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Interleukin-1 beta (IL-1B) regulates the levels of cystic
fibrosis transmembrane conductance regulator (CFTR)
mRNA and protein in the T84 human carcinoma cell
line. Here, we studied the role of the transcription factor
NF-kB in this regulation. Initially, T84 cells were pre-
treated with the NF-«B inhibitor pyrrolidine dithiocar-
bamate. Cells were then stimulated with IL-18, and
CFTR mRNA levels were determined after 4 h by North-
ern blot analysis. As a result of PDTC treatment, IL-18
stimulation of CFTR mRNA was blocked. On the other
hand, daunorubicin, an NF-kB activator, increased the
steady-state levels of CFTR mRNA. Furthermore, after
treatment with IL-18 for 1 h, cytoplasmic IkBa degrada-
tion occurred simultaneously with translocation of p65
into the nucleus. The T84 cells were also transduced
with an adenoviral vector expressing a dominant nega-
tive form of IkBa, which prevents IkBa phosphorylation
and the subsequent nuclear translocation of NF-«B. Af-
ter viral transduction, the cells were stimulated with
IL-1 for 4 h, and CFTR mRNA levels were measured by
Northern blot analysis. The stimulation of CFTR, in-
duced by IL-18, was also blocked in the presence of the
dominant negative mutant. These results indicate that
NF-«B is involved in the pathway by which IL-18 regu-
lates CFTR.

Cystic fibrosis (CF)! is an inherited disorder associated with
severe inflammation, repeated infection, and colonization by
Pseudomonas aeruginosa and Staphylococcus aureus (1). Be-
fore lung infection, an excessive release of proinflammatory
cytokines and an increased number of neutrophils has been
reported in the bronchoalveolar lavage fluids of CF patients (2),
which also contain high levels of mucus.

We have recently reported that the proinflammatory cyto-
kine, interleukin-1 beta (IL-1B), regulates the steady-state lev-
els of CFTR mRNA and protein in the T84 human carcinoma
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cell line in a biphasic way: stimulatory at 0.5 ng/ml and inhib-
itory at higher doses (3). However, the mechanism involved in
this response of CFTR to IL-18 is essentially unknown. In most
cells, IL-1B causes translocation of the transcription factor
NF-«B into the nucleus (4). This transcription factor is a het-
erodimer (composed most commonly of p65/p50), the constitu-
ents of which are members of the Rel family of transcription
factors (5). NF-«kB resides in the cytoplasm as an inactive
complex, bound to the endogenous cytoplasmic inhibitors
known as IkBs. The best characterized and most extensively
studied NF-«B inhibitor is IkBa. In response to extracellular
stimuli, such as IL-1B, the IkBa protein is rapidly phosphoryl-
ated by the IkB kinase complex and targeted for proteolysis (6).
This exposes the nuclear localization sequence of NF-«B and
facilitates its translocation into the nucleus with subsequent
initiation of gene transcription (4, 5). It has been established
that IxB kinase phosphorylates IkBa on serine residues 32 and
36 and that this phosphorylation is the prerequisite for ubiq-
uitination and proteosome-dependent degradation of IkBa.
This, in turn, causes the liberation of NF-kB and allows it to
translocate into the nucleus.

There are some reagents that can stimulate or inhibit the
activity of NF-«kB such as daunorubicin (7) and pyrrolidine
dithiocarbamate (PDTC) (8), respectively. Furthermore, Jobin
and colleagues (9) have constructed an adenoviral vector bear-
ing a mutant form of IkBa in which serines 32 and 36 are
replaced by alanine residues (S32A/S36A) thereby preventing
IkBa phosphorylation and degradation. The IkBa mutant has
been shown to act as a very specific NF-kB superrepressor (9).
Using these reagents, we have demonstrated here that NF-«B
is involved in the up-regulation of CFTR by IL-18 in T84 cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatments—T84 human colon carcinoma cells
(American Type Culture Collection (ATCC) cell line CCL248; Manas-
sas, VA) were grown in Dulbecco’s modified Eagle’s medium F-12 1:1
mixture supplemented with 10 units/ml penicillin, 10 mg/ml strepto-
mycin, and 5% fetal bovine serum (Life Technology, Inc.). Subconfluent
cells (70-75%) were incubated in serum-free medium (10 ml/100-mm
Petri dish) for 48 h. Then IL-18 was added to the medium at different
concentrations as indicated in the legends to the figures. For NF-«B
inhibition experiments, the cells were preincubated with PDTC (100
uM) for 30 min before the addition of IL-1B. For NF-«B stimulation
experiments, the cells were incubated with daunorubicin (0.1 um) for
1 h for gel shift assays and for 4 h for Northern blots.

