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Neutrophil gelatinase-associated lipocalin (NGAL) is a sid-
erophore-binding antimicrobial protein that is up-regulated in
epithelial tissues during inflammation.Wedemonstrated previ-
ously that the gene encoding NGAL (LCN2) is strongly up-reg-
ulated by interleukin (IL)-1� in an NF-�B-dependent manner
but not by tumor necrosis factor (TNF)-�, another potent acti-
vator of NF-�B. This is due to an IL-1�-specific synthesis of the
NF-�B-binding co-factor I�B-�, which is essential for NGAL
induction.We demonstrate here that NGAL is strongly induced
by stimulation with TNF-� in the presence of IL-17, a pro-in-
flammatory cytokine produced by the newly discovered subset
of CD4� T helper cells, TH-17. In contrast to the murine NGAL
orthologue, 24p3/lipocalin 2, we found no requirement for
C/EBP-� or C/EBP-� for NGAL induction by IL-17 and TNF-�
as neither small interfering RNAs against the two C/EBP
mRNAs nor mutation of the C/EBP sites in the LCN2 promoter
abolished IL-17- and TNF-�-induced up-regulation of NGAL.
NGAL induction is governed solely by NF-�B and its co-factor
I�B-�. This was demonstrated by a pronounced reduction in the
amount of NGALmRNA andNGAL protein synthesized in cells
treatedwith small interferingRNAagainst I�B-� and a total lack
of activation of an LCN2 promoter construct with a mutated
NF-�B site. As IL-17 stimulation stabilizes the I�B-� transcript,
we propose a model where TNF-� induces activation and bind-
ing of NF-�B to the promoters of bothNFKBIZ and LCN2 genes
but induce only transcription of I�B-�. Co-stimulation with
IL-17 leads to accumulation of I�B-� mRNA and I�B-� protein,
which can bind to NF-�B on the LCN2 promoter and thus
induce NGAL expression.

The innate immune system has evolved in higher eukaryotes
to combat microorganisms. It is activated rapidly and acts as
the first line of defense against invading pathogens. Cells of the
epithelial lining are among the initial players of the innate
immune response. Receptors on epithelial cells, interstitial
macrophages, and dendritic cells recognize pathogen-associ-
ated molecular patterns on microorganisms and respond by de
novo synthesis of antimicrobial proteins and peptides as well as

pro-inflammatory cytokines. Subsequently, specialized mobile
phagocytes such as neutrophils and monocytes appear at
the scene tomuster amore full-blown counterattack against the
microorganisms. Growing evidence indicates that the response
of epithelial cells to the invading pathogen is fine tuned to elim-
inate the specific pathogen. As a consequence, expression of
genes encoding the antimicrobial proteins is differentially reg-
ulated to match the specific stimuli encountered by the cells
(1–4).
One of the genes found to be differentially regulated codes

for the protein neutrophil gelatinase-associated lipocalin
(NGAL)2 (1). NGAL is a 25-kDa glycoprotein originally identi-
fied as a matrix protein of specific granules of human neutro-
phils (5) and later also as a protein strongly up-regulated in
epithelial cells during inflammation (1, 2, 6–8). NGAL belongs
to the lipocalin superfamily whose members share a barrel-
shaped tertiary structure with a hydrophobic pocket that can
bind lipophilic molecules (9). The ligand of NGAL is bacterial
ferric siderophores, which are used by bacteria for uptake of
iron, an essential nutrient (10, 11). Binding of siderophores by
NGAL deprives bacteria of iron. This bacteriostatic effect has
been demonstrated both in vitro (10) and in a mouse model
with a targeted disruption of the murine orthologue of NGAL
(24p3/lipocalin 2) (11).
Expression of human NGAL in epithelial cells is induced by

IL-1� in an NF-�B-dependent manner but not by TNF-�
despite the well known ability of both cytokines to induce acti-
vation and binding of NF-�B to the LCN2 promoter (1, 2, 11,
12). The reason for this IL-1� specificity is a requirement for
co-factor I�B-� (which itself is induced specifically by IL-1�) for
activation of the LCN2 promoter through the NF-�B signaling
pathway.
Recently, a new subgroup of T helper cells (TH-17) was char-

acterized that act in the interface between the adaptive and
innate immune system. When activated by pathogens and spe-
cific cytokines, naiveCD4�Tcells develop intoTH-17 cells that
produce IL-17 and release it to the surroundings (13). IL-17 can
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stimulate epithelial cells to synthesize cytokines such as IL-6
and granulocyte macrophage-colony-stimulating factor as well
as chemokines such as CXCL1 and CXCL8 (IL-8) (14, 15). It
was recently demonstrated that IL-17 is also able to induce
expression of antimicrobial proteins such as the murine ortho-
logue of NGAL, 24p3/lipocalin 2, in mouse cells (16, 17), and
hBD2 in some human cell systems (4). Furthermore, it was
shown that TNF-� can potentiate the expression of IL-17-in-
duced lipocalin 2 expression (16, 17). This prompted us to
investigate whether IL-17 could also induce synthesis of human
NGAL. Here we demonstrate that co-stimulation of A549 cells
with IL-17 andTNF-� results in strong up-regulation ofNGAL,
whereas neither of the two cytokines alone have an effect on
NGAL expression. Furthermore, we found that induction of
NGAL expression is dependent on NF-�B and its co-activator
I�B-� but not on C/EBP-� or C/EBP-�.

