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We report here that human monocytic/macrophage THP-1 cells
express the neurokinin 1 receptor (NK-1R), and that exposure of
these cells to the proinflammatory cytokine IL-18 increased the
expression of the NK-1R gene at the mRNA and protein levels.
Because IL-18 function involves nuclear factor kB (NF-xB) activa-
tion, these data suggest that this increase in the expression of the
NK-1R gene is mediated by the NF-xB transcription factor. An
earlier report noted that the promoter region of the human NK-1R
gene contains a putative binding site for NF-«B [Takahashi, K.,
Tanaka, A., Hara, M. & Nakanishi, S. (1992) Eur. J. Biochem. 204,
1025-1033]. Here we demonstrate that this is indeed a functional
NF-kB-binding site, and that NF-«B is responsible for regulating the
expression of the NK-1R gene by binding to the promoter region
of the NK-1R gene. To further substantiate that the observed
NF-kB-dependent IL-18 induction of the human NK-1R gene is
regulated via a transcriptional event through this NF-«B site on the
NK-1R gene promoter, we transfected THP-1 cells with a luciferase
promoter-reporter construct containing the 5’ promoter region of
the human NK-1R gene. Exposure of these cells to IL-18 or over-
expression of NF-xB cDNAs resulted in a significant increase in the
amount of luciferase activity that was diminished greatly in cells
transfected with IkBa, the NF-kB inhibitor. These results directly
implicate NF-«B in the regulation of the NK-1R gene and provide a
molecular mechanism for the increase in expression of the NK-1R
gene in responsive cells.

he 11-aa neuropeptide substance P (1) is widely distributed

throughout the central nervous system (2). Apart from its
known effects in nociception, smooth-muscle contraction, exo-
crine and endocrine gland secretion, and connective-cell prolif-
eration, considerable evidence implicates substance P as a
neuroimmune modulator. Substance P exerts its biological ef-
fects after binding to its high-affinity G protein-coupled neuro-
kinin 1 receptor (NK-1R) expressed in a variety of cells (2).
Several studies using NK-1R antagonists (3-5) and mice genet-
ically lacking NK-1R (6-8) indicate that substance P binding to
this receptor mediates inflammatory responses in various organs
via mechanisms involving nuclear factor kB (NF-«B) (9) and
mitogen-activated protein kinase-dependent (10) pathways and
release of proinflammatory cytokines from target cells (7, 9-12).
Importantly, NK-1R expression is increased during acute and
chronic enterocolitis in animals and humans (13-15) even in the
presence of increased ligand concentrations (14, 16). Apart from
the gastrointestinal tract, increased NK-1R expression was also
found in several forms of experimental inflammation in other
organs including liver (17), rat skin (18), bladder (19), and dorsal
horn neurons (20). However, the molecular mechanism of
NK-1R up-regulation is not known.

The NF-«B transcription factor is an important regulator of
the immune and inflammatory response in mammalian cells
(21-24). NF-«B is activated in a great variety of cell types, and
its activation leads to the rapid induction of a wide range of genes
involved in the function and development of the immune system
and in inflammatory and acute responses, apoptosis, cell-cycle
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regulation, and development (21, 23). NF-«B is found in an
inactive state in the cytoplasm bound to its inhibitor IxB
(inhibitor of kB) (21). After induction by a large number of
stimuli, I«B is degraded, and NF-«B is free to translocate into
the nucleus. In the nucleus NF-«B binds to promoters and
enhancers bearing NF-kB-binding sites, and in many instances,
as illustrated by the very well characterized IFN-B enhancer,
forms higher-order multiprotein complexes termed “enhanceo-
somes” and regulates the expression of numerous genes
(21, 25-27).

Previous results from our laboratory indicate that rat macro-
phages express NK-1R (11). Moreover, responses to this recep-
tor were increased when macrophages were isolated from intes-
tinal segments previously exposed to a proinflammatory
enterotoxin, Clostridium difficile toxin A (11), indicating up-
regulation of this receptor during intestinal inflammation.

