, cells freshly plated into triplicate 60-mm plates
were transfected by using Lipofectamine (Life Technologies, Inc.) with 8 g of
indicated luciferase reporter plasmid and 3 g of the constitutive alkaline phos-
phatase internal control plasmid pSV,PAP (35). Cells were cultured for an
additional 40 h and, where indicated, stimulated with rTNF-a for the indicated
times. For reporter assays, cells were harvested 6 h after rTNF-a stimulation,
cytoplasmic lysates were prepared, and luciferase activity was measured (35). As
an internal control for transfection efficiency, alkaline phosphatase activity was
measured in 50 g of cell lysate as described previously (35). Fold induction of
reporter activity was calculated by dividing the mean normalized luciferase ac-
tivity from three treated cultures by the mean normalized luciferase activity from
three untreated cultures.
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Preparation of subcellular extracts. Cells were washed two times with phos-
phate-buffered saline and disrupted by hypotonic nonionic detergent lysis by
addition of 2 cell volumes of buffer A (50 mM HEPES [pH 7.4], 10 mM KClI, 1
mM EDTA, 1 mM EGTA, 1 mM dithiothreitol plus 0.1 mg of phenylmethylsul-
fonyl fluoride, 1 wg of pepstatin A, 1 pg of leupeptin, 10 pg of soybean trypsin
inhibitor, and 10 pg of aprotinin per ml, and 0.5% IGEPAL CA-630 [(octylphe-
noxy)polyethoxyethanol]). After 10 min on ice, the nuclei were pelleted by
centrifugation at 4,000 X g for 4 min at 4°C (the supernatant constituting the
cytoplasmic extract). The nuclear pellets were further purified by centrifugation
through a discontinuous sucrose cushion by resuspending in buffer B (1.7 M
sucrose, 50 mM HEPES [pH 7.4], 10 mM KCI, 1 mM EDTA, 1 mM EGTA, 1
mM dithiothreitol plus 0.1 mg of phenylmethylsulfonyl fluoride, 1 pg of pepstatin
A, 1 pg of leupeptin, 10 pg of soybean trypsin inhibitor, and 10 pg of aprotinin
per ml), and centrifuging at 12,000 X g for 10 min at 4°C.

Proteins in the pelleted nuclei were extracted by incubating in buffer C (10%
glycerol, 50 mM HEPES [pH 7.4], 400 mM KCI, 1 mM EDTA, 1 mM EGTA, 1
mM dithiothreitol plus 0.1 mg of phenylmethylsulfonyl fluoride, 1 pg of pepstatin
A, 1 pg of leupeptin, 10 pg of soybean trypsin inhibitor, and 10 pg of aprotinin
per ml) with frequent vortexing for 30 min at 4°C. After centrifugation at 12,000
X g for 30 min at 4°C, the supernatant was frozen at —70°C. With this technique,
the nuclear fractions are free of cytoplasmic contamination and the cytoplasmic
fractions lack nuclear markers (9). Both cytoplasmic and nuclear extracts were
normalized for protein concentration by using bovine serum albumin as a stan-
dard (Bio-Rad, Hercules, Calif.).

Western immunoblot. For Western immunoblot, a constant amount of cyto-
plasmic or nuclear extracts (200 to 300 wg as indicated) was boiled in Laemmli
buffer, fractionated by sodium dodecyl sulfate—10% polyacrylamide gel electro-
phoresis (SDS-10% PAGE), and transferred to polyvinylidene difluoride mem-
branes (Millipore, Bedford, Mass.) in 3-[cyclohexylamino]-1-propanesulfonic
acid (CAPS)-methanol (35). Membranes were blocked in 5% milk-Tris-buffered
saline (TBS)-0.1% Tween for 1 h and immunoblotted with either anti-Flag M2
monoclonal antibody-peroxidase conjugate (Sigma Chemical, no. A8592) or af-
finity-purified rabbit polyclonal antibody anti-IkBa (Santa Cruz Biotechnology,
Santa Cruz, Calif.) for 1 h at 4°C. Membranes were washed four times in
TBS-0.1% Tween 20. Immune complexes were detected by reaction in the
enhanced chemiluminescence assay (ECL; Amersham) according to the manu-
facturer’s recommendations. Protein loading controls were performed by prob-
ing the blot with monoclonal antibody to B-actin (9).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed as
described previously (9) with minor modifications. Nuclear extracts (15 pg) were
incubated with 40,000 cpm of 3?P-labeled APRE WT duplex oligonucleotide
probe and 2 pg of poly(dA-dT) in a buffer containing 8% glycerol, 100 mM NaCl,
5 mM MgCl,, 5 mM dithiothreitol, and 0.1 pg of phenylmethylsulfonyl fluoride
per ml in a final volume of 20 pl for 20 min at room temperature. The complexes
were fractionated on 6% or 7% native polyacrylamide gels run in 1X TBE buffer
(89 mM Tris, 89 mM boric acid, and 2.0 mM EDTA), dried, and exposed to
Kodak X-AR film at 70°C. Competition was performed by the addition of a
100-fold molar excess of nonradioactive double-stranded oligonucleotide com-
petitor at the time of addition of radioactive probe. The sequences of the APRE
double-stranded oligonucleotides are shown below:

APRE WT: GATCCACCACAGTTGGGATTTCCCAACCTGACCA
GTGGTGTCAACCCTAAAGGGTTGGACTGGTCTAG

APRE M6: GATCCACCACATGTTGGATTTCCGATACTGACCA
GTGGTGTACAACCTAAAGGCTATGACTGGTCTAG

Antibody supershift assays were performed by adding to the binding reaction
1 pl of affinity-purified polyclonal antibodies and incubating for 1 h on ice. All of
the antibodies used in these assays were obtained commercially (Santa Cruz
Biotechnology.

