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Abstract

 

The stress response and stress proteins confer protection
against diverse forms of cellular and tissue injury, including
acute lung injury. The stress response can inhibit nonstress
protein gene expression, therefore transcriptional inhibition
of proinflammatory responses could be a mechanism of pro-
tection against acute lung injury. To explore this possibility,
we determined the effects of the stress response on nuclear
translocation of the transcription factor NF-

 

k

 

B, an impor-
tant regulator of proinflammatory gene expression. In A549
cells induction of the stress response decreased tumor ne-
crosis factor-

 

a

 

 (TNF-

 

a

 

)–mediated NF-

 

k

 

B nuclear translo-
cation. TNF-

 

a

 

 initiates NF-

 

k

 

B nuclear translocation by caus-
ing dissociation of the inhibitory protein I-

 

k

 

B

 

a

 

 from NF-

 

k

 

B
and rapid degradation of I-

 

k

 

B

 

a

 

. Prior induction of the
stress response inhibited TNF-

 

a

 

-mediated dissociation of
I-

 

k

 

B

 

a

 

 from NF-

 

k

 

B and subsequent degradation of I-

 

k

 

B

 

a

 

.
Induction of the stress response also increased expression of
I-

 

k

 

B

 

a

 

. We conclude that the stress response affects NF-

 

k

 

B-mediated gene regulation by two independent mecha-
nisms. The stress response stabilizes I-

 

k

 

B

 

a

 

 and induces ex-
pression of I-

 

k

 

B

 

a

 

. The composite result of these two effects
is to decrease NF-

 

k

 

B nuclear translocation. We speculate
that the protective effect of the stress response against acute
lung injury involves a similar effect on the I-

 

k

 

B/NF-

 

k

 

B
pathway. (
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Introduction

 

Virtually all cells respond to severe environmental stress by
synthesizing a specific group of proteins called heat shock pro-
teins (1, 2). This highly conserved response, the heat shock re-
sponse, protects cells against a variety of potentially lethal fac-
tors, including hyperthermia, oxidants, and inflammation
(3–5). The terms “heat shock proteins” and “heat shock re-
sponse” are used because hyperthermia was the first described
and is still the most consistent inducer of this response. Alter-
native terms for this response and the associated proteins are
“stress response” and “stress proteins,” respectively (2). These

terms are considered to be more appropriate because (

 

a

 

) a va-
riety of nonthermal stressors such as sodium arsenite, heavy
metals, and oxidants can induce the same response, and (

 

b

 

)
this response protects against both thermal and nonthermal
forms of cellular and tissue injury.

Previous studies demonstrated that the stress response pro-
tected against acute lung injury in vivo (6, 7) and in vitro (8).
Induction of the stress response protected rats against acute
lung injury caused by either intratracheal administration of
phospholipase-A

 

1

 

 (6) or systemic injection of endotoxin (7).
The stress response protected cultured pulmonary artery en-
dothelial cells against endotoxin-mediated apoptosis (8). In-
creased expression of a specific stress protein [heat shock pro-
tein-70 (HSP-70)]

 

1

 

 by plasmid-directed gene transfer also
protected cultured pulmonary artery endothelial cells against
endotoxin-mediated apoptosis (8).

Acute lung injury is a complex process involving several
injury mechanisms and multiple cellular targets (9). Inflam-
mation plays a central role in lung injury, either as a primary
injury process or acting to exacerbate an acute injury. Proin-
flammatory mediators such as tumor necrosis factor-

 

a

 

 (TNF-

 

a

 

)
and interleukins are increased during lung injury, and are
thought to mediate humoral and cellular inflammatory re-
sponses of the lung. Inflammatory damage to the respiratory
epithelium is another important component of acute lung in-
jury. Therefore, modulation of proinflammatory responses in
respiratory epithelium is likely to affect the course of acute
lung injury.