A putative NF-kB-binding site on the NK-1R promoter was
noted earlier by Takahashi et al. (28). However, no further
characterization of this site has been published. In the present
study we examined the possibility that NF-«B plays a role in the
up-regulation of the NK-1R gene after stimulation by proin-
flammatory cytokines. The results presented indicate that
THP-1 monocytes express the NK-1R, and expression of NK-1R
in these cells is increased after exposure to the proinflammatory
cytokines IL-1B and tumor necrosis factor e (TNFa). We also
present direct evidence that this increase in NK-1R gene ex-
pression is mediated by the NF-«B pathway and specifically by
a transcriptional event involving the NF-kB-binding site on the
promoter of the NK-1R gene. Our results provide insight to the
mechanism that leads to the up-regulation of the NK-1R gene
expression during inflammatory responses in vivo.

Materials and Methods

Cells and Reagents. The human monocyte cell line THP-1 was
purchased from the American Type Culture Collection and
cultured in suspension by using RPMI medium 1640 (GIBCO/
BRL) containing 10% FCS (Sigma), 100 units of penicillin-
streptomycin (GIBCO/BRL), 50 uM 2-mercaptoethanol
(GIBCO/BRL), and 2 g of sodium bicarbonate (Fisher Scien-
tific) at a pH of 7.3. Recombinant human (rh)IL-18 and thTNF«
were purchased from R & D Systems. Tissue-culture supplies
were purchased from Fisher Scientific.

Human NK-1R Antibody. An antiserum generated against a peptide
representing the last 15 aa of the human NK-1R carboxyl
terminus was prepared by Immuno-Dynamics (La Jolla, CA)
according to the m-maleim-idobenzoyl-N-hydroxysuccinimide-
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coupling method described by Kitigawa and Aikawa (29) and
characterized by ELISA. Immunoprecipitation experiments us-
ing the method described by MacDonald et al. (30) showed that
this antibody immunoprecipitated photoaffinity-labeled NK-1R
expressed in Chinese hamster ovary cells transfected with the
human NK-1R (data not shown). This antibody was used pre-
viously by us to identify NK-1Rs in human colonic mucosa by
confocal microscopy (31). The specificity of this antibody had
been established previously by using the carboxyl-terminal 15-aa
peptide used to generate the NK-1R antiserum (31).

Immunohistochemistry of NK-1R in THP-1 Cells. THP-1 cells at a
density of 1 X 10° cells per ml were incubated in RPMI medium
1640 for 1 h at 37°C with rhIL-18 (25 ng/ml), TNF« (25 ng/ml),
or medium alone (control). Cells were washed with Tris-
buffered saline (TBS, DAKO, Carpinteria, CA) at 4°C, fixed
in 70% ethanol at —20°C, and placed onto Superfrost/Plus
(Fisher) slides. Cells then were incubated in 4% paraformalde-
hyde (Sigma)/TBS for 10 min at room temperature, washed
three times with 1X TBS, and permeabilized with 0.2% Triton
X-100/TBS (5 min at room temperature). To reduce free-
aldehyde groups, slides were incubated in 0.5 mg/ml sodium
borohydride (Sigma)/TBS for 10 min at room temperature.
Slides then were washed four times in 1X TBS, blocked for 60
min in 3% BSA (Sigma)/TBS, and then exposed to 1:1,000
dilution of human NK-1R IgG or control rabbit IgG (30 min in
TBS containing 1% BSA). Cells then were washed three times
in 1X TBS and incubated (40 min at room temperature) with an
FITC-labeled anti-rabbit IgG antibody (1:200, Jackson Immuno-
Research). After three washes in 1 X TBS, NK-1R was visualized
by using a confocal microscope as described above.

Western Blotting of the NK-1R. THP-1 cells were plated at a density
of 4 X 10 cells per ml of RPMI medium 1640 and stimulated
with IL-1B (25 ng/ml) or medium alone for up to 3 h at 37°C as
described (32). Briefly, cells then were washed two times in
ice-cold PBS and lysed with RIPA buffer (0.15 mM NaCl/0.05
mM TrissHCl, pH 7.2/1% Triton X-100/1% sodium deoxy-
cholate/0.1% SDS) and placed on ice for 45 min. After centrif-
ugation (15,000 X g for 5 min) the supernatants were aspirated,
and protein concentration was measured by the bicinchonic-acid
method (Pierce). Cell lysates containing equal amounts of
protein (2 mg/ml) were incubated (2 h at 4°C) with NK-1R
antibody (10 pg/mg cell lysate) plus 50 ul of protein G plus
agarose (Santa Cruz Biotechnology). Beads were washed two
times by centrifugation (12 X g for 20 sec) with RIPA buffer at
4°C, washed in ice-cold PBS, and then boiled for 5 min in 30 ul
of sample loading buffer (62.5 mM Tris, pH 6.8/10% glycer-
0l/2% SDS/5% 2-mercaptoethanol/0.1% bromophenol blue).
Immunoprecipitated proteins were fractionated on an SDS/
PAGE gel and then transferred onto a nitrocellulose membrane.
Membranes were blocked overnight at 4°C in 5% skim milk in
PBS (pH 7.4) with 0.05% Tween-20 and then incubated with
antibodies (Santa Cruz Biotechnology). Proteins were visualized
by using the ECL Western blotting detection reagents (Amer-
sham Pharmacia). Quantification of the Western blot signal was
performed by using densitometry.