RNase protection assay. Steady-state mRNA levels in RSV-infected cells were
analyzed by RNase protection assay by using the RiboQuant multiprobe kit
(PharMingen, San Diego, Calif.) following the manufacturer’s recommenda-
tions. In brief, 3*P-labeled specific antisense RNA probes were synthesized by in
vitro transcription from multiple DNA template sets. An equal amount of total
RNA (15 pg per sample) was hybridized overnight to the *?P-labeled RNA
probes and digested with RNases A and T;. The protected cRNA probes were
precipitated with ethanol and resolved on QuickPoint precast denaturing poly-
acrylamide gels (Novex, San Diego, Calif.). The gel was dried and then exposed
to X-ray film. The abundance of each mRNA transcript was quantified on a
PhosphorImaging screen and normalized to housekeeping .32 transcripts in the
same reaction.
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Northern blot. Total cellular RNA was extracted by acid guanidium-phenol
extraction (Tri Reagent; Sigma). RNA (20 ng) was denatured, fractionated by
electrophoresis on a 1.2% agarose—formaldehyde gel, capillary transferred to a
nitrocellulose membrane (Zeta-Probe GT; Bio-Rad), and prehybridized as de-
scribed previously (8). The 1.1-kb RSV N ¢cDNA probe was produced by PCR by
using poly(A)-primed cDNA as a template from RSV-infected A549 cells by
using the upstream primer 5'-CAAATGGATCCATGGCTCTTAGCAAAGTC
AAG-3' and the downstream primer 5'-TTCCCGGTTCAAAGCTCTACATC
ATTATC-3'. The membrane was hybridized with 1 X 10° to 2 X 10° cpm of
32P-RSV-N cDNA probe per ml at 60°C overnight in 5% sodium dodecyl sulfate
(SDS) hybridization buffer. The membrane was washed with a buffer containing
5% SDS and 1X saline-sodium citrate (0.15 M NaCl and 0.015 M sodium citrate)
for 20 min at room temperature, followed by 30 min at 60°C. Internal control
hybridization was performed with 18S RNA. The membrane was exposed to
XAR film (Kodak) for 24 to 48 h at 70°C and quantified by exposure to Phos-
phorImager cassette.

Measurement of apoptotic index. DNA fragmentation was assayed by using a
commercially available enzyme-linked immunosorbent assay (ELISA) (Boehr-
inger Mannheim Biochemicals, Indianapolis, Ind.). This assay detects small nu-
cleosomal fragments in the cytoplasmic fractions of affected cells that arise
during apoptosis but not as a result of necrosis. After the cells were infected with
RSV for the indicated time period, cells were harvested by trypsinization, and 5
X 10° cells were lysed for 30 min at room temperature and cleared of cellular
debris for 20 min at 200 X g. The resulting cytoplasmic fraction was used as a
source of nucleosomal fragments. Following incubation of this supernatant with
capture antibodies and detection reagent, the absorbance was measured at 405
nm by Multiskan (model MCC/340; Titertek Instruments, Inc., Irvine, Calif.) and
compared with substrate solution as a blank. The apoptotic index was calculated
according to the manufacturer’s instructions by dividing the absorbance of stim-
ulated cells by the absorbance of control cells.

Oligonucleotide probe-based microarrays. Hu95A GeneChip (Affymetrix Inc.,
Santa Clara, Calif.) containing 12,626 sequenced human genes was used as
previously described (57). Briefly, first-strand cDNA synthesis was performed
by using total RNA (10 to 25 wg), a T7-(dT),, oligomer [5'-GGCCAGTGA
ATTGTAATACGACTCACTATAGGGAGGCGG-(dT),4-3'] and SuperScript
II reverse transcriptase (Life Technologies). The T7 promoter introduced during
first-strand cDNA synthesis is then used to direct the synthesis of cRNA by using
bacteriophage T7 RNA polymerase. The biotin-labeled target RNAs are frag-
mented to a mean size of 200 bases and initially hybridized to a test array
containing a set of probes representing genes that are commonly expressed in the
majority of cells (actin, glyceraldehyde-3-phosphate dehydrogenase [GAPDH],
transferrin receptor, transcription factor ISGF-3, 18S RNA, 28S RNA, and alu)
to confirm their successful labeling.

Hybridization was performed at 45°C for 16 h in hybridization buffer (0.1 M
morpholineethanesulfonic acid [MES, pH 6.6], 1 M NaCl, 0.02 M EDTA, and
0.01% Tween 20). Four prokaryotic genes (bioB, bioC, and bioD from the
Escherichia coli biotin synthesis pathway and cre, the recombinase gene from
bacteriophage P1) were added to the hybridization cocktail as internal controls.
Arrays were washed by using both nonstringent (1 M NaCl, 25°C) and stringent
(1 M NaCl, 50°C) conditions prior to staining with phycoerythrin-streptavidin (10
pg/ml final). Gene Chip arrays were scanned by using a Gene Array Scanner
(Hewlett Packard) and analyzed by using the Gene Chip Analysis Suite 3.3
software (Affymetrix Inc.). For each gene, 16 to 20 probe pairs were immobilized
as ~25-mer oligonucleotides that hybridized throughout the mRNA; each probe
pair was represented as a perfect match oligonucleotide and a mismatch oligo-
nucleotide as a hybridization control.

The average intensity of each probe cell was calculated after subtraction of the
local background (the lowest 2% intensity of each sector; each probe cell is
divided into 16 sectors). The normalized average intensity value is used to
determine the number of positive and negative probe pairs. Based on the posi-
tive/negative ratio, positive fraction and log average ratio of the perfect match to
mismatch, the absolute call [e.g., the gene is detected (present) or not (absent)]
is determined (57, 58). Finally the average difference is determined by calculating
the difference intensity between the perfect match and mismatch of every probe
pair and averaging the differences over the entire probe set.

Data analysis. Three independent experiments were performed identically,
including control without doxycycline treatment, control with doxycycline treat-
ment, RSV 12-h infection without doxycycline treatment, and RSV 12-h infection
with doxycycline treatment. For comparison of the fluorescent intensity (average
difference) values among multiple experiments, the average difference values for
each “experimental” GeneChip were scaled to that of the “base” GeneChip. This
was done first by calculating the “2% trimmed mean” (a measurement of global
signal intensity) for each GeneChip. The trimmed mean is obtained by calculat-
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FIG. 1. Time-course of Flag-IkBa Mut expression after doxycy-
cline deprivation. IkBa Mut-expressing cells isolated in the presence of
doxycycline (2 pg/ml in growth medium) were transferred to doxycy-
cline-free medium. At the indicated times, cytoplasmic extracts were
prepared, and 150 pg was fractionated on SDS-10% PAGE and sub-
jected to Western immunoblot by using anti-Flag M2 monoclonal
antibody-peroxidase conjugate. After Flag detection, the immunoblot
was reprobed for B-actin as a loading control.

ing the mean signal intensity of the chip after discarding the top and bottom 2%
average difference values (representing the outliers). Next, scaling was per-
formed by multiplying all the average differences in the “experimental” array by
a scaling factor defined as the ratio of the base trimmed mean to the experi-
mental trimmed mean (the base array was defined to be the control plus doxy-
cycline GeneChip).

Because both RSV and doxycycline can be considered experimental treat-
ments, the scaled average difference values were then subjected to a two-way
analysis of variance (ANOVA; Splus 6; Insightful Inc.) with replications to
determine which genes were significantly influenced by either the RSV or doxy-
cycline treatment. Genes (probe sets) with a P value [Pr(F)] at the <0.05
confidence level as a result of either treatment were deemed highly significant
and were selected for further analysis. Agglomerative hierarchical clustering by
using the unweighted pair-group method with arithmetic mean (43) was per-
formed on the indicated genes (Spotfire Array Explorer, v. 3.01; Spotfire Inc.,
Cambridge, Mass.). The data are graphically presented as heat maps in which
fluorescence intensity is represented by a color gradient. For the heat maps
shown, green represents the minimum average difference value (5 scaled units),
black represents the mid average difference value (5,000 scaled units), and red
represents the maximum average difference value (10,000 scaled units). Inves-
tigators may obtain the primary data at our website http://bioinfo.utmb.edu
/Brasier_Lab/.