T84 Transduction—The T84 cell line was cultured to subconfluency
and transduced with Ad5IkBa or Ad5LacZ in serum-free medium (Dul-
becco’s modified Eagle’s medium F-12; Life Technologies, Inc.) at a
multiplicity of infection of 100 (1:100 T84 cells/viral particles) for 12 h
with gentle agitation every hour. The adenovirus was washed off, fresh
serum-containing medium was added, and the cells were incubated for
a further 12 h. The cells were incubated in serum-free medium for 48 h
and then stimulated with IL-18 (0.5 ng/ml) for 4 h.

Preparation of Total RNA—AD5IkBa- or Ad5LacZ-transduced or
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Fic. 1. Interleukin-18 induces NF-kB nuclear factor in T84
cells. A, DNA binding of NF-«B in T84 cells is stimulated with IL-1p3.
T84 cells were incubated for 0, 15, and 60 min in the presence or
absence of IL-18 (increasing concentrations: 0, 0.5, and 2.5 ng/ml). An
NF-«B shift was induced by IL-18 treatment (at 0.5 ng/ml) in T84 cells.
Competition analysis was performed with a 100-fold excess of unlabeled
probe (NF-kB). B, supershift analysis was performed by adding mono-
clonal antibodies against NF-«kB p65 subunit (Ab p65), p50 subunit (Ab
p50), and p52 subunit (Ab p52). N.E., nuclear extract; probe, **P-labeled
synthetic oligonucleotide representing the consensus NF-«B-binding
sequence. Nuclear extracts were prepared following stimulation and
analyzed for NF-«B-binding activity as described under “Experimental
Procedures.” NF-«B-DNA complexes and supershifts are shown indicat-
ing NF-«B activation. Results are representative of three separate
experiments. C, Western blot of nuclear p65 and cytoplasmic IxB in T84
cells treated with IL-13. T84 cells were incubated for 1 h in the presence
or absence of IL-1B. Nuclear (20 pg) and cytoplasmic (40 ug) extracts
were prepared from T84 cells treated with IL-18 (0.5 ng/ml or 2.5 ng/ml)
and subjected to immunoblotting with anti-p65 or anti-IkBa antibodies.
The molecular mass of IkBa is 37 kDa. Anti-B-actin and anti-histone H1
antibodies were used to control for sample loading. Results are repre-
sentative of three separate experiments.

non-transduced cells or treated with PDTC or daunorubicin were stim-
ulated with IL-18 (0.5 ng/ml) for 4 h. Total RNA was isolated using
Trizol reagent following the manufacturer’s instructions (Life Technol-
ogies, Inc.). The RNA was precipitated with 50% isopropanol, and the
Ayso/Assy and A, /A,g, ratios were determined to verify RNA purity.
Northern Blot Analysis—Northern blot analysis was performed as
previously described (10). Briefly, equal amounts of total RNA (30 pg)
were separated electrophoretically on 1% agarose gels containing 2.2 M
formaldehyde and transferred to Zeta Probe GT blotting membranes
(Bio-Rad). RNA was stained with a solution of 0.04% methylene blue in
0.5 M sodium acetate (pH 5.2), scanned, and quantified (NIH Image
program)? to control for sample loading. The membranes were hybrid-
ized at 65 °C with a 3.3-kbp CFTR ¢DNA probe (ATCC 61136) and with
a 1.25-kbp glyceraldehyde-3-phosphate dehydrogenase ¢cDNA probe,
both labeled with [a-*2P]dCTP (3000 Ci/mmol; PerkinElmer Life Sci-
ences) by random priming (Prime a Gene Labeling System; Promega
Co., Madison, WI), washed at 65 °C as described (10), and exposed for
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Fic. 2. PDTC, an NF-«B inhibitor, inhibited IL-18 stimulation
of CFTR mRNA in T84 cells. The T84 cells were preincubated for 30
min in the presence or absence of PDT'C (100 uM) and then incubated for
4 h with IL-1B8 (0.5 or 2.5 ng/ml). Ribosomal RNA (28S) on the same
membrane was stained with methylene blue to control for sample
loading. Northern blots were probed with a *?P-labeled 3.3-kbp CFTR
cDNA fragment. A control using a *>P-labeled probe for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was also included. Quantifica-
tion of CFTR mRNA expression is shown in the bottom panel. Values
are given as mean * S.E. (n = 3), expressed as a percentage of control
values. Significant differences compared with the maximum IL-18 re-
sponse: * indicates p < 0.01. Stimulation of CFTR mRNA by IL-13 (at
0.5 ng/ml) was inhibited by PDTC. At IL-18 2.5 ng/ml, no effect was
observed.

various times at —70 °C with intensifying screens.