EXPERIMENTAL PROCEDURES

Cell Culture—A549 (ATCC CCL-185) cells were obtained
from the American Type Culture Collection and grown in
Ham’s F-12 (Invitrogen) supplemented with 10% fetal calf
serum (Invitrogen), 100 units/ml of penicillin, and 100�g/ml of
streptomycin (Invitrogen) at 37 °C in a humid atmosphere with
5% CO2. For transfection and/or induction with IL-17 and
TNF-� (both eBioscience) or incubation with IL-1� or cyclo-
heximide (both Sigma), 4 � 105 A549 cells were plated in a
10-cm dish and grown for 2 days before use. When stimulating
with cytokines, the medium was changed to Ham’s F-12 with
0.5% fetal calf serum and 100 units/ml of penicillin, and 100
�g/ml of streptomycin prior to the experiment.
RNA Isolation and Northern Blot—Total RNA was prepared

with TRIzol (Invitrogen) according to the manufacturer’s rec-
ommendations and the concentration determined by spectro-
photometry. For Northern blotting, 5 �g of RNA was run on a
1% agarose gel, transferred to a Hybond-N membrane (GE
Healthcare), and hybridized as described (1). The membranes
were washed as described (1) and developed with a Fuji
BAS2500 PhosphorImager. The size of the mRNAs was deter-
mined by reference to 18 S and 28 S ribosomal RNA. Themem-
branes were stripped by boiling in 0.1% SDS before rehybrid-
ization. The NGAL and �-actin cDNA probes have been
described earlier (1). The probes were radiolabeled with
[�-32P]dCTP using the random Primers DNA Labeling System
(Invitrogen). For quantitative assessments, the intensities of the
NGAL signals were normalized to the hybridization intensity
from a probe against �-actin.
Quantitative Real Time PCR—Reverse transcription of RNA

to first strand cDNA was performed on 1 �l of RNA diluted in
10 �l of diethyl pyrocarbonate-treated water. 1 �l of 50 �M

random hexamer primers (Invitrogen) were added. The solu-
tionwas denatured at 70 °C for 10min followed by addition of 4
�l of 5 � First Strand Buffer (Promega), 1 �l of 10 mM dNTP, 1
�l of RNAsin (Invitrogen), 2 �l of 0.1 M dithiothreitol (Pro-
mega), and 1 �l of SuperScript II Reverse Transcriptase
(Invitrogen). The conditions for reverse transcriptionwas incu-
bation at 22 °C for 10min, 45 °C for 45min, and 98 °C for 5min.
Quantitative PCR analysis was performed on a MX 3000P Real
Time PCR system (Stratagene) with the commercial gene

expression assay Assay-on-demandTM (Applied Biosystems).
The assays used were: LCN2 (NGAL), Hs00194353_m1; IL-8,
Hs00174103_m1; IL-6, Hs00174131_m1; NFKBIZ (I�B-�),
Hs00230071_m1; CEBPB (C/EBP-�), Hs00270923_s1; CEBPD
(C/EBP-�), Hs00270931_s1; and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) Hs99999905_m1.
Plasmids and siRNA—The promoter constructs pNGP1695-

CAT, pNGP1695(NF-�B)CAT, pNGP1695(C/EBP-1)CAT,
pNGP1695(C/EBP-2)CAT, pNGP1695(NF-Y)CAT, and
pNGP1695(AP-1)CAT are described elsewhere (1).
pNGP1695(C/EBP1 and 2)wasmade by use of theQuikChange
kit (Stratagene) using pNGP1695(C/EBP-2)CAT as template
and primers 5�- ACTCTCCCCGTCCCTCTGTCccGCCCAA-
TCCTGACCAGGTGC-3� and 5�-GCACCTGGTCAGG-
ATTGGGCggGACAGAGGGACGGGGAGAGT-3� for site-
directed mutagenesis (the altered bases in the mutant are
shown as lowercase italic letters). The substitutionmutants Sub
C1 and Sub C2 are identical to pNGP1695(154/135) and
pNGP1695(139/120) described in Ref. 1. The promoter con-
struct Sub C1-C2 was made by PCR amplification with primers
5�-AGAATTCTTTCGTTCTTTGATCTTGCCAAGTGTTT-
CCGCAGG-3� and 5�-AAGAATTCTCCGCTTCTCCG-
CTCGGACGGGGAGAGTGAGGG-3�, which anneal on
pNGP1695CAT 33 bp apart on each side of C/EBP-1 and
C/EBP-2, respectively. The entire plasmid was PCR amplified
and the resulting PCR product digested with EcoRI (sequence
shown in italics). Following re-ligation, a promoter construct
was generated where the region of the LCN2 promoter with the
two C/EBP sites was substituted by a nonsense sequence
(underlined in the primers). The plasmidwith 4 tandem repeats
of the IL-8 NF-�B site (IL-8(NF-�B � 4)) has been described
previously (1). The plasmid with 4 tandem repeats of the IL-6
NF-�B site (IL-6(NF-�B � 4)) was made by digestion of the
pCAT3-promoter plasmid (Promega) with BglII and NheI and
ligation of a double-stranded DNA fragment formed by
annealing primers 5�-CTAGC(AATGTGGGATTTTCCCA-
TGA)4A-3� and 5�-GATCT(TCATGGGAAAATCCCAC-
ATT)4G-3�. By annealing the two oligoes, an overhang resem-
bling DNA digested with BglII and NheI was formed. All
promoter mutations were verified by sequencing. The 24p3
(Lcn2) promoter constructs 24p3–282-Luc, 24p3–282-�Bm-
Luc, and 24p3–282-C/EBPm-Luc were kindly provided by Dr.
Sarah Gaffen, University of Pittsburg (17).
All siRNAs were purchased as pre-designed SilencerTM

siRNAs from Ambion. For knockdown of I�B-�, an siRNA
(si�B) (ID number 33380) was used, which we previously found
very efficient against I�B-� mRNA (18). Two siRNAs against
C/EBP-� (siB1 (ID number 42013) and siB2 (ID number
42089)) and two siRNAs against C/EBP-� (siD1 (ID number
45017) and siD2 (ID number 15987)) were found to efficiently
knock down their cognate transcripts. A Silencer Negative
Control number 1 siRNA (Ambion) was included as control for
any nonspecific effects of siRNA treatment.
Cell Transfection and Reporter Enzyme Assay—For experi-