RESULTS

To identify the gene network under control of the NF-«kB
transcription factor in the setting of RSV replication, we ex-
amined methods for expressing dominant negative inhibitors
that would be suitable for high-density microarray analysis.
Although others have had success with transducing cells with
replication-deficient adenovirus encoding the nonproteolyzed
IkBa Mut (52), we sought alternative approaches as adenovi-
rus infection may have significant confounding effects on host
cell gene expression or unrecognized interactions with RSV
replication or signaling. Additionally, isolating a cell line con-
stitutively expressing an NF-«kB inhibitor would be problematic
as we and others have shown that NF-«B is required for cell
survival (4, 41).

For these reasons, we employed a tightly regulated system in
which expression of the nonproteolyzable IkBa Mut could be
controlled by exogenously added tetracycline (doxycycline).
Clonal isolates of Flag epitope-tagged IkBa Mut under tetO
control selected by hygromycin resistance in HeLa cells con-
taining the tetracycline transactivator were selected and char-
acterized. To determine the kinetics of IkBa Mut expression,
cells were withdrawn from doxycycline for various times from
0 to 7 days, and cytoplasmic lysates were prepared. Figure 1
shows a Western immunoblot of IkBa Mut expression de-
tected by probing with monoclonal antibody to the Flag
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epitope. Undetectable in control cells, steady-state levels of the
specific ~42-kDa Flag-IkBa Mut protein plateaued 4 days
after doxycycline withdrawal, and its expression remained con-
stant for the duration of the experiment. These data suggested
that Flag-IkBa Mut expression is tightly controlled and would
be suitable for further analysis.

Flag-IkBa Mut is a potent inhibitor of cytokine-inducible
NF-kB activation. To determine whether a sufficient level of
Flag-IkBa Mut was produced to inhibit NF-kB activation,
freshly isolated cells were divided and cultured for 7 days in the
absence or presence of doxycycline (to allow maximal accumu-
lation of Flag-IkBa Mut). Individual plates were then briefly
stimulated with rTNF-« (25 ng/ml), a rapid and potent inducer
of IkBa proteolysis and NF-«B binding (8). Western immuno-
blots with polyclonal antibody to IkBa detected the relative
abundance of both endogenous and mutant IkBa (Fig. 2A). In
cells maintained in the presence of doxycycline, endogenous
~39-kDa IkBa was detected, and in this experiment, no ap-
preciable levels of the ~42-kDa IkBa Mut were detected.
Within 15 min of stimulation, IkBa was completely proteo-
lyzed; concomitantly we noted the appearance of a slower
migrating IkBa-specific band.

After 60 min of stimulation, IkBa was resynthesized, due to
the NF-«B activation of the endogenous IkBa promoter in a
process termed the NF-kB-IkB autoregulatory feedback loop
(28). Conversely, in unstimulated cells cultured in the absence
of doxycycline, the level of Flag-IkBa Mut expression ex-
ceeded that of endogenous IkB and the level of endogenous
IkBa was apparently reduced (compare lane 5 with lane 1, Fig.
2A). After r'TNF-a stimulation, the Flag-IkBa Mut was not
significantly proteolyzed, although the endogenous IkBa dis-
appeared.

Additional experiments were performed to identify the
slower migrating IkBa-specific band in the doxycycline-treated
cells (Fig. 2B). Cytoplasmic extracts from cells cultured in the
presence of doxycycline in the absence or presence of rTNF-a
were cofractionated with cytoplasmic extracts of cells cultured
in the absence of doxycycline (as a source of the Flag-IkBa
Mut antigen). These blots were probed with antibodies di-
rected to phospho-specific IkBa and Flag alone and in combi-
nation with anti-IkBa. We observed that only a small fraction
of the total IkBa pool whose pseudo-steady-state levels did not
appreciably change after rTNF-a treatment was phosphory-
lated (Fig. 2B, lower left panel). Also, we noted that the phos-
pho-IkBa migrated at a distinct location from the slower mi-
grating Flag-IkBa Mut band detected with the anti-Flag and
anti-IkBa antibodies in the doxycycline-treated cells (Fig. 2B).

We interpret these data to mean that a small amount of
Flag-IkBa Mut can be detected in cells cultured in the pres-
ence of doxycycline. More importantly, the data in Fig. 2A
indicate that Flag-IkBa Mut was tightly regulated, producing
steady-state levels that exceeded endogenous IkBa after doxy-
cycline withdrawal. Finally, the observations in doxycycline-
deprived cells that the abundance of endogenous IkBa was
reduced in unstimulated cells and was not resynthesized 60 min
after stimulation suggested that Flag-IkBa Mut disrupted NF-
kB-dependent target gene activation.

We next analyzed the effect of Flag-IkBa Mut expression on
inducible NF-«kB binding. For this, nuclear extracts from the
experiment in Fig. 2A were subjected to EMSA. As we have
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FIG. 2. Effect of doxycycline withdrawal on rTNF-a-induced IkBa proteolysis and NF-«kB binding. (A) Time course of IkBa degradation after
r'TNF-a stimulation. Flag-IkBa Mut-expressing cells were cultured with or without doxycycline for 7 days. The cells were then treated without (lane
0) or with rTNF-a (25 ng/ml) for the indicated times (minutes). Top panel, cytoplasmic extracts of the cells were prepared and subjected to Western
immunoblot with anti-IkBa antibody. *, migration of phospho-IkBa and Flag-IkBa Mut; ---, migration of endogenous IkBa. Bottom panel, similar
protein loading was confirmed by stripping the blot and reprobing with anti-B-actin. (B) Analysis of IkBa isoforms in doxycycline-treated cells.
Cytoplasmic lysates corresponding to lanes 1, 2, and 5 from panel A were fractionated and probed with anti-phospho-specific IkBa and anti-Flag
alone and in combination with anti-IkBa. Although the Flag-IkBa Mut protein migrated slower than the native IkBa, it was clearly separable from
phospho-IkBa and represents the slower migrating band observed in A. (C) Time course of NF-kB binding. Sucrose cushion-purified nuclear
extracts were prepared from the same experiment and subjected to EMSA by using **P-labeled APRE WT duplex oligonucleotide probe. The
complexes were fractionated on 6% native polyacrylamide gels; an autoradiographic exposure is shown. The relative migration of the RelA/NF-kB1
(p50) heterodimer and the p50 homodimer (p50), complexes are indicated (34). (D) Competition assay in EMSA. Nuclear extracts from
r'TNF-a-stimulated cells (15 min, cultured in the presence of doxycycline) were subjected to competition analysis by the addition of a molar excess
of nonradioactive double-stranded oligonucleotide competitor at the time of addition of radioactive probe. Competitors used were APRE WT and
APRE M2 (Mut). (E) Antibody supershift in EMSA. Nuclear extracts from rTNF-a-stimulated cells (15 min, plus doxycycline) were mixed with
1 wl of affinity-purified polyclonal antibodies for 1 h at 4°C prior to EMSA analysis. PI, preimmune IgG. Bottom panel, brief autoradiographic
exposure of the native NF-«kB binding complexes. Top panel, longer exposure to detect the supershifted complexes (indicated by asterisk). Addition
of either anti-RelA or anti-NF-kB1(p50) antibodies completely disrupted the RelA/NF-kB1(p50) complex.