Nuclear Extract Preparation and Electrophoretic Mobility Shift As-
say (EMSA) Analysis (Gel Shift)—After stimulation, the cells were
washed twice with 1 ml cold phosphate-buffered saline, scraped into 1
ml cold phosphate-buffered saline, and centrifuged at 4 °C for 20 s at
14,000 X g in a microcentrifuge. The cell pellet was resuspended in 500
ul of buffer containing 10 mm Hepes (pH 7.9), 1.5 mm MgCl,, 10 mm
KCl, 0.5 mum fresh dithiothreitol, and protease inhibitors (0.5 mM phen-
ylmethylsulfonyl fluoride, 5 wg/ml aprotinin, and 30 pg/ml leupeptin).
The cell pellet suspension was lysed with a Dounce homogenizer, and
the extent of lysis was determined by trypan blue exclusion. The cell
lysate/nuclear suspension was prepared by centrifugation (14,000 X g
for 2 min at 4 °C in a microcentrifuge). The pellet was resuspended in
50 ul of buffer (20 mm Hepes (pH 7.9), 25% glycerol, 0.42 m NaCl, 1.5 mm
MgCl,, 0.2 EDTA, 0.5 mM dithiothreitol, and protease inhibitors) and
left on ice for 1 h with occasional vortexing. Extracted nuclei were
isolated by further centrifugation at 14,000 X g for 5 min at 4 °C (11).
Protein concentration was determined using the method of Bradford
(Bio-Rad). Oligonucleotide probes containing the consensus sequence
for NF-«kB (5'=AGT TGA GGG GAC TTT CCC AGG C-3') were pur-
chased from Promega (Promega Co.). Nuclear extracts (10 pg) were
incubated with 5000 cpm of *?P-end-labeled oligonucleotide probe, 0.05
mg/ml of poly(dI-dC)-poly(dI-dC), 10 mm Tris (pH 7.5), 50 mm NaCl, 5%
glycerol, 1 mm EDTA (pH 8.0), and 0.2 mg/ml bovine serum albumin, in
a final volume of 10 ul for 20 min at room temperature. The complexes
were fractionated on 4% native polyacrylamide gels, run in 2.2 M form-
aldehyde-TBE buffer at 4 °C. Gels were dried and exposed to Kodak film
at —70 °C.

Western Blot Analysis—Subconfluent monolayers of T84 cells (grown
for 2 days in serum-free Dulbecco’s modified Eagle’s medium F-12) were
incubated for 1 h in the presence or absence of IL-B at two concentra-
tions (0.5 or 2.5 ng/ml). The monolayers were washed with ice-cold
phosphate-buffered saline, and lysed in radioimmune precipitation
buffer (25 mm Tris, 150 mm NaCl, 0.5% deoxycholic acid sodium salt, 1%
Nonidet-P40, 2 mm EDTA (pH 8)). Nuclei and unbroken cells were
removed by centrifugation (15,000 X g for 15 min, at 4 °C). Soluble
proteins in the supernatant were denatured with Laemmli sample
buffer, fractionated by 10% polyacrylamide gel electrophoresis, and
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FiG. 3. Daunorubicin, an NF-«kB activator, increased CFTR
mRNA levels in T84 cells. A, T84 cells were treated with daunorubi-
cin (Daun) at 0.1 um for 4 h. Ribosomal RNA (28S) on the same
membrane was stained with methylene blue to control for sample
loading. Northern blots were probed with a 3?P-labeled 3.3-kbp CFTR
cDNA fragment. Quantification of CFTR mRNA expression is shown in
the bottom panel. Values are given as mean = S.E. (n = 4), expressed as
a percentage of control values. Significant differences compared with
the daunorubicin response: ** indicates p < 0.05. Daunorubicin treat-
ment increased CFTR mRNA levels. B, to demonstrate that daunoru-
bicin was effectively working in T84 cells, an EMSA was performed
using NF-«kB as a probe. Cells were treated with daunorubicin at 0.1 um
and with IL-18 at 0.5 or 2.5 ng/ml for 1 h. Results are representative of
three separate experiments. An NF-«B shift was induced by daunoru-
bicin treatment in T84 cells.

transferred to a nitrocellulose membrane. Transferred proteins were
probed with the monoclonal anti-NF-«B antibody (Ab p65) or anti-IxkBa
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). As a control for
loading, histone H1 and B-actin were probed with appropriate antibod-
ies (Santa Cruz Biotechnology). The primary antibody was visualized
with horseradish peroxidase-conjugated anti-mouse immunoglobulin
and the enhanced chemiluminescence (ECL) Western blotting kit (Am-
ersham Pharmacia Biotech).