ments with siRNA, transfection with Lipofectamine 2000
(Invitrogen) was performed according to the manufacturer’s
instructions. Transfections involving only plasmid DNA were
performed by use of Effectene (Qiagen, Hilden, Germany). For
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promoter studies, 0.8 �g of the CAT plasmid promoter con-
struct was co-transfected with 0.2 �g of Rous sarcoma virus-
Luc plasmid (19) (kindly provided by Dr. M. Schuster, Gene
Therapy Laboratory, Rigshospitalet, Denmark) to compensate
for differences in transfection efficiency. Expression of the
reporter enzymes was quantitated by CAT ELISA (Roche Diag-
nostics) and Luciferase Reporter Assay (Promega) according to
the manufacturer’s recommendations. For each sample the
CAT activity was normalized to firefly luciferase activity. For
analysis of the 24p3 promoter 0.8 �g of the firefly luciferase
reporter plasmid was co-transfected with 0.2 �g of the plas-
mid pGL4.74 (Promega) expressing Renilla luciferase for
normalization of the transfection. Expression of the lucifer-
ase was determined by the Dual Luciferase Reporter Assay
System (Promega).
Nuclear Extracts and EMSA—Nuclear proteins were pre-

pared from A549 cells (either unstimulated or stimulated for
11⁄2 h with IL-17 and TNF-�) as previously described (20). Dou-
ble-stranded oligonucleotides used as probes were labeled with
[�-32P]ATP and incubated with nuclear extracts for 30 min at
room temperature in 20mMHEPES buffer (pH 7.9), containing
50 mM KCl, 1 mM EDTA, 2 mM dithiothreitol, 10% (w/v) glyc-
erol, 2 �g of poly(dI-dC), 0.1%Nonidet P-40, 1 mg/ml of nucle-
ase-free BSA, and 0.5 mM phenylmethylsulfonyl fluoride. If
competitor oligos were included, the nuclear extract was added
following a 20-min preincubation period. For supershift analy-
sis 1 �l of antibody against C/EBP-� (sc-150X), C/EBP-� (sc-
151X), C/EBP-� (sc-158X),NF-�Bp50 (sc-114X), orNF-�Bp65
(sc-109X) (all Santa Cruz) were added. All incubations were
subjected to electrophoresis on 6% non-denaturing polyacryl-
amide gels and subsequently dried and autoradiographed. The
oligoes used for EMSA were (only the sequence of the upper
strand of the double-stranded probe/competitor is shown):
NGAL-�B, 5�-CACTCCGGGAATGTCCCTCACT-3�; NGAL-
�B*, 5�-CACTCCAATAATGTCCCTCACT-3�; C1, 5�-CTCT-
GTCTTGCCCAATCCTGAC-3�; C1*, 5�-CTCTGTCCCGC-
CCAATCCTGAC-3�; C2, 5�-TGACCAGGTGCAGAAAT-
CTTGC-3�; C2*, 5�-TGACCAGGTGCAGGGATCTTGC-3�;
cons. �B, 5�-GATCCGGGGACTTTCCATGGATGGGGAC-
TTTCCATGG-3�; and CRP, 5�-TACATAGTGGCGCA-
AAGTGATAT-3�.
Quantitation of NGAL, IL-8, and IL-6 in Medium—NGAL

was quantitated by ELISA as described previously (21). IL-8was
quantitated with the IL-8 opti-EIA ELISA kit (Pharmingen),
and IL-6 was measured with the Ready-SET-Go ELISA (eBio-
science) according to the manufacturer’s recommendations.
SDS-PAGE and Immunoblotting—For immunodetection,

the proteins were separated on a 4–12% NuPAGE BisTris gel
(Invitrogen) and electrotransferred to a TransBlot nitrocellu-
lose membrane (Bio-Rad) according to the manufacturer’s
instructions. The membrane was blocked for 1 h with 5%
skimmed milk and washed four times for 5 min in phosphate-
buffered saline with 0.5% BSA. The primary antibodies
(C/EBP-� (sc-150), C/EBP-� (sc-151), and glyceraldehyde-3-
phosphate dehydrogenase (sc-20357), all from Santa Cruz)
were incubated overnight at 4 °C in phosphate-buffered saline
with 0.5% BSA and then washed four times for 5 min in phos-
phate-buffered saline with 0.5% BSA. The membranes were

then incubated for 2 h with secondary antibody (peroxidase-
conjugated goat anti-rabbit antibodies (Dako P0448)), washed
four times for 5 min in phosphate-buffered saline with 0.5%
BSA, and visualized by chemiluminescence (SuperSignal West
Pico, Thermo Scientific). For incubation with anti-I�B-� (Cell
Signaling number 9244), the membrane was blocked in Tris-
buffered saline (TBS) with 0.1% Tween 20 (TBS/T) containing
5% skimmed milk according to the manufacturer’s recommen-
dations. Themembraneswerewashed four times for 5minwith
TBS/T, incubated overnight at 4 °C with the primary antibody
in TBS/T plus 5% BSA, washed four times for 5 min with
TBS/T, incubated for 1 h with the secondary antibody (peroxi-
dase-conjugated goat anti-rabbit) in TBS/T with 5% skimmed
milk, and finally washed four times for 5minwithTBS/T before
detection of the proteins by chemiluminescence.
Statistical Analysis—The data are presented as the mean �

S.D. The significance of differences between two groups was
determined by the Welch t test. Statistical significance was
reported if p � 0.05 was achieved.