described before, rTNF-a is a potent and rapid inducer of
nuclear translocation and DNA binding of the NF-kB het-
erodimer RelA/NF-kB1(p50), whose characteristic migration
could be distinguished from constitutive NF-kB isoforms by
nondenaturing electrophoresis (8, 21, 34). The kinetics of
RelA/NF-kB1 DNA binding exactly parallels the pattern of
IkBa degradation in cells cultured in the presence of doxycy-
cline (Fig. 2C). In contrast, no inducible RelA/NF-kB1 com-
plexes could be detected in nuclear extracts from cells cultured
in the absence of doxycycline (Fig. 2C).

Confirmation of the identity of the inducible RelA/NF-kB1
complexes was determined in competition analysis in EMSA
(Fig. 2D). Here, the inclusion of unlabeled wild-type probe
strongly competed for inducible RelA/NF-kB1 DNA binding,
whereas the mutant did not. The constitutive NF-kB1 ho-
modimer (p50), competes with lower affinity, being partly in-
hibited with the mutant probe (9). Supershift analysis in

EMSA was further used to identify the presence of RelA in the
r'TNF-a-inducible NF-kB binding complex. Addition of anti-
RelA or anti-p50 completely disrupted the RelA/pS0 complex
and produced a corresponding supershift (Fig. 2E). These data
are consistent with our earlier demonstrations that the pre-
dominant rTNF-a-inducible NF-kB complex is composed of
RelA/NF-kB1 in epithelial cells (8, 21). Together, these data
indicate that Flag-IkBa Mut completely blocks inducible
RelA/NF-kB1 binding in response to the potent cytokine
TNF-a.

Flag-IkBa Mut is a potent inhibitor of RSV-inducible
NF-kB activation. Although the Ser*?Ala/Ser*®Ala site muta-
tion is a potent inhibitor of cytokine-inducible Ik Ba proteolysis
through the IKK-proteasome pathway, we have observed sig-
nificant differences between RSV- and cytokine-inducible
IkBa proteolysis. For example, the kinetics of RSV-inducible
IkBa degradation is distinctly slower than that of rTNF-a
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FIG. 3. Effect of Flag-IkBa Mut expression on RSV-induced IkBa
proteolysis and NF-«B binding. (A) Western immunoblot for cytoplas-
mic IkBa levels. Flag-IkBa Mut-expressing cells were cultured in the
presence or absence of doxycycline for 7 days. The cells were infected
without (lane 0) or with purified RSV (multiplicity of infection of 1) for
the indicated times (hours) prior to harvest. Cytoplasmic extracts of
the cells were analyzed by Western immunoblot for IkBa by using
affinity-purified anti-IkBa antibodies. *, migration of phospho-IkBa
and Flag-IkBa Mut; ---, migration of endogenous IkBa. Bottom panel,
similar protein loading was confirmed by stripping the blot and rep-
robing with anti-B-actin. (B) Time course of NF-kB binding. Sucrose
cushion-purified nuclear extracts were subjected to EMSA as in Fig.
2B except twice as much nuclear protein was used to detect the rela-
tively weaker induction of DNA binding. The positions of the RelA/
NF-kB1 (p50) heterodimer and the p50 homodimer (p50), complexes
are indicated (34). The RSV-inducible complexes have composition
and binding specificity identical to those of the rTNF-a-inducible ones
(34).

(being detectable after 12 to 24 h) and is only weakly blocked
by pretreatment with specific proteasome inhibitors, and no
significant IkBa resynthesis occurs (34). Consequently, we de-
termined whether Flag-IkBa Mut would interfere with RSV-
inducible NF-«kB activation.

Freshly isolated Flag-IkBa Mut-expressing cells were di-
vided and cultured for 7 days in the absence or presence of
doxycycline. Individual plates were then infected with sucrose
cushion-purified RSV (multiplicity of infection, 1), after which
cytoplasmic and nuclear extracts were prepared. Western im-
munoblots of the cytoplasmic extracts for IkBa detected a
fourfold greater relative abundance of endogenous IkBa rel-
ative to that of the Flag-IkBa Mut (Fig. 3A). After RSV
infection, a significant amount of IkBa proteolysis was de-
tected 24 h later, a time course consistent with our earlier
descriptions (34). In cells maintained in the presence of doxy-
cycline, like that seen in Fig. 2, loss of endogenous ~39-kDa
IkBa was noted, and no significant degradation of the Flag-
IkBa Mut occurred at 24 h. These data suggest that RSV
degrades Flag-IkBa Mut less efficiently than the endogenous
form.

Nuclear extracts were subjected to EMSA to detect the
effect of Flag-IkBa Mut expression on RSV-inducible NF-«kB
binding. In cells cultured in the presence of doxycycline, sig-
nificant RelA/NF-kB1 DNA binding was observed at 12 h and
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continued to increase in abundance 24 h after RSV infection
(Fig. 3B). Conversely, RelA/NF-kB1 DNA binding was com-
pletely abolished at all points in the cells cultured in the ab-
sence of doxycycline (Fig. 3B). These data suggest that Flag-
IkBa Mut is also a potent inhibitor of RSV-inducible RelA/
NF-kB1 binding.

Flag-IkBa Mut blocks NF-kB-dependent promoter transac-
tivation. We next determined whether Flag-IkBa Mut expres-
sion was sufficient to interfere with NF-kB-dependent tran-
scription. For this, several strategies were employed. We first
determined whether Flag-IkBa Mut expression interfered with
inducible activity of a purely NF-kB-dependent reporter
gene. Multimeric RelA/NF-kB1 binding sites from either
the angiotensinogen (AGT) gene or the IL-6 gene cloned
upstream of the inert rAGT minimal promoter driving firefly
luciferase [termed (APREWT);-pS9rAT/LUC and (IL-
6kBE);-p59rAT/LUC, respectively] (29, 35) were transfected
into Flag-IkBa Mut-expressing cells maintained in the absence
or presence of doxycycline.