Quantification and Statistical Analysis—Northern and Western
blots were scanned on an HP4C scanner and quantified using the
PC-compatible program, NIH Image.? Sample loading in Northern blots
was quantified with methylene blue staining. A lineal response to
methylene blue staining was obtained for up to 40 pg of total RNA (3).
Therefore, a maximum of 30 pug was used in each assay. Statistical
analysis was performed using analysis of variance (ANOVA) and the
Tukey test.

RESULTS AND DISCUSSION

To determine whether the CFTR response to IL-13 in T84
cells involves NF-kB activation, we first studied the DNA-
binding activity of NF-xkB by EMSA using as probe a double-
stranded oligonucleotide possessing an NF-«B-binding site.
Cells were treated with IL-18 for 15, 30, and 60 min at 2
concentrations, 0.5 ng/ml (to stimulate CFTR expression) and
2.5 ng/ml (to inhibit CFTR expression). The nuclear extracts
were then assayed by gel shift. As shown in Fig. 1, IL-18
induced an increase in NF-«<B DNA-binding activity at 0.5
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Fic. 4. Dominant negative IkBa blocks the CFTR mRNA stim-
ulation induced with IL-18. T84 cells were cultured to subconfluency
and then transduced with Ad5IkBa or Ad5LacZ in serum-free medium
(multiplicity of infection 1:100 T84cells/viral particles) for 12 h. The
adenovirus was then washed off, fresh medium was added, and the cells
incubated for 24 h. The cells were then treated with IL-18 (0.5 ng/ml)
for 4 h. A, Northern blots were probed using a 3.3-kbp CFTR ¢cDNA
fragment. Ribosomal RNA (28S) on the same membrane was stained
with methylene blue to control for sample loading. Quantification of
CFTR mRNA expression is shown in the bottom panel. The dominant
negative IkBa inhibited IL-18 stimulation. B, to determine the effi-
ciency of transduction, T84 cells were transduced with Ad5LacZ and
stained for B-galactosidase activity. An efficiency of 60-70% was
achieved. C, a schematic representation of the IxkBa S32A/S36A con-
struct used to generate the adenovirus vector (generously provided by
Dr. B. Sartor, University of North Carolina, Chapel Hill, NC). Values
are given as mean = S.E. (n = 3), expressed as a percentage of control
values. Significant differences compared with the maximum IL-13 re-
sponse: ¥ indicates p < 0.01.

ng/ml with a maximum after 60 min. This activation was
observed as early as 15 min after IL-18 treatment. At 2.5 ng/ml
IL-1B, the levels of NF-«B diminished with respect to those
induced at 0.5 ng/ml. This is in agreement with the biphasic
curve previously obtained for CFTR mRNA and protein levels
in which IL-18 is stimulatory at 0.5 ng/ml and inhibitory at
higher concentrations (3).

The NF-«B complex activated by IL-18 treatment (0.5 ng/ml)
of T84 cells contained a p65-p50 heterodimer as determined by
supershifts using specific antibodies (Fig. 1B). This result is in
agreement with the observation that, in most cells, the het-
erodimer is composed of the RelA (p65) and NF-«kB1 (p50)
subunits, this variant being the most potent gene transactiva-
tor among the NF-«B family (6). Furthermore, increased levels
of p65 in the nucleus were observed by Western blotting anal-
ysis of nuclear extracts (Fig. 1C) when cells were treated with
0.5 ng/ml of IL-1B, and decreased levels were observed at 2.5
ng/ml. These data suggest a correlation between nuclear
NF-kB levels and the CFTR response to different concentra-
tions of IL-1B, which might explain the biphasic curve obtained
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in response to IL-183 (3).