RESULTS

NGAL Synthesis Is Induced by Co-stimulation with IL-17 and
TNF-�—We previously demonstrated that transcription of the
human LCN2 promoter is strongly up-regulated by the proin-
flammatory cytokine IL-1� in A549 cells, whereas no response
is observed upon stimulationwithTNF-� (1). This is in contrast
to the gene encoding the murine orthologue of NGAL (24p3/
lipocalin 2), as expression of this gene (Lcn2) can be induced by
TNF-� (16, 22). Recently, it was shown that transcription of the
murine Lcn2 genewas synergistically up-regulated in the osteo-
blast cell line MC3T3-E1 when stimulated with a combination
of TNF-� and IL-17 (16). For this reasonwe speculatedwhether
it would be possible to induce expression of the human LCN2
gene by stimulation of cells with TNF-� in the presence of
IL-17. To investigate this, A549 cells were incubated with
TNF-� and/or IL-17 for 24 h followed by RNA purification and
Northern blot analysis. Cells stimulated with IL-1� were
included as a positive control for NGAL induction. As seen in
Fig. 1, strong induction of NGAL mRNA was observed in cells
stimulated with IL-17 and TNF-� or IL-1�. A 15-fold increase
in NGAL mRNA was measured in cells co-stimulated with
IL-17 and TNF-�, whereas no effect was seen when the cells
were stimulated with either of the two cytokines. A second
experiment, where the amount of NGAL secreted from A549
cells to the medium was measured over a 48-h period, demon-
strated than IL-17 combined with TNF-� also induced NGAL
protein synthesis (Fig. 1C). IL-8 was included as control (Fig.
1D), as was found previously to be induced by TNF-� alone in
these cells (1).
C/EBP-� andC/EBP-�mRNALevels Increase following Stim-

ulation with IL-17 and TNF-�—To further investigate the time
course of NGAL induction following IL-17 and TNF-�-stimu-
lation, wemeasured transcript levels by real-time PCR during a
24-h period. Accumulation ofNGALmRNAwas observed dur-
ing the entire period of stimulation (Fig. 2A) in concordance
with the NGAL protein levels depicted in Fig. 1C. As seen pre-
viously (1), a rapid and sustained increase in IL-8 mRNA levels
was found after stimulation with TNF-� (Fig. 2B). A 40–60-
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fold increase in the amount of IL-8mRNAwas also observed for
cells administered IL-17 and TNF-�, whereas stimulation with
IL-17 alone had no effect on IL-8 transcript levels.
Recent data demonstrate that C/EBP-� and C/EBP-� are

required for IL-17- and TNF-�-induced expression of the
murine Lcn2 gene (17) and for this reason we analyzed the
mRNA profiles for these two transcription factors. A 2–3-fold
increase of both C/EBP-� and C/EBP-� mRNAs was observed
for cells growing in the presence of TNF-�. The transcript for
C/EBP-� remained elevated during the entire stimulation
period, whereas the amount of C/EBP-� mRNA peaked at 11⁄2 h
and then declined to the background level from 3 h and
onwards (Fig. 2, C and D).
Knockdown of C/EBP-� mRNA Does Not Affect NGAL

Production—Because C/EBP-� and C/EBP-� are reported to be
involved in IL-17- and TNF-�-induced expression of the
murineLcn2promoter (17), we examined the effect of knocking
down the mRNAs for these two transcription factors. Two dif-
ferent siRNAs against C/EBP-� (Fig. 3A, siB1 and siB2) were
found to reduce the level of C/EBP-� mRNA significantly.
Compared with unstimulated cells, a 2–21⁄2-fold increase in the
transcript level was observed for C/EBP-� mRNA in untreated
and control siRNA-treated cells at 2 h post-induction (Fig. 3A).
This is in agreement with the data in Fig. 2C. In contrast, the
amount of C/EBP-� mRNA in stimulated cells that had
received siB1 or siB2 was about one-third of that found in
unstimulated cells and consequently less than 20% of that seen
for stimulated cells that were untransfected or transfected with
control siRNA. The amount of C/EBP-� protein was signifi-

cantly reduced in the cells treated
with siB1 and siB2 (Fig. 3B) and the
treatment affected both the 35- and
20-kDa forms of C/EBP-� (23). In
the following experiments only data
for siB1 are shown but similar
results were obtained with siB2. At
2 h post-induction, the amount of
C/EBP-� in cells receiving siB1 was
about one-third of that seen in
untransfected and Cntl siRNA-
treated cells, whereas the amounts
of C/EBP-� and IL-8 mRNAs were
similar in all three stimulated cell
populations (Fig. 3C). As expression
of IL-6 is induced by C/EBP-� and
C/EBP-� (24) we included a mea-
surement of the IL-6 mRNA level in
our study to determine whether an
effect of knocking down C/EBP-�
could be measured. This was found
to be the case as the level of IL-6
mRNA was severely diminished in
cells treated with siB1 for 2 h (Fig.
3C).When examining the transcript
profiles 24 h after co-stimulation
with TNF-� � IL-17 the amount of
C/EBP-� in siB1-treated cells was
also found to be about one-third of

that seen in the two other cytokine-treated cell populations that
had not been treated with siB1. Also the amount of IL-6mRNA
was around one-third in the siB1-treated cells compared with
the other two cell populations stimulated with cytokines. In
contrast, the amount of C/EBP-�, IL-8, and NGAL mRNA was
unaffected by siB1 treatment as the amount of transcript was
similar in all three stimulated cell populations. When mea-
suring the amount of NGAL, IL-6, and IL-8 in the medium of
siRNA-treated cells, the same pattern was observed as for the
mRNAs (Fig. 3,D and E). Transfection with siB1 did not dimin-
ish the level of eitherNGAL or IL-8 in themedium, whereas the
amount of IL-6 was one-third of that observed for untreated
and Cntl siRNA-transfected cells following cytokine stimula-
tion (Fig. 3E).
Knockdown of C/EBP-� mRNA Does Not Affect NGAL

Production—A similar series of experiments was performed
with siRNAs against C/EBP-� mRNA. A reduction in mRNA
levels to 20- 25% of that observed for control-transfected and
untransfected cells was observed for the two siRNAs, siD1 and
siD2, both of which target C/EBP-� mRNA (Fig. 4A). A similar
effect on the C/EBP-� protein levels was observed as demon-
strated by Western blot (Fig. 4B). Results for siD1-treated cells
are shown in the following, but comparable data were found
when transfecting with siD2. When measured at 2 h post-in-
duction, siD1-treated cells showed a significant reduction in
the amount of C/EBP-� and IL-6mRNAs, whereas the amounts
of the C/EBP-� and IL-8mRNAswere at a level similar to those
seen in stimulated cellswith orwithout control siRNA (Fig. 4C).
At 24 h post-stimulation again both C/EBP-� and IL-6 mRNA