Cloning of the Human NK-1R Promoter Region. An 1,837-bp frag-
ment (containing nucleotides —1,279 to +558) of the 5" pro-
moter region of the human NK-1R gene (28) was prepared by
PCR amplification of human genomic DNA by using primers
containing internal restriction endonuclease sites and cloned
into a luciferase expression vector (pGL3-Basic, Promega) be-
tween unique Kpnl and Bg/II sites. The oligonucleotide primers
used for cloning of the NK-1R promoter region were purchased
from Genosys (The Woodlands, TX). The PCR was set up with
10 ul of the genomic template, 2 ul of each primer, 10 ul of Tag
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Plus polymerase low-salt buffer (Promega), 8 ul of 10 mM dNTP
mix, 1 pl of Tag plus polymerase, and 67 ul of sterile H,O. The
reaction was set up with 30 cycles of 30 sec at 94°C, 30 sec at 57°C,
3 min at 72°C, and a final extension for 5 min at 72°C. The
reaction products were separated electrophoretically on a 1.2%
agarose gel. By using the QIAquick kit (Qiagen, Valencia, CA),
the product was extracted from the gel and purified.

RT-PCR for NK-1R. In an RNase-free tube we added 2-5 ug of
RNA, 1 ul of random primer (0.125 ug/ul), and RNase-free
water to 10 ul. We heated the tube at 70°C for 2 min, put it on
ice, and then added 4 ul of RNase-free water, 5 ul of 5X reverse
transcription (RT) buffer, 2 ul of 10 mM dNTPs, 2 ul of 0.1 M
DTT, 1 pl of RNasin (40 units/ul, Promega), and 1 ul of
Moloney murine leukemia virus-RT (200 units/ul, Invitrogen).
We performed the RT reaction at 37°C for 1 h and 70°C for 15
min and then left the tube on ice for PCR. The primers used for
PCR of the human NK-1R gene were primer 1 (5'-GACTC-
CTCTGACCGCTACCA-3") and primer 2 (5'-GGATT-
TCATTTCCAGCCCCT-3"). The PCR was set up as 39.75 ul of
sterile water, 5 ul of 10X PCR buffer, 1 ul of 10 mM dNTPs, 1
wl of primer 1, 1 ul of primer 2, 0.25 ul of TagDNA polymerase
(50 units/ul, Qiagen), and 2 ul of RT reaction mixture. The PCR
conditions for NK-1R were initial denaturation for 5 min at 94°C
followed by 3-step cycling [denaturation for 0.5 min at 94°C,
annealing for 0.5 min at 58°C, and extension for 0.5 min at
72°C (45 cycles)] followed by final extension for 7 min at 72°C.
Quantification of the RT-PCR bands was performed by using
densitometry.