An important feature of the stress response is its ability to
transiently inhibit nonstress protein gene expression. This in-
hibitory effect seems to be particularly true with respect to
proinflammatory gene expression. For example, the stress re-
sponse inhibited cytokine gene expression in mononuclear
cells (10, 11) and fibroblasts (4), and cytokine-mediated induc-
ible nitric oxide synthase gene expression in cultured hepatic
(12, 13), and neuronal cells (14).

The mechanisms by which the stress response protects
against acute lung injury are not well understood. We postu-
lated that stress response-mediated modulation of proinflam-
matory responses could be a mechanism of protection. Sup-
port for this hypothesis is derived from studies in which the
stress response: (

 

a

 

) inhibited proinflammatory responses of
cultured lung cells (15–17), (

 

b

 

) inhibited proinflammatory re-
sponses of whole rat lungs during endotoxemia (18), and (

 

c

 

)
decreased in vitro NF-

 

k

 

B nuclear translocation (13, 14, 17). To
begin testing this hypothesis, we sought to identify pathways
by which the stress response modulates proinflammatory re-
sponses in cultured A549 cells, a lung adenocarcinoma epithe-
lial cell line.
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Recent data (13, 14), including our own (17), demonstrated
that the stress response inhibited NF-

 

k

 

B nuclear translocation.
NF-

 

k

 

B is a pluripotent transcription factor involved in the reg-
ulation of many proinflammatory responses (19). NF-

 

k

 

B nu-
clear translocation was recently demonstrated to occur during
acute lung injury in humans (20). NF-

 

k

 

B is retained in the cy-
tosol by a family of inhibitory proteins called I-

 

k

 

B that mask
NF-

 

k

 

B nuclear translocation sequences (19). Agents such as
TNF-

 

a

 

, endotoxin, and interleukin-1

 

b

 

 initiate a phosphoryla-
tion-dependent dissociation of I-

 

k

 

B from NF-

 

k

 

B, causing a
rapid degradation of I-

 

k

 

B and subsequent nuclear transloca-
tion of NF-

 

k

 

B. The I-

 

k

 

B

 

a

 

 gene contains several NF-

 

k

 

B bind-
ing sites in its promoter that are involved in the regulation of
I-

 

k

 

B

 

a

 

 expression (21, 22). Thus, an autoregulatory feedback
loop exists whereby nuclear translocation of NF-

 

k

 

B increases
expression of I-

 

k

 

B

 

a

 

, increasing cytosolic I-

 

k

 

B

 

a

 

, which is
thought to prevent ongoing NF-

 

k

 

B nuclear translocation.
In the current study we determined the proximal events in-

volved in stress response-mediated inhibition of NF-

 

k

 

B nu-
clear translocation. We demonstrate that the stress response
decreases NF-

 

k

 

B nuclear translocation by inhibiting dissocia-
tion of I-

 

k

 

B

 

a

 

 from NF-

 

k

 

B and degradation of I-

 

k

 

B

 

a

 

. We also
demonstrate for the first time that the stress response increases
I-

 

k

 

B

 

a

 

 expression, thus providing another potential mechanism
to decrease NF-

 

k

 

B nuclear translocation.

 

Methods

 

Cell culture.

 

All experiments involved A549 cells (American Type
Culture Collection, Bethesda, MD) which are a human lung adeno-
carcinoma cell line representative of distal respiratory epithelium.
Cells were maintained in a room air/5% CO

 

2

 

 incubator at 37

 

8

 

C using
DME (Gibco, BRL, Gaithersburg, MD) containing 8% fetal bovine
serum and penicillin/streptomycin (Gibco, BRL).

 

Stress response models.

 

Two different stimuli were used to induce
the stress response. One group of cells were incubated at 43

 

8

 

C for 1 h
(heat shock) in a room air/5% CO

 

2

 

 incubator, then returned to 37

 

8

 

C.
Another group of cells were treated with 1 mM sodium arsenite at
37

 

8

 

C for 2 h, then returned to basal growth media. Induction of the
stress response was confirmed by Western blot analysis for HSP-70.

 

NF-

 

k

 

B nuclear translocation model.