FIGURE 1. Induction of NGAL synthesis by co-stimulation with IL-17 and TNF-�. A, cells were harvested at
time “0” and at 24 h after addition of fresh medium without cytokines or supplemented with IL-1� (100 pg/ml),
TNF-� (20 ng/ml), IL-17 (200 ng/ml), or IL17 and TNF-� (200 and 20 ng/ml). RNA was isolated and hybridized to
32P-labeled probes as indicated. B, schematic representation of the fold-induction of NGAL mRNA in A follow-
ing normalization to �-actin intensities. The fold-induction is shown relative to the amount measured at
time 0. C and D, the amount of NGAL and IL-8 in the medium of A549 cells was determined at the indicated time
points after addition of fresh medium without cytokines or supplemented with IL-17 and/or TNF-� in the
concentrations given. Data from one of two independent experiments showing essentially the same results are
presented. Data are presented as the mean � S.D.
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levels were affected by siD1 transfection and comparable levels
of C/EBP-�, IL-8, and NGAL mRNAs were found in the stim-
ulated cells irrespective of whether they had received siD1, Cntl
siRNA, or neither of the two (Fig. 4D). The same was true for
NGAL and IL-8 protein in the medium as no difference was
observed between stimulated cells without siRNA and cells
transfected with siD1 or Cntl siRNA (Fig. 4E). In contrast, less
than half the amount of IL-6 was secreted from cells treated
with siD1 compared with the other two stimulated cell popula-
tions (Fig. 4E).
An IntactNF-�BBinding Site Is Required for IL-17- andTNF-

�-induced Transcription of the LCN2 Promoter—To further
investigate the regulatory mechanisms involved in up-regula-
tion of NGALwe examined whether transcription of a 1695-bp
LCN2 promoter fragment could be induced by IL-17 and
TNF-�. As seen in Fig. 5A transcription was only induced fol-
lowing co-stimulation with IL-17 and TNF-�, whereas stimu-
lation with the two cytokines alone did not have any effect. We
next analyzed a number of 5�-deletions of the LCN2 promoter.
A comparable level of activation was observed for deletions
ranging from �1695 to �183 bp upstream of the transcrip-
tional start site (Fig. 5B). Deletion of a further 30 bp, however,
completely abolished the induction of the LCN2 promoter

activity. An NF-�B site situated at
position �180 to �171 has previ-
ously been shown to be essential for
IL-1�-induced up-regulation of
LCN2 transcription (1). For this rea-
son, we decided to investigate the
importance for IL-17- and TNF-�-
induced transcription of the NF-�B
binding site and four other potential
transcription factor binding sites in
the LCN2 promoter. As the �183
deletion showed the same level of
up-regulation as the �1695 dele-
tion, we focused on transcription
factor binding sites in the promoter
downstream of �183. Point muta-
tions of the �1695 deletion mutant
in NF-�B, AP.1, NF-Y, and two
C/EBP sites were tested (see
sequence in Fig. 5). Mutation of the
AP.1 site reduced basal (uninduced)
expression of the LCN2 promoter to
20% of that measured for the wild
type sequence and mutation of the
distal C/EBP site (C/EBP-1) caused
a 50% reduction in activity (Fig. 5C).
However, these two mutations did
not affect the level of induction in
response to stimulation with IL-17
and TNF-� as a 6–8-fold up-regu-
lation was still observed for all the
mutated promoter constructs ex-
cept for the NF-�B mutant, which
had expression levels similar to
unstimulated cells (Fig. 5D). This

indicates that binding of NF-�B is essential for up-regulation of
the NGAL promoter, whereas binding to the two C/EBP sites
does not appear to be required for this process. This notion is
further supported by the observation thatmutation of theNF-Y
site, which potentially could affect binding of C/EBP to the
adjacent (and partly overlapping) C/EBP-1 site, did not influ-
ence the ability of this promoter construct to be activated.
However, because the LCN2 promoter contains two potential
C/EBP-binding sites it is possible that mutation of only one
C/EBP site still allows C/EBP to regulate cytokine induction by
binding to the other intact C/EBP site. To investigate this, we
therefore made a promoter construct with mutations in both
C/EBP sites (C/EBP-1 andC/EBP-2). As seen in Fig. 5D, a 6-fold
induction was observed also for this construct.
To further evaluate the consequence of inactivating the two

C/EBP sites, and to rule out that the observed effect of the point
mutations was due to residual binding capacity of the mutated
transcription factor binding sites, we analyzed a series of muta-
tions where the entire sequence of either C/EBP-1 and/or
C/EBP-2 was substituted by a nonsense sequence. The individ-
ual substitutions (sub C1 and sub C2) as well as a substitution
covering both C/EBP binding sites (sub C1-C2) all showed a

FIGURE 2. Time courses of NGAL, IL-8, C/EBP-�, and C/EBP-� mRNAs following stimulation with IL-17
and/or TNF-�. The amount of NGAL (A), IL-8 (B), C/EBP-� (C), and C/EBP-� (D) mRNA was determined by real
time PCR at the indicated time points after addition of fresh medium without cytokines or supplemented with
TNF-�, IL-17, or IL-17 and TNF-� at the concentrations indicated in the legend to Fig. 1. Expression of the
transcripts is shown as fold-induction relative to expression measured in unstimulated cells at time 0. Data are
presented as the mean � S.D.
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level of induction in response to IL-17 and TNF-� stimulation
comparable with that observed for the equivalent point muta-
tions of C/EBP-1 and/or C/EBP-2 (Fig. 5, C and D).
In some cells stimulation with IL-17 alone has been found to

activate the NF-�B pathway (4, 25). This does not appear to be
the case in our model system as IL-8 transcription, which is
induced by numerous stimuli causing NF-�B activation (1, 26),
did not increase as a result of IL-17 administration (Fig. 2B). To
further evaluate whether IL-17 could induce NF-�B-mediated
transcription, we tested two heterologous reporter constructs
where four tandem repeats of the NF-�B element from the IL8
and IL6 promoters, respectively, were inserted upstream of a
minimal SV40promoter. Strong induction of theCAT-reporter
was seen following stimulation with TNF-� or IL-1�, whereas
no transcription or transcription only slightly above the back-
ground level was observed when stimulating with IL-17 (Fig. 5,
E and F).
The murine Lcn2 promoter is dependent on both an intact