NF-«kB activation by most inducers requires degradation of
the isoform IkBa. Therefore, we also looked for IL-1B-induced
degradation of IkBa in the cytoplasmic extracts of cells treated
with IL-18. Western blot analysis, using an antibody against
IkBa, indicated that IL-1p effectively reduced the cytoplasmic
levels of IkBa at 0.5 ng/ml, and basal levels where restored at
2.5 ng/ml (Fig. 1C). This again is in agreement with the concept
that NF-kB is no longer translocated into the nucleus when a
high concentration of IL-18 is used. This result is not surpris-
ing because, in most mammalian cells, IkBa is rapidly de-
graded following inducible phosphorylation but is quickly re-
synthesized in an NF-«kB-dependent manner (6). Together,
these results demonstrate that the NF-«B pathway is active in
T84 cells and that IL-18 induces the activation of NF-«B and
its translocation into the nucleus.

We next studied whether the activation and translocation of
NF-«B induced by IL-18 (at 0.5 ng/ml) is involved in the regu-
lation of CFTR mRNA levels. The T84 cells were pretreated for
30 min with the NF-«B inhibitor PDTC (100 um) (12, 13). The
cells were then stimulated with IL-18 (0.5 ng/ml), and CFTR
mRNA levels were determined after 4 h, by Northern blot
analysis. The inhibitor PDTC abrogated up-regulation by IL-18
but also reduced the basal CFTR mRNA levels in a short time.
However, this reduction in basal levels is compatible with the
half-life (4 h) of the CFTR mRNA (3), and a general toxic effect
of PDTC does not seems to occur at 100 um because the expres-
sion levels of glyceraldehyde-3-phosphate dehydrogenase did
not change in the presence or absence of PDTC (Fig. 2). The
results obtained with the inhibitor PDTC, therefore, provided
initial evidence that NF-«B might be involved in CFTR regu-
lation by IL-18.

To further test the proposition that NF-«B activation was
involved in the increased expression of CFTR mRNA observed
after IL-18 treatment at 0.5 ng/ml, daunorubicin, an NF-«B
activator (7, 13), was then used. To demonstrate that dauno-
rubicin was effectively working in T84 cells, an EMSA was
performed using NF-«B as a probe. As expected, an NF-«B shift
was induced by daunorubicin (0.1 um) in T84 cells (Fig. 3B)
indicating that the dose and time-frame for the treatment was
correct. Once we had demonstrated that an effective nuclear
translocation of NF-«kB is induced by daunorubicin, we exam-
ined whether CFTR mRNA levels were also affected. Daunoru-
bicin at 0.1 um induces the expression of CFTR mRNA as
shown by Northern blot analysis (Fig. 3A). These results fur-
ther support the notion that IL-1B, at low doses, regulates
CFTR via NF-«B activation. However, chemical inhibitors and
stimulators are not always completely specific. Therefore, to
address this possible difficulty and to confirm the role of NF-«B
T84 cells were transduced with an adenoviral vector expressing
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a dominant negative form of IkBa, which prevents IkBa phos-
phorylation and subsequent NF-«B nuclear translocation (9). A
schematic representation of the IxkBa S32A/S36A construct
used by Jobin and colleagues (9) to generate the adenovirus
vector, is shown in Fig. 4C. To determine the efficiency of
transduction, T84 cells were transduced with Ad5LacZ and
stained for B-galactosidase activity. An efficiency of 60—70%
was achieved (Fig. 4B). After transduction with Ad5IkBa, the
cells were stimulated with IL-18 for 4 h, and CFTR mRNA
levels were determined by Northern analysis. The stimulation
of CFTR induced by IL-18 was blocked by the dominant nega-
tive mutant, as shown in Fig. 4A, confirming that NF-«xB has a
role in the pathway by which IL-18 regulates CFTR and can
stimulate the expression of CFTR.

The CFTR protein is not totally absent from the cell surface
in cystic fibrosis. In most cases, only a diminished amount of
the protein is normally present on the surface of CF cells (14).
Therefore, any drug that can up-regulate the gene might also
facilitate an increase in the amount of protein reaching the cell
membrane, perhaps to levels sufficient to restore a quasi-nor-
mal phenotype. It is for this reason that it is important to
identify the pathway(s) involved in CFTR regulation. Here, we
have demonstrated that IL.-13 acts in the modulation of CFTR,
at least in part, through a pathway involving NF-«B. Because
IL-1B is the first recognized extracellular factor that can in-
crease the expression of CFTR mRNA and protein, clarification
of the key role of NF-«B in the pathway of CFTR up-regulation
might allow the identification of new potential targets for
therapy.

Acknowledgments—The IkB S32A/S36A mutant was a gift from Dr.
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