 

NF-

 

k

 

B nuclear translocation
was induced by treating cells with human TNF-

 

a

 

 (Boehringer Mann-
heim, Indianapolis, IN) at a concentration of 100 U/ml. NF-

 

k

 

B nu-
clear translocation was detected by electromobility shift assay
(EMSA) 30 min after treatment with TNF-

 

a

 

. To determine the effect
of the stress response on TNF-

 

a

 

-mediated NF-

 

k

 

B nuclear transloca-
tion, the stress response was induced 1 to 24 h before treatment with
TNF-

 

a

 

.

 

Nuclear protein extraction.

 

Nuclear protein extracts were pre-
pared from treated cells grown to 80% confluence in 100 mm

 

2

 

 dishes.
All nuclear extraction procedures were performed on ice with ice-
cold reagents. Cells were washed twice with PBS and harvested by
scraping into 1 ml of PBS and pelleted at 6,000 rpm for 5 min. The
pellet was washed twice with PBS, resuspended in one packed cell
volume of lysis buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 1.5 mM MgCl

 

2

 

, 0.2% vol/vol Nonidet P-40, 1 mM DTT, and
0.1 mM PMSF), and incubated for 5 min with occasional vortexing.
After centrifugation at 6,000 rpm, one cell pellet volume of extraction
buffer (20 mM Hepes, pH 7.9, 420 mM NaCl, 0.1 M EDTA, 1.5 mM
MgCl

 

2

 

, 25% vol/vol glycerol, 1 mM DTT, and 0.5 mM PMSF) was
added to the nuclear pellet and incubated on ice for 15 min with occa-
sional vortexing. The nuclear proteins were isolated by centrifugation
at 14,000 rpm for 15 min. Protein concentrations were determined by
Bradford assay (BioRad, Hercules, CA) and stored at 

 

2

 

70

 

8

 

 C until
used for EMSA.

 

EMSA.

 

The NF-

 

k

 

B oligonucleotide probe used for EMSA (5

 

9

 

-
AGT TGA GGG GAC TTT CCC AGG C-3

 

9

 

) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The probe was la-
beled with 

 

g

 

-[

 

32

 

P]ATP using T4 polynucleotide kinase (Gibco, BRL)
and purified in Bio-Spin chromatography columns (BioRad).

For EMSA 10 

 

m

 

g of nuclear proteins were preincubated with
EMSA buffer (12 mM Hepes, pH 7.9, 4 mM Tris-HCl, pH 7.9, 25 mM
KCl, 5 mM MgCl

 

2

 

, 1 mM EDTA, 1 mM DTT, 50 ng/ml poly [d(I-C)],
12% glycerol vol/vol, and 0.2 mM PMSF) on ice for 10 min before ad-
dition of the radiolabeled oligonucleotide probe for an additional 10
min. The specificity of the binding reaction was determined by co-
incubating duplicate samples with either 100-fold molar excess of un-
labeled oligonucleotide probe or an anti-NF-

 

k

 

B antibody (anti-p65;
Santa Cruz Biotechnology). Protein-nucleic acid complexes were re-
solved using a non-denaturing polyacrylamide gel consisting of 5%
acrylamide (29:1 ratio of acrylamide/bisacrylamide) and run in 0.5

 

3

 

TBE (45 mM Tris-HCl, 45 mM boric acid, 1 mM EDTA) for 1 h at
constant current (30 mA). Gels were transferred to Whatman 3M
paper (Whatman, Inc., Clifton, NJ), dried under a vacuum at 80

 

8

 

C for
1 h, and exposed to photographic film at 

 

2

 

70

 

8

 

C with an intensifying
screen.

 

Western blot analysis.