NF-�B and C/EBP-binding element for induction by IL-17 and
TNF-� in murine bone marrow stromal cells (17). To investi-

gate whether this was also the case in a human cell system we
transfected A549 cells with Lcn2 promoter constructs carrying
a mutated NF-�B or C/EBP binding site. The wild type pro-
moter and the NF-�B mutant showed comparable luciferase
activities in unstimulated cells, whereas the activity of the
C/EBPmutantwas about half of thatmeasured for thewild type
promoter (Fig. 5G). This is analogous to the activitiesmeasured
for the NF-�B and C/EBP-1 mutants of the LCN2 promoter
where mutation of the C/EBP site also decreased basal expres-
sion by about 50% (Fig. 5C). A 5-fold increase in Lcn2 promoter
activity was seen following stimulation with IL-17 and TNF-�,
whereas no induction was observed for the promoter with a
mutated NF-�B site and a less than 2-fold induction was found
for the C/EBP mutant (Fig. 5H). We also analyzed the Lcn2
promoter after stimulation with IL-1� as this cytokine mimics
the effect of stimulating with IL-17 and TNF-� with regard to
NGAL induction and as the C/EBP sites of the LCN2 promoter
are not needed for IL-1�-induced up-regulation (1). The data in
Fig. 5H show no induction of the 24p3-NF-�B mutant and a
more that two-thirds reduction in the promoter activity of the

FIGURE 3. Knockdown of C/EBP-� expression does not affect NGAL expression. Untransfected A549 cells (�) or cells transfected with 40 nmol of two
different siRNAs against C/EBP-� (siB1 and siB2) or control siRNA (cntl) and stimulated with IL-17 (200 ng/ml) and TNF-� (20 ng/ml) for 2 h were analyzed for
mRNA (A) and protein expression (B). A, the amount of C/EBP-� mRNA, as determined by real time PCR, showed a 2–21⁄2-fold induction for untransfected and
Cntl siRNA-transfected cells relative to unstimulated cells. In contrast, cells treated with siB1 and siB2 showed a C/EBP-� mRNA level about 20% of that found
in cells with Cntl siRNA after stimulation with the two cytokines. B, analysis of total cell lysates showed a similar strong reduction in the amount of C/EBP-�
protein in siB1- and siB2-transfected cells. Both the 35- and 20-kDa forms of C/EBP-� was affected. C, a new series of experiments again showed a significant
reduction of C/EBP-� mRNA as well as of the IL-6 mRNA in cells treated with siB1 and stimulated for 2 h with IL-17 and TNF-�, whereas the amounts of C/EBP-�
and IL-8 mRNAs were unaffected. D, at 24 h post-stimulation the levels of C/EBP-� and IL-6 mRNAs was still reduced in siB1-transfected cells, whereas the
transcripts for C/EBP-�, IL-8, and NGAL were unaffected by the treatment. E, this observation also holds true for NGAL, IL-6, and IL-8 also when measuring
the amount of these three proteins in the medium of the cytokine-stimulated cells, as comparable levels were found for NGAL and IL-8 irrespective of whether
the cells were transfected with siRNA or not, whereas the amount of secreted IL-6 was strongly diminished from siB1-treated cells. The real time PCR data are
shown relative to the most highly expressed transcript in each experiment. Data are presented as the mean � S.D. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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24p3-C/EBP mutant compared with the wild type promoter
following IL-1� stimulation. This indicates that there also are
differences in the requirement for C/EBP binding for these two
orthologous LCN2/Lcn2 promoters following stimulation with
IL-1�.
NF-�BandC/EBPDoNot FormaComplex on the�BElement

of the LCN2 Promoter—It has been demonstrated that a multi-
protein complex consisting of both C/EBP and NF-�B in some
instances can be formed on a �B element of a promoter that
lacks a recognizable adjacent C/EBP-binding element (27). In
these cases, the C/EBP protein is believed to bind to the NF-�B
complex sitting on the DNA without any direct contact
between the C/EBP protein and the DNA. Although mutation
of the two C/EBP sites of the LCN2 promoter did not affect the
level of induction of the LCN2 promoter following stimulation
with IL-17 and TNF-� (Fig. 5) we cannot rule out that a com-
plex between C/EBP andNF-�B is formed on the �B element of
the LCN2 promoter and thereby compensates for the lack of
direct binding of the C/EBPs to the promoter. To evaluate
whether such a complex might be formed we performed an
EMSA using an oligo with the NF-�B element of the LCN2

promoter (Fig. 6A). Binding of NF-�B to the LCN2 �B site was
observed when incubating with the nuclear extract from cyto-
kine-stimulated cells (the band is indicatedwith an asterisk). As
expected, this complex was not observed when a competitor
oligo with an intact LCN2 NF-�B element (NGAL �B) or two
tandem repeats of a consensus �B element (cons. �B) was
added,whereas the complex could still be seenwhen competing
with an oligo carrying amutated�B site (NGAL�B*). Supershift
was observed when incubating with antibodies against the p50
and p65 subunits of the NF-�B heterodimer, as seen previously
(1). An analysis with antibodies against C/EBP-�, C/EBP-�, and
the myeloid-specific factor C/EBP-� (included as a negative
control) was also performed. No supershift was seen for either
of these reactions indicating that the C/EBPs did not constitute
a part of the complex formed on the NGAL �B element. Fur-
thermore, an excess of C/EBP-1 (C1) or C/EBP-2 (C2) oligo did
not alter the band pattern of the EMSA. An EMSAwith oligoes
containing the C/EBP-1 or C/EBP-2 binding sites of the LCN2
promoter as probes was also performed. No differences in the
band pattern were observed between nuclear extracts from
unstimulated and stimulated cells (Fig. 6, B–H) in accordance