Figure 4A shows the results of a representative transfection
of (APREWT);-pS9rAT/LUC in the absence or presence of
acute stimulation with rTNF-a. In the presence of doxycycline,
I'TNF-a induced a 22-fold increase in normalized luciferase
reporter activity (P < 0.05, n = 3 independent experiments);
however, in the absence of doxycycline, no statistically signifi-
cant induction could be recorded (a 1.1-fold increase). Similar
results were obtained for the (IL-6kBE);-pS9rAT/LUC re-
porter activity, in which an 8.2-fold increase was observed
relative to the control in the presence of doxycycline and a
1.3-fold increase was observed in its absence (Fig. 4B).

Because (APREWT);-pS9rAT/LUC and (IL-6kBE);-pS9rAT/
LUC are artificial constructs taken from genes not normally
expressed by HeLa cells, we determined if Flag-IkBa Mut
expression would block transcriptional activation of a native
chemokine gene by testing its effect on the IL-8 promoter, a
highly RSV-inducible gene in epithelial cells. We selected this
target because we have previously demonstrated that rTNF-a
activates hIL-8 transcription in a manner requiring RelA/NF-
kB1 binding to a site in its proximal promoter (8). Flag-IxBa
Mut-expressing cells maintained in the absence or presence of
doxycycline were transfected with —162/+44 hIL-8/LUC, and
reporter activity was determined after rTNF-a stimulation.
Flag-IkBa Mut expression completely inhibited reporter activ-
ity driven by —162/+44 hIL-8/LUC (Fig. 4C).

To ensure that Flag-IkBa Mut expression would interfere
with endogenous gene expression of NF-kB-dependent pro-
moters in the setting of RSV infection, we performed multi-
probe RNase protection assays in Flag-IkBa Mut-expressing
cells maintained in the absence or presence of doxycycline. In
cells not expressing Flag-IkBa Mut, RSV infection induced
RANTES, IP-10 (interferon-inducible protein of 10 kDa), and
IL-8 expression in a time-dependent fashion (Fig. 5A). By
contrast, in cells expressing Flag-IkBa Mut, RANTES, IP-10,
and IL-8 were significantly reduced after RSV infection.

Normalized values for RANTES and IL-8 were determined
in three independent experiments and plotted in Fig. 5B and C.
At all times after 6 h of RSV infection, Flag-IkBa Mut expres-
sion induced a statistically significant reduction in chemokine
expression. We noted that the Flag-IkBa Mut-mediated inhi-
bition of IL-8 mRNA expression exactly paralleled the behav-
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FIG. 4. Effect of Flag-IkBa Mut expression on NF-kB-dependent
transcription. (A) Flag-IkBa Mut-expressing cells were transiently
transfected with (APREWT);-pS9rAT/LUC reporter vector and the
alkaline phosphatase-internal control plasmid pSV,PAP in the ab-
sence or presence of doxycycline as indicated. Cells were cultured for
an additional 40 h after transfection and stimulated with rTNF-a (25
ng/ml, 6 h). Normalized luciferase activity is presented for a represen-
tative transfection. The number in parentheses corresponds to the fold
induction of reporter activity from the TNF stimulation relative to
unstimulated cells. ##, P < 0.001, Student’s ¢ test, compared to control,
n = 3 independent experiments. (B) Experiment as in A in which
(IL-6xkBE);-pS9rAT/LUC reporter was used. (C) The cells were trans-
fected with the native —162/+44 hIL-8/LUC. Experiment and data
analysis are as in A. #, P < 0.05, Student’s ¢ test, compared to control.
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FIG. 5. Effect of Flag-IkBa Mut expression on RSV-inducible che-
mokine expression. Flag-IkBa Mut-expressing cells were cultured with
or without doxycycline for 7 days. Cells were infected with purified
RSV (multiplicity of infection, 1) for indicated times (in hours) prior
to harvest of total cellular RNA. mRNA abundance was determined in
each sample by multiprobe RNase protection assay. Shown is a rep-
resentative autoradiographic exposure after denaturing gel electro-
phoresis. Left lane is undigested input probe (marker). Locations of
protected fragments for RANTES, IP-10, IL-8, and the two house-
keeping genes 132 and GAPDH are indicated at right. (B) Time
course of normalized RANTES mRNA abundance (relative to
GAPDH) was determined by exposure of the gel to a PhosphorImager
cassette and plotted as a function of the duration of RSV infection (in
hours). Errors are standard deviations from three independent exper-
iments. *, P < 0.05, Student’s ¢ test, compared to no doxycycline
treatment for each time point. (C) Time course of normalized IL-8
mRNA abundance (relative to GAPDH) was determined as in B.
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FIG. 6. Effect of Flag-IkBa Mut expression on RSV transcription.
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cline for 7 days and infected with purified RSV (multiplicity of infec-
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extracted, and abundance of RSV N transcript was determined by
Northern blot (shown is a representative autoradiographic exposure).
Bottom, the blot was reprobed with 18§ RNA as an RNA recovery
marker.
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ior of the native IL-8 promoter in transient transfection assays
(Fig. 4C). These data suggest that the cell system expressing
Flag-IkBa Mut was indeed tightly regulated and could be used
to block RSV-inducible NF-kB-dependent expression of gene
networks.

Flag-IkBa Mut expression does not interfere with RSV
transcription or cellular viability. We and others have previ-
ously shown that RSV transcription/replication is required for
IkB proteolysis (34), NF-kB binding (17, 34), and IL-8 (21) or
RANTES (12) expression. To ensure that Flag-IkBa Mut ex-
pression does not alter RSV transcription, Northern blots for
RSV nucleocapsid (N) were performed in cells treated with or
without doxycycline. In this experiment, total cellular RNA was
assayed for N expression in RSV-infected cells 0 to 12 h after
RSV infection [a time during which the first round of viral
transcription occurs (39)]. As shown in Fig. 6, RSV N expres-
sion was strongly detected 12 h after RSV infection irrespec-
tive of whether cells were treated with or without doxycycline.
These data suggest that Flag-IkBa Mut expression does not
interfere with transcription of this cytoplasmic paramyxovirus.
Finally, changes in the apoptotic index for the Flag-IkBa Mut-
expressing cells were compared for the first 24 h of infection.
No significant differences were observed for doxycycline-
treated or untreated cells relative to controls (data not shown).
These data indicate that, at least for these short-term experi-
ments, Flag-IkBa Mut did not artifactually influence the RSV
life cycle or alter cellular viability.

Identification of NF-kB-dependent gene networks by high-
density microarrays. To identify NF-kB-dependent genes,
Flag-IkBa Mut-expressing cells were cultured in the presence
or absence of doxycycline for 7 days prior to infection with
RSV. We harvested RNA from the cells after 12 h, a time at
which NF-kB activation (see Fig. 3) and chemokine expression
(Fig. 5) were easily detectable, and profiled gene expression
changes by using high-density oligonucleotide arrays contain-
ing ~12,696 sequenced human genes (Affymetrix Hu95A Gene
Chip). Two-way ANOVA was used to identify genes whose
expression levels were statistically significantly altered by the
treatment. RSV infection significantly changed the abundance
of 1,359 mRNAs present on the GeneChip (Fig. 7A). Con-
versely, Flag-IkBa Mut expression produced significant
changes in gene expression profiles for a significantly smaller
number of genes (a total of 380). Comparison of the two
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groups found only 144 genes common to the two treatments
(Fig. 7A).