 

Treated cells were washed once in PBS and
lysed in ice-cold buffer containing 50 mM Tris (pH 8.0), 110 mM
NaCl, 5 mM EDTA, 1% Triton X-100, and PMSF (100 

 

m

 

g/ml). Pro-
tein concentrations were determined using the Bradford assay.
Whole cell lysates were boiled in equal volumes of loading buffer
(125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, and 10% 2-mer-
captoethanol) and 50 

 

m

 

g of protein loaded per lane on an 8–16%
Tris-glycine gradient gel (Novex, San Diego, CA). Proteins were sep-
arated electrophoretically and transferred to nitrocellulose mem-
branes (Novex) using the Novex Xcell Mini-Gel system. For immuno-
blotting, membranes were blocked with 10% non-fat dried milk in
Tris-buffered saline (TBS) for 1 h. Primary antibodies against either
the inducible isoform of HSP-70 (monoclonal, SPA-810; Stressgen,
Victoria, British Columbia, Canada), I

 

k

 

-B

 

a

 

 (polyclonal; Santa Cruz
Biotechnology), or NF-

 

k

 

B-p65 (polyclonal, Santa Cruz Biotechnol-
ogy) were applied at appropriate dilutions for 2 h. After washing two
times in TBS containing 0.05% Tween 20 (TTBS), secondary anti-
bodies (peroxidase-conjugated goat anti-mouse or anti-rabbit IgG;
Sigma Chemical Co., St. Louis, MO) were applied at appropriate di-
lutions for 1 h. Blots were washed in TTBS two times over 30 min, in-
cubated in commercial enhanced chemiluminescence reagents (ECL;
Amersham, Buckinghamshire, England), and exposed to photo-
graphic film.

Immunoprecipitation. Treated cells were washed twice with PBS
and lysed in 1 ml of RIPA buffer (PBS, 1% NP40, 0.5% sodium de-
oxycholate, 0.1% SDS) containing PMSF (100 mg/ml). Lysates were
collected in microcentrifuge tubes, centrifuged at 5,000 rpm for 5 min
to remove cellular debris, and pre-cleared overnight at 48C with 30 ml
of Protein G sepharose (BioRad) and 5 ml of normal rabbit serum.
Samples were subsequently centrifuged at 3,000 rpm for 5 min to re-
move the Protein G sepharose. 30 ml of Protein G sepharose and 1 mg
of anti-NF-kB antibody were then added to the supernatants and in-
cubated overnight at 48C with continuous rocking. The samples were
subsequently centrifuged and the resulting pellets were washed four
times with PBS containing 1.0 M NaCl. 30 ml of electrophoresis buffer
were added to each pellet and the samples were boiled for 2 min. Af-
ter centrifugation, 5 ml of the supernatant from each sample were an-
alyzed by Western blot as described above.

Northern blot analysis. Total cellular RNA was recovered using
the Trizol reagent (Gibco, BRL). RNA was quantified by spectro-
photometry (260 nM) and 15 mg of total RNA per condition under-
went electrophoresis on a 1% agarose gel containing 3% formalde-
hyde. The integrity of the RNA after electrophoresis was confirmed
by ethidium bromide staining and brief UV illumination. RNAs were
transferred to nylon membranes (Micron Separations Inc., Westboro,
MA) and UV auto-crosslinked (UV Stratalinker 1800; Stratagene, La
Jolla, CA). After a 4-h prehybridization at 428C, membranes were hy-
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bridized overnight at 428C with a human I-kBa radiolabeled cDNA
probe (a kind gift of Dr. Albert S. Baldwin, Jr., University of North
Carolina). The cDNA was labeled with a-[32P]dCTP (sp act 3,000 Ci/
mM; New England Nuclear Research Products, Boston, MA) by ran-
dom priming (Pharmacia/LKB Instruments, Piscataway, NJ). The hy-
bridized filters were serially washed at 538C using 23 sodium citrate/
sodium chloride/0.1% SDS and 25 mM NaHPO4/1 mM EDTA/0.1%
SDS solutions. After washing, exposure was carried out overnight
and analyzed using a Phosphorimager screen (Molecular Dynamics,
Sunnyvale, CA). To normalize results for loading differences, mem-
branes were stripped with boiling 5 mM EDTA and rehybridized
with an endlabeled [g-32P]dATP oligonucleotide probe for 18s rRNA.