FIGURE 4. Knockdown of C/EBP-� expression does not affect NGAL expression. Untransfected A549 cells (�) or cells transfected with 40 nmol of two
different siRNAs against C/EBP-� (siD1 and siD2) or control siRNA (cntl) and stimulated with IL-17 (200 ng/ml) and TNF-� (20 ng/ml) for 2 h were analyzed for
mRNA (A) and protein expression (B). A, the amount of C/EBP-� mRNA was strongly induced after 2 h stimulation with IL-17 and TNF-� in untransfected and Cntl
siRNA-transfected cells relative to unstimulated cells (as seen also in Fig. 2). However, if the stimulated cells were transfected with siD1 and siD2, the level was
4 to 5 times lower. B, transfection with siD1 or siD2 in the same manner affected the amount of C/EBP-� protein measured in total cell lysates after a 2-h
stimulation. C, transfection with siD1 and stimulation with the two cytokines for 2 h reduced the levels of C/EBP-� and IL-6 mRNAs without having any effect on
the levels of the C/EBP-� and IL-8 trancripts. D, when analyzing the cells after 24 h of stimulation with IL-17 and TNF-�, the amount of C/EBP-� and IL-6 mRNAs
was still lower in siD1-treated cells, whereas the levels of C/EBP-�, IL-8, and NGAL mRNAs were very similar in all cytokine-treated cells. E, the amount of secreted
NGAL, IL-6, and IL-8 from the cells were affected in the same manner as their cognate transcripts by siD1 treatment compared with Cntl siRNA-transfected and
untransfected cells. The real time PCR data are shown relative to the most highly expressed transcript in each experiment. Data are presented as the mean �
S.D. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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with the finding that both C/EBP-� and C/EBP-� were present
in the cells prior to stimulation (Figs. 2–4). A supershift of the
C/EBP-1 probe was only detected with an antibody against
C/EBP-� (Fig. 6B) indicating that neither C/EBP-� nor NF-�B
were part of the nuclear complexes formed on this probe. A
similar, although less pronounced, supershift, was also seen for
the C/EBP-2 probe with anti-C/EBP-� (Fig. 3C). We also made
a series of competition experiments with the C1 andC2 probes.
In this case binding of nuclear proteins to the C1 probe was
found to be inhibited by addition of an excess of unlabeled C1
probe but not by aC1probewith a 2-base pairmutation (C1*) of
the C/EBP-recognition element (Fig. 6E). We, furthermore,
tested whether the NGAL-�B oligo could affect the band pat-
tern. The rationale behind this experiment is that if C/EBPs do
form a complex with NF-�B bound to the �B element of the
LCN2 promoter then competition with the NGAL-�B oligo
should diminish the binding of C/EBPs to the C1 probe. No
differences in band intensity were observed between aC1 probe
without added competitor and a C1 probe competed with an
excess of NF-�B oligo nor between the band intensities when
the C1 probe was competed with NF-�B and NF-�B* (Fig. 6E).
Similar results were found when testing the C2 probe (Fig. 6F).
Finally, wemade an EMSAwith theC1 andC2 probeswherewe
also included competition with an oligo (CRP) that has previ-
ously been shown to bind C/EBPs (27). Competition of the
nuclear complexes by the CRP oligo was observed for both the
C1 and C2 probes demonstrating that C/EBPs do bind to both
these probes (Fig. 6, G and H). Together, these data indicate
that the C/EBPs do not bind to the NF-�B protein complex
when the C/EBP-binding regions of the LCN2 promoter are
lacking but rather directly to the C/EBP-binding elements,
C/EBP-1 and C/EBP-2, of the LCN2 promoter.
De Novo Protein Synthesis Is Required for Induction of NGAL

Expression by TNF-� and IL-17—Transcription of the LCN2
gene following IL-1� stimulation requires de novo synthesis of
I�B-� (18). To test whether induction of new protein synthesis
is also required for induction of NGAL transcriptionwith IL-17
and TNF-�, we measured the amount of NGAL mRNA gener-
ated in A549 cells co-stimulated with the two cytokines in the
presence or absence of cycloheximide, a potent inhibitor of pro-
tein synthesis. As seen in Fig. 7, NGAL transcription was signif-
icantly inhibited in the presence of cycloheximide, whereas
induction of IL-8 and I�B-� mRNAs still occurred. As reported
also for IL-1� stimulation (18), the levels of IL-8 and I�B-�

transcripts were found to be higher when cycloheximide was
present. This probably reflects either a stabilization of these
mRNAs due to a labile post-transcriptional regulatory protein
not being synthesized (28) or the removal of a transcriptional
repressor (29). Induction of the latter two mRNAs demon-
strates that the NF-�B pathway was not disturbed by cyclohex-
imide treatment because both mRNAs are encoded by genes,
which require NF-�B for transcriptional activation. The failure
of NGAL mRNA induction therefore must be due to lack of an
essential transcriptional regulator, the production of which is
blocked by cycloheximide.
I�B-� Is Induced following Stimulation with Both IL-17 and