To further analyze the RSV- and Flag-IkBa Mut-regulated
gene sets and determine if there were distinct gene expression
profiles within it, hierarchical clustering was performed (57). In
this technique, each gene expression profile is grouped with its
nearest neighbor and the mathematical proximity of this gene
expression profile is indicated by the height of a common line
that connects the two nodes. Figure 7B shows the hierarchical
clustering analysis for the 144 RSV- and Flag-IkBa Mut-reg-
ulated genes adjacent to the primary data visually represented
by a heat map. From visual inspection of the dendrogram, the
gene expression patterns were divided into two large clusters:
the top cluster contained a group of genes whose constitutive
(unstimulated) expression was high and fell with RSV infection
(this group is indicated by the single vertical line), and the
bottom cluster contained a group of genes whose constitutive
expression was low and was strongly increased by RSV infec-
tion (indicated by the vertical double line).

The subnode within the top cluster (indicated by single ver-
tical line, Fig. 7B) was expanded for detailed inspection (Fig.
7C). Inspection of gene 11, al-collagen, can be used to illus-
trate the regulation pattern of this group. For all three exper-
iments in the Flag-IkB Mut-expressing cells, the fluorescence
intensity measurements of the control plus doxycycline values
are in the mid (black) to high (red) range. After RSV infection,
the values fall dramatically to the low (green) range (compare
intensity for control plus doxycycline versus RSV plus doxycy-
cline). In cells cultured in the absence of doxycycline, the signal
intensity in two of the three experiments is increased (for each
experiment, compare intensity of control plus doxycycline ver-
sus control minus doxycycline). Finally, the reduction in ex-
pression after RSV infection is reduced (compare RSV plus
doxycycline versus RSV minus doxycycline).

To control for nonspecific effects of doxycycline, parallel
arrays were performed in empty-vector-transfected cells, and
the data were retrieved for side-by-side comparison (Fig. 7C).
Genes represented by the numbers 4 (a putative serine-threo-
nine kinase) and 8 (RNP A0) are artifactually influenced by
doxycycline, as seen by the changes in their expression with
doxycycline treatment in the empty-vector-transfected array.
However, for the other genes, doxycycline alone does not sig-
nificantly influence their expression. This expression profile
suggests a role for NF-kB in controlling constitutive gene ex-
pression and perhaps in mediating RSV-induced downregula-
tion of promoter activity.

The subnode corresponding to the bottom cluster (indicated
by double vertical line, Fig. 7B) was also expanded for inspec-
tion with control data (Fig. 7D). As illustrated by gene num-
bers 5 (complement B), 7 and 8 (both NF-kB2), 10 (5-amin-
olevulinate synthase), 12 (insulinlike growth factor-binding
protein 6 [IGF-BP6]), 13 (human GCN1), 14, 15, and 16 (all
RANTES), 18 (IRF-1), 21 (STAT1), 26 (B94), and 29 (IL-8),
similar patterns of expression are also seen. For these genes,
constitutive expression is at or close to background (green).
After RSV infection, the gene expression levels are dramati-
cally upregulated (compare intensity of control plus doxycy-
cline versus RSV plus doxycycline). In cells expressing the
Flag-IkBa Mut, the constitutive levels fall to background (con-
trol plus doxycycline versus control minus doxycycline), and
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the genes are significantly inhibited in their response to RSV
(compare control minus doxycycline versus RSV minus doxy-
cycline). The behavior of these genes was not significantly
influenced by the effect of doxycycline alone (Fig. 7D, right
panel), excluding a nonspecific artifact of doxycycline treat-
ment. Finally, we emphasize that the identification of
RANTES and IL-8, well-characterized NF-kB-dependent
genes, further validates the array data (compare with the
RNase protection assay in Fig. 5). Together, these data suggest
that NF-kB plays a multifaceted role in controlling constitutive
gene expression, involvement in RSV-mediated downregula-
tion of genes, as well as its role in mediating upregulation of a
network of RSV-inducible genes.

DISCUSSION

Because of its almost ubiquitous activation in response to
pathogen exposure, the NF-kB signaling pathway is frequently
modified by viral agents (reviewed in reference 33). Depending
on the viral agent, NF-kB may serve to enhance viral replica-
tion by binding to NF-kB sites in the long terminal repeat
(LTR) of retroviruses, such as the human immunodeficiency
virus LTR, evade or manipulate the host immune response,
influence cellular proliferation, or control host cell apoptosis
(reviewed in references 3 and 33). In the case of paramyxovirus
infection, particularly RSV, NF-kB has no apparent role in
viral transcription, and its activation appears to be important
to the host as an activator of the innate immune and inflam-
matory response.

A number of highly inducible genes encoding cytokine, che-
mokine, acute-phase reactant, and adhesion molecules that
contain NF-kB binding sites in their proximal promoters in a
certain number of cases are induced by RSV (8, 11, 40, 52;
reviewed in reference 56). However, whether NF-«B is truly a
master regulator of gene expression and which genes are con-
trolled by this transcription factor have not been subjected to
direct experimental investigation.

The requirement for NF-kB in controlling cellular survival
and its important role in immune development have made
genetic knock-out approaches to this question problematic.
Here we address the role of NF-«B by using a tightly regulated
system of homogeneous cells in which the expression of a
dominant negative inhibitor of NF-«kB translocation could be
controlled by exogenous administration of nontoxic concentra-
tions of doxycycline. By multiple independent criteria, includ-
ing the expressed IkB molecule’s resistance to degradation,
inhibition of NF-kB binding and complete blockade of NF-kB-
dependent reporter gene expression, we have successfully iso-
lated a cell line in which an empirical genomic approach can be
applied to begin to understand the complex role of NF-«kB in
constitutive and virus-inducible gene transcription.