Metabolic labeling and immunoprecipitation of I-kBa. Immediately
after heat shock, cells were treated with methionine- and cysteine-defi-
cient MEM for 45 min. Cells were subsequently labeled for 4 h with
0.5 mCi/ml [35S]methionine/cysteine (NEN). After 4 h, the cells were
lysed with solubilization buffer (60 mM Tris, pH 7.4, 190 mM NaCl, 6
mM EDTA, and 4% SDS), followed by the addition of 1 vol of water
and 8 vol of dilution buffer (50 mM Tris, pH 7.4, 190 mM NaCl, 6 mM
EDTA, and 2.5% Triton X-100). Cell lysates were cleared overnight
at 48C with 5 ml of normal rabbit serum, and 30 ml of a 1:1 suspension
of protein G sepharose and immunoprecipitation buffer (1 vol of sol-
ubilization buffer, 1 vol of water, 8 vol of dilution buffer). Protein G
was removed by centrifugation, then 10 ml of anti-I-kBa antibody
(Santa Cruz) and 30 ml of protein G sepharose were added to the su-
pernatants, and incubated overnight at 48C. Protein G–antibody–pro-
tein complexes were collected by centrifugation, washed four times
with wash buffer I (50 mM Tris, pH 7.5, 100 mM NaCl, 5 mM EDTA,
0.1% Triton X-100, and 0.2% SDS), and twice with wash buffer II (50
mM Tris, pH 7.5, 100 mM NaCl, and 5 mM EDTA). The pellet was
resuspended in 15 ml of electrophoresis sample buffer (60 mM Tris
pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 0.01%
bromophenol blue), heated to 1008C for 3 min, centrifuged for 1 min,
and separated electrophoretically on an 8–16% polyacrylamide gradi-
ent gel (Novex). Gels were fixed in 40% methanol, 10% acetic acid,
and 3% glycerol for 60 min, soaked in Enlightening (DuPont NEN,
Boston, MA) containing 3% glycerol for 30 min, and dried. After
drying gels were exposed and analyzed using a Phosphorimager
screen.

Results

Heat shock and sodium arsenite induce the stress response.
A549 cells were subjected to heat shock or treated with so-
dium arsenite to induce the stress response. Heat shock and
sodium arsenite are well known inducers of the stress re-
sponse. To document induction of the stress response we de-
termined intracellular expression of HSP-70, a major protein
expressed during the stress response. Incubation of A549 cells
at 438C, for 1 h, increased expression of HSP-70 peptide com-
pared to control cells incubated at 378C (Fig. 1, lane 2 vs lane
1). Treatment of A549 cells with 1 mM sodium arsenite, for
2 h, also increased expression of HSP-70 compared to un-

treated cells (Fig. 1, lane 3 vs lane 1). These data demonstrate
that heat shock and sodium arsenite induce the stress response
in cultured A549 cells.

Induction of the stress response decreases TNF-a-mediated
NF-kB nuclear translocation. It is known that induction of the
stress response inhibits proinflammatory gene expression. Re-
cent data from our laboratory, and other investigators, sug-
gested that one mechanism of inhibition involves inhibition of
NF-kB nuclear translocation. NF-kB is an important transcrip-
tion factor involved in the regulation of many proinflamma-
tory responses. We determined the effects of the stress re-
sponse on TNF-a-mediated NF-kB nuclear translocation in
cultured A549 cells. Treatment with the proinflammatory cy-

Figure 1. Representative 
Western blot analysis demon-
strating that heat shock and 
treatment with sodium arsen-
ite induce HSP-70 in cultured 
A549 cells. (Lane 1) control 
cells; (lane 2) 4 h after heat 

shock; and (lane 3) 4 h after sodium arsenite. Similar results were ob-
tained at 8 and 24 h after treatment (data not shown).