Transient Transfection of THP-1 Cells. THP-1 cells were transfected
with the NK-1R promoter-reporter plasmid by using the DEAE
transfection method as described (32). Briefly, cells were put into
50 ml of Falcon (Fisher) tubes at a density of 2 X 107 cells and
washed by centrifugation (12 X g for 10 min) with 1X Tris
buffered saline solution (TBST, 25 mM Tris-Cl/137 mM NaCl/5
mM KCl/0.6 mM Na,HPO,4/0.7 mM CaCl,/0.5 mM MgCl,, pH,
7.4). DEAE-dextran (160 pg/ml, Sigma) was mixed with 5 ug of
NK-1R plasmid alone or cotransfected with NF-«kB p65 or
inhibitor of NF-«kB (IkBa) plasmid (generously provided by
Dimitris Thanos, Columbia University, New York) in 500 ul of
1X TBST, and the mixture was added to the cells and incubated
at 37°C for 10 min. The reaction was stopped by adding 15 ml of
1X TBST and after washing two times with centrifugation. Cells
were resuspended in 30 ml of complete RPMI medium 1640 and
incubated at 37°C for 48-72 h. Cells were placed in RPMI
medium 1640 containing 10% FCS for 15 h before stimulation
with thIL-18 (25 ng/ml) and thTNF« (25 ng/ml) for 2 h. After
stimulation, cells were washed two times with ice-cold PBS,
treated with 100 ul of 1X reporter lysis buffer (Promega), and
placed on a shaker for 15 min. Cells then were frozen at —70°C
for 15 h, and cell lysates were thawed and centrifuged at 12 X g
at 4°C for 8 min. Twenty microliters of lysates were combined
with 100 ul of luciferase buffer (Promega) and quantified by
using a Turner TD-20e luminometer. In the experiments where
I«B was transfected, samples with empty vector without the IxkB
insert were also performed as negative control and showed no
inhibitory effect.

Preparation of Nuclear Extracts. Nuclear extracts were prepared
from 4 X 10° THP-1 cells per condition as described (33, 34).
Briefly, THP-1 cells were cultured in medium alone or medium
containing 10 ng/ul rhIL-1B for 2 h. Cells were washed three
times by centrifugation (1,850 X g for 10 min) with ice-cold PBS.
Pellets were resuspended (10 min at 4°C) in 400 ul of buffer A
(10 mM Hepes, pH 7.9/1.5 mM MgCl,/10 mM KCl/0.5 mM
DTT/0.1 mM EDTA/0.2 mM PMSF). Nonidet P-40 then
was added to the mixture at a final concentration of 2%, and
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Fig. 1. Expression of the human NK-1R gene in THP-1 human monocytes. (A)
Immunostaining of NK-1R protein in THP-1 human monocytic cells. Cells were
stained with the NK-1R antibody after either no stimulation or stimulation
with IL-18 (25 ng/ml X 1 h at 37°C). (Magnification xX400.) (B) Western blot of
NK-1R protein in THP-1 cells. Cells were harvested either untreated or after
IL-1B treatment (25 ng/ml) for the indicated time points at 37°C. Whole-cell
extracts were prepared and separated by SDS/PAGE on 10% gels, and Western
blots were performed by using incubation for 1 h with the NK-1R antibody.
Results are representative of at least three separate experiments that gave
similar results.

untreated

after 2 min cells were centrifuged (16,000 X g for 10 sec), and the
supernatant was removed. Nuclear extracts were obtained by
incubating (20 min at 4°C) the remaining pellets in hypertonic
buffer (20 mM Hepes, pH 7.9/0.4 M NaCl/1 mM EDTA/1.5
mM MgCl,/0.2 mM EDTA/25% glycerol/0.5 mM DTT/0.1 mM
PMSF). Suspensions then were centrifuged (16,000 X g for 2
min) and aliquots of the nuclear extracts (supernatant) were
stored at —80°C.