A surprising finding from our study is the relatively small num-
ber of genes that were sensitive to Flag-IkBa Mut expression. Of
the 1,359 RSV-inducible genes, only ~10% (144 genes) were
shown to be NF-kB dependent. We recognize that our analysis
may miss genes which have redundant activation mechanisms
(e.g., those activated by both NF-kB and/or JNK-AP-1, CREB/
ATF, NF-IL-6, IRF-3, or other pathways that we and others have
shown to be activated in the context of RSV infection), in which
significant induction may still occur in the absence of translocated
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FIG. 7. NF-kB-dependent gene networks identified by high-density
microarrays. (A) Analysis of RSV- and doxycycline-regulated genes.
Two-way ANOVA was used to analyze the data set from three inde-
pendent array experiments corresponding to control (no doxycycline
treatment), control (with doxycycline treatment), RSV 12-h infection
(no doxycycline treatment), and RSV 12-h infection (with doxycycline
treatment) and genes with a P value [Pr(F)] of <0.05 as a result of
either treatment were compared. Shown is a Venn diagram of genes
common to both datasets. (B) Clustering and heat map analysis of the
RSV- and Flag-IkBa Mut-regulated data set. Agglomerative hierar-
chical clustering was performed by using the unweighted pair-group
method with arithmetic mean technique (see text). A heat map for
each gene for the three independent experimental data points is shown
at right. For each experiment, the treatment conditions are given as
control (C), doxycycline treated (D), and RSV infected (R). Green
represents the minimum value of 5 scaled fluorescence intensity units,
black represents the middle value of 5,000 scaled units, and red rep-
resents the maximum value of 10,000 scaled units. Top left is the
number of nodes at each point on the horizontal scale. Single vertical
bar is a subnode further analyzed in C; the double vertical is further
analyzed in D. (C) Clustering and heat map analysis of the genes
whose constitutive expression is influenced by Flag-IkBa Mut. Left, an
enlargement of the dendrogram and heat map from B is shown; right,
data from identically treated cells expressing empty vector. Gene 1 is
growth hormone (GenBank accession no. J03071), 2 is protein tyrosine
phosphatase (X54131), 3 is unknown (AL050002), 4 is serine/threo-
nine kinase (AB018324), 5 is RAB4 (M28211), 6 is pp21 (M99701), 7
is frizzled (L37882), 8 is RNP A0 (U23803), 9 is unknown (AF035292),
10 is enolase (X56832), 11 is al type XI collagen (J04177), 12 is
selenium donor (U34044), 13 is a1 type XVI collagen (M92642), 14 is
Rar (U05227), 15 is microophthalmia-associated transcription fac-
tor (AB006909), 16 is UFD2 (AF043117), and 17 is FIP-1 (U41654).
+# indicates genes influenced by doxycycline treatment alone. (D)
Clustering and heat map analysis of genes upregulated by RSV and
inhibited by Flag-IkBa Mut. Left, an enlargement of the dendrogram
and heat map from B is shown; right are array data from identically
treated cells expressing empty vector. Details of the genes numbered to
the right of the Flag-IkB Mut heat map are provided in Table 1.

NF-kB. The activating signals controlling expression of the re-
maining 90% of the RSV-inducible genes in this system will re-
quire further investigation. Additionally, it is important to em-
phasize that our analysis is dependent on whether a given gene is
induced by virus in order for us to identify it as an NF-kB target,
so this analysis underrepresents the entire spectrum of NF-kB-
dependent target genes.

Moreover, the cutoff used to determine statistical signifi-
cance could omit genes that are NF-kB dependent. For exam-
ple, we note that IP-10, a gene whose expression was consis-
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tently inhibited in the RNase protection assay (Fig. 5A), did Nevertheless, our observations suggest that not only does
not meet our statistical cutoff, with a Pr(F) of 0.07 in the NF-«kB play a role in virus-dependent gene activation, it also
ANOVA. Clearly these observations will have to be extended plays a role in constitutive and virus-dependent inhibition of
for other NF-kB-activating stimuli and into other cell types. distinct genetic elements.
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FIG. 7—Continued.

NF-«kB is important in RSV-inducible gene expression for a
number of genes with apparently diverse functions, including
chemokines, transcription factors (IRF/STATs and NF-«B/IxB
members), proteins controlling translation and proteolysis, se-
creted proteins, cytoskeletal elements, and signaling proteins,
in those whose function is known (Table 1). The chemokine
group contains the CXC chemokines GRO« and IL-8 and the
CC chemokine RANTES. IL-8 contains a potent NF-«B bind-
ing site located between nucleotides —80 and —71 upstream of
the cap site (8) whose mutation completely blocks RSV-induc-
ible IL-8 transcription (21). Similarly, RANTES has two such
NF-«kB binding sites (located between nucleotides —71 and
—39 upstream of the cap site) which bind members of the
RelA/NF-kB1 family (12). We (12) and others (52) have shown
that IxkB Mut expression blocks virus-inducible RANTES ex-
pression.

We suggest that the identification of IL-8 and RANTES by
our genomic analysis is a highly significant confirmation of our

approach and results. The mechanism for induction of GRO«
by RSV infection has not been reported; however, GRO«a
contains a high-affinity NF-kB binding site in its proximal pro-
moter, an element that mediates its cytokine-induced activa-
tion (55). In a separate study we used high-density oligonucle-
otide arrays to profile the temporal changes in RSV-inducible
chemokine expression patterns (57). Using similar informatics
analyses (clustering), IL-8, RANTES, and GROa were iden-
tified as members of one of three distinct chemokine families
based solely on their gene expression profiles. That these che-
mokines are all related by being NF-«B dependent may be one
explanation for their common expression pattern.

The NF-kB-dependent gene list contains important mem-
bers of two transcription factor families. Interferon response
factors (IRF) 1 and 7B are members of a family of virus-
inducible transcription factors that mediate inducible gene ex-
pression (reviewed in reference 51). Although the mechanism
for IRF-7B upregulation is unknown, the IRF-1 promoter con-
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tains an NF-kB binding element that mediates IRF-1 activa-
tion in response to cytokine stimulation (49). STATI, to our
knowledge, is not known to be NF-kB dependent. However, we
suggest that the STAT/IRF family members are downstream of
NF-«B in viral infection, suggesting an important mechanism
for how NF-«kB plays an important role in innate immunity by
facilitating signaling through the interferon pathway.

Of the NF-«B members identified in this study, the inhibitor
of apoptosis (IAP-1), an upstream regulator of caspase activa-
tion that is associated with the death domain-containing re-
ceptors and may be one mechanism through which NF-«B
exerts its antiapoptotic effect, is known to be transcriptionally
regulated by NF-«kB (13). NF-kB2 is an NF-kB1 homolog en-
coded by a large 105-kDa precursor that must be processed
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TABLE 1. Genes in the RSV-regulated chemokine subnode
Function Name Gene GenBank Locus Avg fold Comparison’

no. accession no. change A549 SAE

Chemokines GRO« 17 X54489 4q21 5.5 I NC
IL-8 28 M17017 4q13-q21 7.4 I I
IL-8 29 M28130 4q13-q21 22.7 I I

RANTES 14 M21121 17q11.2-q12 5.5 I NC
RANTES 15 M21121 17q11.2-q12 30.6 I I
RANTES 16 M21121 17q11.2-q12 53 I I

Interferon signaling IRF-1 18 M87503 14q11.2 10.5 I NC
IRF-7B 19 U53831 11p15.5. 35 I I
STAT1 21 M97936 2q32.2 4.6 I I