Figure 2. Representative EMSA demonstrating that the stress re-
sponse decreases TNF-a-mediated nuclear translocation of NF-kB. 
(Lane 1) control cells; (lane 2) cells undergoing the stress response 
alone (heat shock); (lane 3) cells treated with TNF-a alone for 30 
min; lane 4: nuclear extracts from cells treated with TNF-a alone 
were co-incubated with an anti-NF-kB antibody (p65); (lane 5) nu-
clear extracts from cells treated with TNF-a alone were co-incubated 
100-fold molar excess of cold oligonucleotide; (lane 6) cells were heat 
shocked 1 h before treatment with TNF-a; and (lane 7) cells were 
treated with sodium arsenite 1 h before treatment with TNF-a.

Figure 3. Representative Western blot demonstrating that the stress 
response inhibits the disappearance of immunoreactive I-kBa after 
treatment with TNF-a. “C” represents control cells treated with me-
dia only at 378C. Other cells were treated with TNF-a and harvested 
for Western blot analysis at the indicated timepoints. The top panel 
represents cells treated with TNF-a alone. The middle panel repre-
sents cells that were heat shocked 1 h before treatment with TNF-a. 
The bottom panel represents cells treated with sodium arsenite 1 h 
before treatment with TNF-a.
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tokine TNF-a (100 U/ml) increased nuclear translocation of
NF-kB as demonstrated by formation of an NF-kB/DNA com-
plex within 30 min of treatment (Fig. 2, lane 3). Co-incubation
of nuclear extracts with an anti-NF-kB (p65) antibody caused
a supershift of the NF-kB/DNA complex, confirming the spec-
ificity of binding (Fig. 2, lane 4). Co-incubation of nuclear ex-
tracts with 100-fold molar excess of cold oligonucleotide inhib-
ited formation of the NF-kB/DNA complex after TNF-a
treatment, further confirming the specificity of binding (Fig. 2,
lane 5). Prior induction of the stress response, by either heat
shock or sodium arsenite, decreased formation of the NF-kB/
DNA complex after TNF-a treatment (Fig. 2, lanes 6 and 7, re-
spectively). Control cells and cells undergoing the stress re-
sponse alone did not have detectable NF-kB/DNA complexes
(Fig. 2, lanes 1 and 2, respectively). These data demonstrate

that induction of the stress response by different stimuli (heat
shock or sodium arsenite) decreases TNF-a-mediated NF-kB
nuclear translocation in cultured A549 cells.

Induction of the stress response inhibits TNF-a-mediated
disappearance of immunoreactive I-kBa. I-kBa retains NF-kB
in the cytosol by masking its nuclear translocation sequences.
In response to proinflammatory signals, I-kBa dissociates
from NF-kB and is rapidly degraded. We therefore deter-
mined the effects of the stress response on TNF-a-mediated
I-kBa degradation. In cells treated with TNF-a alone, immu-
noreactive I-kBa was substantially decreased at 15 to 30 min
after TNF-a treatment, and returned to basal levels by 60 min
(Fig. 3, top). Prior induction of the stress response, with either
heat shock (Fig. 3, middle) or sodium arsenite (Fig. 3, bottom),
inhibited the disappearance of immunoreactive I-kBa after
treatment with TNF-a. These data suggest that the stress re-
sponse inhibits TNF-a-mediated degradation of I-kBa in A549
cells.

Induction of the stress response inhibits dissociation of I-kBa
from NF-kB. Having demonstrated that induction of the stress
response inhibits disappearance of immunoreactive I-kBa, we
next determined if the stress response inhibits dissociation of
I-kBa from NF-kB. To detect I-kBa/NF-kB complexes, cyto-
solic extracts were immunoprecipitated with an anti-NF-kB-anti-
body, and then the immunoprecipitates were immunoblotted
with anti-I-kBa and anti-NF-kB antibodies. In untreated cells

Figure 4. Representative im-
munoprecipitation and West-
ern blot analysis (see text for 
details) demonstrating that the 
stress response inhibits dissoci-
ation of I-kBa from NF-kB. 

(Lane 1) control cells treated with media only at 378C; (lane 2) cells 
treated with TNF-a alone for 10 min; (lane 3) cells that were heat 
shocked 1 h before treatment with TNF-a.