Electrophoretic Mobility-Shift Assay (EMSA) of NF-«B on the Promoter
Region of the NK-1R. An oligonucleotide probe containing the
recognition sequences for the binding site of NF-«B on the
NK-1R promoter (5'-GTGGGGGTGTTTCCTAAAA-3") was
synthesized by Operon Technologies (San Francisco). This oli-
gonucleotide was end-labeled with [3?P]dCTP by Klenow DNA
polymerase (New England Biolabs). The resulting probe was
purified on a Quick-Sep column (Isolab), and percent binding
was calculated. EMSA experiments were performed as described
(35, 36). Briefly, in the binding mixture 6 ug of nuclear proteins,
2 wl of radioactive probe (80,000-100,000 cpm), binding buffer,
and water were added to a final volume of 20 ul. The binding
buffer consisted of 50 mM MgCl,/340 mM KCI with 3 pg/ul
poly(dI-dC) in a 5:3 ratio with a secondary buffer containing 0.1
mM EDTA, pH 8.0, 40 mM KCI, 25 mM Hepes (pH 7.6), 8%
Ficoll, and 1 mM of DTT. Certain reactions also contained
100-fold excess of the specific unlabeled consensus oligonucle-
otide to ensure specificity in the binding reaction. The binding
mixtures were incubated for 15 min in room temperature and
then analyzed on nondenaturing 6% polyacrylamide gels in
Tris-boric-EDTA (pH 7.4). Gels were run for ~3 h, vacuum-
dried, exposed to x-ray film (Kodak), and finally developed.
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Fig. 2. RT-PCR of the NK-1R gene in IL-1B-stimulated THP-1 cells after
treatment with NF-«B-specific inhibitors. (A) RT-PCR of the NK-1R and B-actin
genes in THP-1 cells. Cells were either unstimulated (first lane on both Upper
and Lower) or stimulated with IL-18 (10 ng/ml) for the indicated time points
(in min). (B) RT-PCR of the NK-1R and B-actin genes in THP-1 cells that are
overexpressing IkBa. Cells were transfected with the IkBa cDNA plasmid for
48 h and then were either left unstimulated (first lane on both Upper and
Lower) or stimulated with IL-18 (10 ng/ml) for the indicated time points
(in min). (C) RT-PCR of the NK-1R and B-actin genes in THP-1 cells that were
incubated with 25 uM of the proteasome inhibitor MG132 for 1 h. After
treatment with MG132, cells were either left unstimulated (first lane on both
Upper and Lower) or stimulated with IL-13 (10 ng/ml) for the indicated time
points (in min). Results are representative of at least three separate experi-
ments that gave similar results.

Results

Induction of NK-1R Gene Expression by IL-18. To determine whether
there is a possible role for proinflammatory cytokines in the
regulation of the NK-1R gene, we examined the expression
patterns of the NK-1R gene products in THP-1 human mono-
cytes. First, we performed immunohistochemistry assays in
THP-1 cells and observed a great increase in the expression of
the NK-1R protein localized primarily at the cell surface when
comparing unstimulated cells and cells that had been stimulated
with IL-18 (Fig. 14). Similar results were obtained when we
stimulated THP-1 cells with TNFa (data not shown). Next we
stimulated THP-1 cells with IL-13 for various times, prepared
cell extracts, subjected these cell extracts to SDS/PAGE, and
performed Western blot experiments by using the NK-1R anti-
body. We observed an increase in the amount of NK-1R protein
within 1 h (by 2-fold) of treatment with IL-13, and this increase
in protein expression persisted even after 3 h (Fig. 1B). To
examine whether this increase in the amount of NK-1R protein
correlates with an increase at the RNA level, we extracted total
RNA from THP-1 cells that were either left untreated or treated
with IL-18 for various times. We then reverse-transcribed this
RNA and performed PCR by using primers for the human
NK-1R gene. We observed an increase (by 2-fold) in the amount
of NK-1R RNA present within 1 h of stimulation with IL-13, and
this increase persisted for up to 3 h (Fig. 24). Levels of B-actin
were measured as a control (Fig. 24). This result directly
correlates with our Western blot and immunostaining data and
confirms that IL-1B induces the expression of the human NK-1R
gene in human monocytes.
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A NK-1R NF-kB site GGGTGTTTCC
NF-kB consensus site GGGRNNYYCC
IFN- (PRDII) NF-xB site GGGAAATTCC
IgkB NF-xB site GGGACTTTCC
H-2 NF-xB site GGGATTCCCC
IL-8 NF-kB site TGGAATTTCC
TL-6 NF-xB site GGGATTTTCC
HIV NF-xB site GGGACTTTCC

B >
o"“&

g
recombinant @ﬂz\ﬁ +p65  +p6S +IxBa
T DN D
p65 NF-«xB — s ¢ + + . cDNA  cDNA
1 2 3 4 5 6 7 8
Fig. 3. NF-«B binds to the NK-1R gene promoter. (A) Nucleotide sequence

alignment of the putative NF-kB-binding site in the promoter region of the
NK-1R gene, with the consensus NF-«B-binding site, and other known NF-«B-
binding sites. (B) EMSA/gel-shift experiment using the NK-1R NF-«B site as a
double-stranded 32P-labeled DNA probe. The reaction mixture containing the
NK-1R DNA probe was incubated with histidine-tagged, bacterially expressed
and purified recombinant p65 NF-«B protein alone for 15 min (lane 2) or
incubated with recombinant p65 NF-«B for 15 min and then challenged with
increasing amounts of histidine-tagged, bacterially expressed and purified
recombinant IkBa protein for another 15 min (lanes 3-5). Also shown is the
EMSA/gel-shift experiment using the NK-1R NF-«B site as a double-stranded,
32p_|abeled DNA probe. The reaction mixture containing the NK-1R DNA
probe was incubated with nuclear extracts of THP-1 cells that were untrans-
fected (lane 6), transfected with the p65 NF-«B cDNA plasmid alone (lane 7),
or transfected with both the p65 NF-«B and IkBa cDNA plasmids (lane 8).