Metabolism Cholesterol 25-hydroxylase 20 AF059214 10q23 10 I NC

Cytochrome P-450 23 X55764 8q21 33 NC NC
NF-«B signaling IAP-1 2 U45878 11q22 1.8 I I
NF-kB2 7 X61498 10q24 4 I I
NF-«kB2 8 S76638 4.3 I I
NF-kB2 9 576638 6.5 I I
IkBe 24 U91616 6pter-p24.1 35 I I
Protein synthesis/turnover E2 Ubiquitin conjugating 11 AA883502 11q12 23 I I
GCN1 13 D50919 9p24.1-q22.33 2.1 I I
Secreted proteins Complement B 5 L15702 6p21.3 16 I I

IGF-BP6 12 Mo62402 12q13 4.9 I NC

Structural Membrane protein 1 AB015633 1 1.4 D NC
Nuclear phosphoprotein 4 122342 2q37.1 3 I I

Tyrosine kinase Tyrosine phosphatase 3 M33684 20q13.1-q13.2 0.5 I NC
Other 5-Aminolevulinate synthase 10 Y00451 3p21.1 1.6 I I
IL-15Ra 6 AF035279 10p15-p14 3.6 I I

GAGE-2° 22 U19143 Xpll.4-pl11.2 1.8 NC NC

Cadherin-like 22 25 AF035300 20 1.3 I NC
BY%4 26 M92357 14932 1.7 I I

Unknown 27 AF070549 7 2.5 I NC

Unknown 30 W27517 11 1.1 NC NC

“ The records for each gene identified in Fig. 7D were tabulated and classified by functional activity. For each, the common name, the reference location in the cluster,
the GenBank accession number, and the chromosomal locus are indicated. Multiple listings indicate independent probe sets hybridizing to the same cDNA. The average
fold change is a comparison of the increase in average difference fluorescence intensity measurement (RSV-infected relative to control) for the cells not expressing the

dominant negative inhibitor.

® The data were compared to arrays of other types of RSV-infected cells, A549 and small airway epithelial (SAE) cells, from prior studies (57). I, increased by RSV

infection by a factor of twofold or greater; NC, not changed; D, decreased.
¢ Melanoma antigen-encoding gene.

into its 50-kDa binding form; although regulation of NF-kB2
expression has not been studied, we suggest that there may be
NF-«kB binding sites in its proximal promoter.

A well-established NF-kB-dependent target is the IkB in-
hibitors themselves. Activation of the IkB members is an au-
toregulatory feedback loop in which NF-kB induces the syn-
thesis of its own inhibitor to terminate its action. Previously we
showed that the NF-«kB-IkBa autoregulatory loop was im-
paired in RSV-infected cells; this finding explains why IkBa
was not identified in the present analysis (34). IkBe, in contrast
to IkBa, is strongly upregulated by RSV infection and suggests
stimulus-specific differences in the NF-kB-dependent expres-
sion control of individual IkB subunits. Notwithstanding, the
induction of IkBe may compensate for a relative deficiency in
IkBa; the existence of multiple independent NF-kB-IkB and
NF-kB-BCL-3 inhibitory loops suggests that unregulated
NF-kB activation is highly deleterious (9, 28, 34).

Although there is strong bias towards a role of NF-kB in
mediating chemokine and acute-phase reactant gene expres-
sion, we have identified a number of other highly NF-kB-
dependent genes which do not easily fit into these categories
(Table 1). The functional consequences of enhanced expres-
sion of 5’-aminolevulinate synthase, a rate-limiting enzyme in

heme biosynthesis, are unknown to us but suggest a role for
NF-«kB in virus-regulated heme metabolism in nonerythroid
cells. Conversely, the NF-kB dependence of the E2 ubiquitin-
conjugating enzyme suggests that NF-kB activation may have
an important role in determining cellular capacity to break
down proteins regulated through the ubiquitin-proteasome
pathway, a process important in cell surface presentation of
viral antigens in the context of MHC class I molecules.

We were surprised to identify the human homolog of the
Saccharomyces cerevisiee GCNI gene, whose protein product
controls translational efficiency through modifying upstream
activation of the eIF2 protein kinase (42). Gene expression and
regulation studies of human GCNI1 in the setting of viral in-
fection have not been reported to our knowledge, although
viral infections are known to profoundly influence translational
regulation. Complement factor B, a hepatic acute-phase re-
sponse factor important in the alternative complement path-
way, is well known to be NF-kB inducible (45); however, viral
induction of the alternative complement pathway and its role
in response to infection have not been investigated. The in-
duction of IGF-BP6 suggests that virus-infected cells exert
paracrine control on the mitogenic actions of insulin-like
growth factor II (18). Perhaps IGF-BP6 expression is beneficial
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to prevent local cellular proliferation in the presence of an
infecting viral agent.

Upregulation of the o subunit of the IL-15 receptor may
suggest that virus-infected cells have distinct signaling pheno-
types to cytokines as a result of NF-«kB action. This will require
further investigation. Finally, B94 is a protein of unknown
function, perhaps important in angiogenesis, that was identi-
fied by differential display to be a highly cytokine- and LPS-
inducible transcript (54). We suggest that B94 is also a virus-
inducible transcript in epithelial cells through an NF-kB-
dependent mechanism.

Recent work suggests that NF-kB has genomic actions even
in the absence of exogenous stimuli. This “constitutive” NF-«kB
activation may be important to inhibit apoptosis (reviewed in
reference 4). For example, NF-kB appears to be required to
maintain low levels of the Bcl-2 protein Al at levels to prevent
loss of mitochondrial transmembrane potential and apoptosis
in macrophages (48). Alternatively, constitutive NF-kB activity
may be important in cellular immortalization (2). Although our
experimental design cannot distinguish these or other potential
roles for constitutive NF-kB activity, we interpret our data to
mean that constitutive NF-kB appears to downregulate expres-
sion of the collagen genes and others. The mechanism (tran-
scriptional or posttranscriptional) by which NF-«kB influences
the abundance of these genes will require further investigation.
In this regard, we note that a recent study has implicated
NF-kB in the posttranscriptional control of MyoD mRNA
abundance (24); perhaps collagen is regulated in a similar way.

In this report, we have identified 380 genes which are con-
trolled by NF-«B by using microarray analysis of a tetracycline-
regulated expression system controlling expression of the non-
proteolyzable IkBa inhibitor. These data suggest that NF-kB
regulates expression of distinct genetic networks of constitutive
genes whose expression is further inhibited by viral infection as
well as controlling a distinct subset of those that are virus
inducible. Moreover, these data suggest that NF-«kB is an up-
stream regulator of RSV-inducible gene expression through
controlling expression of the proteins involved in interferon
signaling, STAT/IRF, perhaps providing insights into mecha-
nisms for how NF-«kB controls the innate immune response.
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