Figure 5. Representative Northern blot analy-
sis demonstrating that the stress response in-
creases I-kBa mRNA expression. Blots were 
probed with a radiolabeled oligonucleotide for 
18s rRNA to control for loading differences. 
Relative mRNA expression, representing 
three separate experiments, is plotted as the 
ratio of I-kBa mRNA to respective 18s rRNA. 
*P , 0.05 vs control cells, **P , 0.05 vs 4 h af-
ter TNF-a alone, ***P , 0.05 vs 8 h after 
TNF-a alone (ANOVA). “C” represents con-
trol cells treated with media only at 378C. 
Band densities were determined by Phosphor-
imager scanning.
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exposure to heat shock. Newly synthesized I-kBa peptide was
detected by immunoprecipitation with an anti-I-kBa antibody.
As shown in Fig. 6, heat shock increased I-kBa peptide expres-
sion above that of control cells. Collectively, these data dem-
onstrate that (a) heat shock alone increases I-kBa expression,
and (b) heat shock augments TNF-a-mediated I-kBa mRNA
expression, despite decreasing TNF-a-mediated NF-kB nu-
clear translocation.

Discussion

In the current study we demonstrate that the stress response
decreases TNF-a-mediated NF-kB nuclear translocation in
cultured A549 cells. This conclusion is purely qualitative since
we can not directly measure the extent to which nuclear trans-
location is inhibited using EMSA. The stress response also in-
hibits TNF-a-mediated dissociation of I-kBa from NF-kB,
and disappearance of immunoreactive I-kBa. I-kBa is the
major protein which retains NF-kB in the cytosol. These data
therefore indicate that the stress response decreases NF-kB
nuclear translocation by stabilizing the association between
I-kBa and NF-kB.

The mechanisms involved in the stabilization of I-kBa re-
main to be elucidated. Stress proteins are known to function as
molecular chaperones. They can stabilize and refold damaged
intracellular proteins during times of stress (1). Therefore, it is
possible that stress proteins stabilize I-kBa by direct protein-
protein interactions. A recent report by Feinstein et al. (14)
suggests that a specific stress protein, HSP-70, may be involved
in this process. These authors demonstrated that increased
expression of HSP-70 by plasmid-directed gene transfer de-
creased NF-kB nuclear translocation. However, protein-protein
interactions between HSP-70 and I-kBa were not addressed in
that study. We have not been able to colocalize HSP-70 and
I-kBa in cell extracts from A549 cells (Wong, H., unpublished
observations). Therefore, the mechanisms involved in I-kBa
stabilization by HSP-70 and other stress proteins remain un-
clear at this time.

I-kBa expression is regulated by NF-kB (21, 22). The hu-
man I-kBa promoter contains several NF-kB binding sites that
are important in the regulation of I-kBa expression. NF-
kB-mediated I-kBa expression is consequently able to limit
continued NF-kB nuclear translocation. We were surprised to
find that although the stress response decreased NF-kB nu-
clear translocation, it did not inhibit TNF-a-mediated induc-
tion of I-kBa mRNA expression. In fact, the stress response
augmented TNF-a-mediated I-kBa mRNA expression above
that seen with TNF-a alone. Taken together these data suggest
that in A549 cells, TNF-a may increase I-kBa mRNA expres-
sion by mechanisms involving factors in addition to NF-kB.
Furthermore, the activity of these undefined factors seems to
be enhanced by the stress response.

Induction of the stress response alone increased I-kBa
mRNA and peptide expression. These data demonstrate for
the first time that I-kBa is a stress responsive gene, at least in
A549 cells. Classic stress responsive genes, such as HSP-70, are
transcriptionally regulated via heat shock regulatory elements
in the promoter region of the gene (23). Heat shock regulatory
elements are defined by a 5-nucleotide periodicity consisting
of contiguous nGAAn blocks (n denoting less conserved nu-
cleotides) arranged in alternating orientations (nGAAn or
nTTCn). Functional heat shock regulatory elements include at