Induction of NK-1R Gene Expression by IL-18 Is NF-xB-Dependent. To
examine whether the up-regulation of expression of the NK-1R
gene in response to IL-1B indicates a possible involvement for
NF-«B, an important regulator of the immune and inflammatory
responses, we treated cells with NF-«B inhibitors and then
stimulated these cells with IL-1B. Specifically, we transfected
THP-1 cells with a cDNA plasmid encoding for IkBa and then
treated them with IL-1B3 for various times. We extracted total
RNA from these cells and performed RT-PCR by using
the human NK-1R primers. As shown in Fig. 2B, expression of
the IkBa plasmid completely abrogates the up-regulation of the
human NK-1R gene we observed in Fig. 24, indicating a possible
role for this NF-«B inhibitor and the NF-«xB/IkB pathway in the
regulation of the NK-1R gene. Next we examined the role of
another inhibitor of the NF-kB pathway, MG-132, which has the
ability to inhibit signal-induced degradation of the IkB proteins
by the 26S proteasome, which is a prerequisite for NF-«B
activation, and we performed RT-PCR as described for Fig. 2A4.
As shown in Fig. 2C, treatment of cells with MG-132 for 1 h
before IL-1p stimulation inhibits the up-regulation of the NK-1R
gene. Taken together, our data indicate a critical role for the
NF-«kB pathway in the regulation of the NK-1R gene.

The NK-1R Gene Promoter Has a Functional NF-«B-Binding Site. The
presence of a putative NF-kB-binding site (5'-GGGTGTTTCC-
3") upstream of the transcriptional start site and the TATAA box
of the human NK-1R gene has been noted (28). After sequence
comparison, we observed that it closely relates to the sequence
of the NF-«kB consensus site and other well characterized NF-«xB
sites (ref. 37; Fig. 34). To investigate whether the potential
NF-«B involvement that was suggested from our results shown
in Fig. 2 is due to a transcriptional event on the NK-1R promoter,
we decided to examine whether this is a functional NF-«B site.
We thus constructed an oligonucleotide with this putative
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Fig. 4. The NK-1R gene promoter contains a true NF-«B-binding site. (4)
EMSA/gel-shift experiment using the NK-1R NF-«B site as a double-stranded,
32p-labeled DNA probe. The reaction mixture containing the NK-1R DNA
probe was incubated with THP-1 nuclear extracts of cells that were either
untreated (first lane) or treated with IL-18 (10 ng/ml) for the indicated time
points (in min). (B) EMSA/gel-shift experiment using the NK-1R NF-«B site as
a double-stranded, 32P-labeled DNA probe. The reaction mixture containing
the NK-1R DNA probe was incubated with THP-1 nuclear extracts of cells that
were transfected with the IkBa plasmid that were either untreated (first lane)
or treated with IL-18 for the indicated time points (in min). (C) EMSA/gel-shift
experiment using the NK-1R NF-«B site as a double-stranded, 32P-labeled DNA
probe. The reaction mixture containing the NK-1R DNA probe was incubated
for 15 min with THP-1 nuclear extracts of cells that were either untreated or
treated with IL-18 for 5 min and then competed off with excess of cold
oligonucleotides for NK-1R NF-«B-, IFN-B NF-«B-, Oct-1-, Sp1-, and AP-1-
binding sites for 15 min. The first lane contains just the DNA probe and the
reaction mixture without any cell extract. Results are representative of at least
three separate experiments that gave similar results.

NF-«B sequence and performed EMSAs by using radiolabeled
DNA and bacterially expressed and purified recombinant p65
NF-«B and I«Ba proteins. We observed that recombinant p65
NF-«B protein has the ability to bind to this putative «B site (Fig.
3B, lane 2). Moreover, increasing amounts of recombinant IkBa
protein has the ability to disrupt preformed NF-kB-DNA com-
plexes (Fig. 3B, lanes 3-5), mimicking the role of nuclear I«kBa
as a postinduction repressor (33). Next, we tested the ability of
this putative NF-«B site to bind to cell extracts from THP-1 cells
that had been transfected with mammalian expression vectors
for the p65 subunit of NF-«B and its IkBa inhibitor. As shown
in Fig. 3B (lane 7), this NF-«B site is indeed bound in THP-1 cell
extracts where p65 is transfected. However, when the IxBa
inhibitory plasmid was cotransfected along with p65, we ob-
served a strong decrease in the amount of NF-kB-DNA binding
(Fig. 3B, lane 8). Next we performed EMSAs using extracts from
THP-1 cells that had been stimulated with IL-18 for various
times. We were again able to observe a strong NF-kB-DNA
binding in IL-1B-stimulated cells (Fig. 44), and this binding was
diminished greatly in IL-1B-stimulated cells overexpressing the
inhibitory IkBa plasmid (Fig. 4B). To verify that this binding was
NF-«B-specific, we added excess of unlabeled NF-kB oligonu-
cleotide in the binding reaction of the IL-1B-stimulated cell
extract (Fig. 4C). As shown in Fig. 4C, incubation with either the
NK-1R NF-«B site or the PRDII NF-«B site from the IFN-B
gene promoter completely abolished NF-«B binding, whereas
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Fig. 5. The NK-1R gene promoter region is inducible by IL-18 and TNFa.
Results from cotransfection experiments of the luciferase NK-1R promoter—
reporter construct in THP-1 cells are shown. THP-1 cells were transfected with
the luciferase NK-1R promoter-reporter construct for 48 h. Cells then were left
unstimulated or stimulated with IL-8 (10 ng/ml) or TNFa (10 ng/ml). Some
samples were also cotransfected with the IkBa cDNA alone or cotransfected
with the IkBa ¢DNA and stimulated with IL-8 (10 ng/ml) or TNFa (10 ng/ml).
Cells were harvested 2 days posttransfection, and luciferase activity was
measured. The luciferase NK-1R promoter-reporter construct used in these
experiments is shown (Upper).

incubation with excess cold Spl, Oct-1, or AP-1 oligos had no
effect on the ability of NF-«B proteins to bind to the NK-1R
NF-«B site. These results indicate that the putative NF-«B site
on the NK-1R promoter is in fact a true NF-«B-binding site,
further suggesting that NF-kB is indeed involved in the observed
up-regulation of expression of the NK-1R gene.

The NK-1R Gene Promoter Is Inducible by IL-18 and NF-«B. We have
shown thus far that the NK-1R gene is up-regulated by IL-1p,
this up-regulation is NF-«B-dependent, and the NK-1R gene
promoter contains a true binding site for the NF-«B transcrip-
tion factor. To examine whether the observed NF-«B-dependent
IL-1B induction of the human NK-1R gene is regulated via a
transcriptional event through the NF-«B site on the NK-1R gene
promoter, we constructed a promoter-reporter construct con-
taining this NF-«kB site. We fused a region of the gene containing
the 5’ promoter region of the human NK-1R gene to the
luciferase reporter gene. We transfected this promoter-reporter
construct in THP-1 cells and performed luciferase assays in
unstimulated cells and cells that were stimulated with IL-18. As
shown in Fig. 5, treatment of cells with IL-18 (10 ng/ml) or
TNFa (10 ng/ml) resulted in a significant increase in the amount
of luciferase activity when compared with unstimulated cells.
However, cells that had been transfected with the IkBa plasmid
exhibited a decreased amount of stimulation by IL-13 and TNF«,
indicating a role for IkBa in the induction of the NK-1R gene.
To verify that this IL-1B8-mediated increase in luciferase activity
is indeed mediated by members of the Rel family of proteins, we
transfected THP-1 cells with the reporter-promoter construct
and overexpressed a plasmid encoding for the p65 subunit of
NF-«B, which is ubiquitously expressed and known to possess
great transcriptional activation potential (35), and we observed
a large amount of transcriptional activation (Fig. 6). Next, we
cotransfected THP-1 cells with the p65 NF-«B cDNA along with
a plasmid expressing the IkBa inhibitor (Fig. 6), and we observed
a large decrease in luciferase activity in cells overexpressing
IkBa. We therefore have shown that the NK-1R gene is up-
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Fig. 6. The NK-1R gene promoter is activated by NF-«B. Results from co-