Figure 6. Cell lysates after metabolic labeling with [35S]methionine/
cysteine and immunoprecipitation with an anti-I-kBa antibody dem-
onstrating that the stress response increases expression of I-kBa pep-
tide. (Lane 1) Control cells incubated at 378C and labeled for 4 h; and 
(lane 2) cells were heat shocked then labeled for 4 h immediately af-
ter heat shock. Graph represents relative band densities of lanes 1 
and 2 normalized for the respective band densities of the nonspecific 
250-kD bands that comigrated with I-kBa. Band densities were deter-
mined by Phosphorimager scanning.

both NF-kB and I-kBa were detectable after immunoprecipi-
tation, demonstrating that I-kBa was bound to NF-kB under
basal conditions (Fig. 4, lane 1). In cells treated with TNF-a for
10 min, NF-kB was detectable in the immunoprecipitates, but
I-kBa was barely detectable, demonstrating that treatment
with TNF-a caused dissociation of I-kBa from NF-kB (Fig. 4,
lane 2). In cells that were heat shocked prior to TNF-a treat-
ment, both NF-kB and I-kBa were readily detectable in the
immunoprecipitates (Fig. 4, lane 3). These data demonstrate
that the stress response inhibits TNF-a-mediated dissociation
of I-kBa from NF-kB in cultured A549 cells.

Induction of the stress response increases I-kBa expression.
Increased expression of I-kBa after NF-kB nuclear transloca-
tion is thought to be an important autoregulatory mechanism
for limiting continued NF-kB nuclear translocation. We there-
fore determined the effects of the stress response (heat shock)
on I-kBa expression. Induction of the stress response alone in-
creased I-kBa mRNA expression in a time-dependent manner
(Fig. 5, lanes 8–10). Treatment with TNF-a alone also in-
creased I-kBa mRNA expression in a time-dependent manner
(Fig. 5, lanes 2–4). Induction of the stress response, prior to
TNF-a treatment, increased I-kBa mRNA expression above
that of cells treated with TNF-a alone (Fig. 5, lanes 5–7). To
determine if increased I-kBa mRNA expression after heat
shock results in increased I-kBa peptide expression, we meta-
bolically labeled A549 cells with [35S]methionine/cysteine after
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least three such blocks and some of the blocks can have substi-
tutions. For example, nGAGn and nCTCn are frequently
found (23).

Having demonstrated that heat shock increases I-kBa ex-
pression, we examined the published human I-kBa promoter
sequence for potential heat shock responsive elements (22).
Beginning at position 606 bp, the human I-kBa promoter con-
tains a contiguous 20-bp segment that matches well with natu-
rally occurring heat shock responsive elements. This segment
contains two imperfect nGAAn units flanked by a perfect
nGAAn unit and a perfect nTTCn unit (Fig. 7). One of the im-
perfect nGAAn units is replaced with one of the known substi-
tutions listed above (nGAGn). We are currently studying this
20-bp segment in the human I-kBa promoter to determine if it
is a functional heat shock-responsive element.

NF-kB-mediated gene regulation is an important compo-
nent of many lung proinflammatory responses. We now pro-
pose a new model for the gene regulatory effects of the stress
response based on our results. This model, although incom-
plete, will serve to focus important areas for further investiga-
tion. Components of the stress response stabilize I-kBa,
thereby inhibiting dissociation of I-kBa from NF-kB. Stabili-
zation prevents I-kBa degradation and NF-kB nuclear translo-
cation, thus potentially blocking the gene regulatory effects of
NF-kB. The stress response also increases I-kBa expression
and augments TNF-a-mediated I-kBa mRNA expression.
These effects may provide an additional cytosolic pool of I-kBa
to further attenuate NF-kB nuclear translocation. The key ele-
ments of this model are currently being investigated using the
cell system described here.

In summary, we show that the stress response inhibits NF-
kB nuclear translocation, possibly by effects on I-kBa. Given
the importance of NF-kB as an effector of proinflammatory
gene expression, we suggest that this effect may be a compo-
nent of the protective effects of the stress response against
acute lung injury.
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