transfection experiments of the NK-1R promoter-reporter construct in THP-1
cells are shown. THP-1 cells were transfected with the luciferase NK-1R
promoter—reporter construct for 48 h. Cells also were either transfected with
empty PCDNA3 vector or cotransfected with the NF-xB p65 cDNA alone, with
the IkBa cDNA alone, or with both the NF-«B p65 and IkBa ¢cDNA plasmids.
Cells were harvested 2 days posttransfection, and luciferase activity was
measured. The luciferase NK-1R promoter-reporter construct used in these
experiments is shown (Upper).

regulated by the proinflammatory cytokine IL-18 and that this
up-regulation is mediated at the transcriptional level by NF-«B
transcription factor.

Discussion
We report here that the expression of the NK-1R in human
monocytic THP-1 cells is up-regulated at the mRNA and protein
levels by IL-1B, a proinflammatory cytokine known to activate
the NF-«B pathway (refs. 21 and 23; Fig. 1). Consistent with the
notion of NF-«B involvement in IL-1B-related signaling path-
ways (21, 23), we also demonstrate that expression of the NK-1R
gene after IL-1B exposure is diminished greatly after either
overexpression of the IkBa plasmid or treatment of cells with the
NF-«B pathway and proteasome inhibitor, MG132. (ref. 23; Fig.
2). A previous study had reported on a putative NF-«B-binding
site (ref. 28; Fig. 34). Our results indicate that this putative
NF-«B-binding site is indeed bound by NF-«B proteins and is a
functional NF-«B site. Furthermore, using a promoter-reporter
construct approach we show that the NK-1R gene is up-
regulated by the proinflammatory cytokine IL-18 and that this
up-regulation is mediated at the transcriptional level by NF-«B.
The results reported here may be relevant to the pathophys-
iology of NK-1R-dependent inflammation. For example, NK-1R
levels are elevated in the intestinal mucosa early during the
course of C. difficile toxin A-mediated enteritis in rats (14), and
administration of NK-1R antagonists inhibits the inflammatory
effects of toxin A in rat ileum (3, 11). Interestingly, toxin A can
directly stimulate release of IL-1p3 from macrophages (38, 39).
Moreover, IL-13 levels were elevated in patients with severe,
C. difficile toxin-induced pseudomembranous colitis (40), a
clinical condition also associated with increased intestinal
NK-1R expression (41). Similarly, patients with inflammatory
bowel disease have increased intracolonic release of IL-18 (42)
and a substantial increase of NK-1R expression (41). Our results
demonstrating that IL-18 can directly stimulate increased ex-
pression of NK-1R in THP-1 cells via NF-«B activation provide
a molecular mechanism that may play a role in increased NK-1R
gene and protein expression during intestinal inflammation and
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possibly during other inflammatory conditions in animals and
humans.

An important issue that is raised by the results of this study is
whether the mode of activation of the NK-1R gene after IL-13
stimulation is similar to the up-regulation of other genes involved
in the inflammatory response that are regulated by the NF-«xB
pathway. Specifically, the stimulation by IL-1p that leads to the
up-regulation of the NK-1R gene by activating the NF-«B
pathway may also lead to the convergence and activation of other
signaling pathways that work cooperatively to activate the
NK-1R gene. For instance, treatment of cells with IL-13 leads to
activation of both the NF-«kB and Erkl/2 mitogen-activated
protein kinase pathways known to direct the expression of the
IL-8 gene by the coordinate function of the NF-«B and AP-1
transcription factors (43). The possible involvement of the
mitogen-activated protein kinase-related pathway is supported
further by the presence of AP-1-binding sites on the NK-1R
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promoter region. Indeed, examination of the 5’ region of the
NK-1R gene promoter indicates the presence of putative binding
sites for other transcription factors such as AP-1, Sp1, and Oct-2
(28), which have been known to be involved in the regulation of
numerous inflammatory genes. Studies on the role of these
transcription factors on the NK-1R promoter region will be
central to our understanding of the regulation of the NK-1R
gene. Furthermore, the potential for the cooperative binding of
these transcription factors and NF-«B binding and its synergistic
effect in the activation of transcription will be of great impor-
tance to further elucidate the mode of regulation of this gene.
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