TNF-�—As I�B-� has previously been shown to be essential for
IL-1�-induced up-regulation of LCN2 transcription through
binding to NF-�B (18), we looked at the mRNA profile for this
factor in our experimental set-up. At 11⁄2 h post-stimulation,
I�B-�mRNA levels were slightly increased after TNF-� admin-
istration. Stimulation with IL-17 resulted in a 6-fold increase
and an 8–9-fold increase was observed after co-stimulation
with IL-17 and TNF-� (Fig. 8A). At later time points the
amount of I�B-� mRNA in TNF-�-stimulated cells fell to
almost the same levels seen in unstimulated cells, whereas a
2–3-fold higher expression was observed when IL-17 was pres-
ent in themedium. The I�B-� protein was only detected in cells
treated with IL-17 or IL-17 and TNF-� and was significantly
increased above that in IL-17-stimulated cells in cells co-stim-
ulated with IL-17 and TNF-�. The peak level of the I�B-� pro-
tein was found at 11⁄2 h after stimulation with IL-17 and TNF-�
as observed for the mRNA profile (Fig. 8B). A similar, but
weaker, transient increase of I�B-� protein was found when
stimulation was done with IL-17 alone.
Inhibition of I�B-� Expression Results in Decreased NGAL

Production—The nuclear factor I�B-� is essential for up-regu-
lation of LCN2 transcription in response to IL-1� stimulation
(18). To examine if this is also the case following IL-17 and
TNF-� stimulation, we tested whether an siRNA against I�B-�
mRNA would affect the amount of NGAL mRNA synthesized.
As demonstrated in Fig. 9 an siRNAagainst I�B� (si�B) reduced
the amount of I�B-� mRNA in the cytokine-stimulated cells
significantly compared with untransfected cells and to cells
transfected with a control siRNA (Fig. 9A). The same effect was
observed on the amount of I�B-� protein induced by the cyto-
kines (Fig. 9B). The siRNA against I�B-� also reduced the
amount of NGAL mRNA drastically in the cells, whereas no

FIGURE 5. Activity of the LCN2 promoter in stimulated A549 cells. Top, DNA sequence and putative regulatory consensus elements of the �200 to 1 region
of the LCN2 gene (6). The underlined sequences denote putative transcription factor recognition sites and the numbers above the sequence show the end points
of the �183, �153, and �120 deletion mutants. The transcriptional start site is indicated with a dot. The extent of the substituted sequences Sub C1, C2, and
C1-C2 are shown with bars under the sequence. A, fold-induction of the 1695-bp LCN2 promoter following stimulation with IL-17, TNF-�, and IL-17 � TNF-�
shown relative to the activity from unstimulated cells (�). B, LCN2 promoter with deletions ranging from �1695 to �120, as denoted under the columns, was
transfected into A549 cells and stimulated with IL-17 (200 ng/ml) and TNF-� (20 ng/ml) for 24 h. The fold-induction following stimulation is shown. Deleting the
region below �183 abolished the ability of the promoter to be induced by the cytokines. C, relative CAT activities of promoter constructs in unstimulated cells
with point mutations or substitutions of different transcription factor binding sites. The activities are shown relative to the wild type �1695 promoter, which
was given the value “1.” D, fold-induction of the point mutations and substitutions following stimulation with IL-17 and TNF-� for 24 h. Fold-induction in CAT
activity of pCAT3-promoter (SV40) and the same construct with four tandem repeats of the NF-�B sequence (4 � �B) from the IL8 promoter (E) or IL6 promoter
(F) inserted upstream of the SV40 basal promoter. The fold-induction was determined for IL-1�, TNF-�, and IL-17-stimulated cells relative to the promoter
activities of the unstimulated SV40 and “4 � �B” constructs, respectively. G, relative firefly luciferase activities of the 24p3–282-luc (wt), 24p3–282-�Bm-luc
(�Bm), and 24p3–282-C/EBPm-luc (C/EBPm) promoter constructs in unstimulated cells. The activities are shown relative to the wild type Lcn2 (24p3) promoter,
which was given the value 1. H, fold-induction in firefly luciferase activity of the wt, �Bm, and C/EBPm promoter constructs following stimulation with IL-17 and
TNF-� or IL-1� relative to the promoter activities of the unstimulated promoter constructs. All results are the mean � S.D. of three independent transfections.
The CAT activities were normalized to the firefly luciferase activity from the co-transfected vector Rous sarcoma virus-Luc. The firefly luciferase activities of the
Lcn2 promoter constructs were normalized to the Renilla luciferase activity of the co-transfected vector pGL4.74. Data are presented as the mean � S.D.
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effect on IL-8 mRNA induction was observed (Fig. 9C). The
same holds true with regard to the quantity of NGAL and IL-8
protein measured in the medium of siRNA-treated cells. The
amount of NGAL protein measured in small interfering

�B-treated cells was less than 25% of
that found in untreated and control
siRNA-treated cells, whereas the
level of IL-8 protein found in the
mediumwas unaffected by transfec-
tion with siRNAs (Fig. 9D).

DISCUSSION

NGAL has been found to be up-
regulated by IL-1� in an NF-�B-de-
pendent manner in human epithe-
lial cell cultures (1). In contrast, no
activation of NGAL occurs by stim-
ulating with TNF-�, another activa-
tor of the NF-�B pathway. This
IL-1� specificity has been demon-
strated in human epithelial cells
originating from the lung, bron-
chus, and the skin (1, 2), as well as in
a hepatocyte cell line (22). This is in
contrast to the murine orthologue,
24p3/lipocalin 2, which can be
induced by both IL-1� and TNF-�
(16, 22). It was recently demon-
strated that the TNF-�-induced
expression ofmurine lipocalin 2 can
be further boosted by co-stimula-
tion with IL-17 (16). For this reason,
we decided to examine whether it
would be possible to induce NGAL
expression in the epithelial cell by
stimulation of combined TNF-�
and IL-17.
Neither IL-17 nor TNF-� had any

stimulating effect on NGAL expres-
sion in our model system, whereas
co-stimulation with both cytokines
resulted in a 15-fold induction over
the background level at 24 h. De
novo protein synthesis was required
for LCN2 transcription to occur by
stimulation with IL-17 and TNF-�.
This is analogous to the induction
of NGAL transcription following
IL-1� stimulation where new syn-
thesis of the I�B-� protein is
required for LCN2 gene transcrip-
tion (18). The same appears to be
true when stimulating with IL-17
and TNF-� as both the level of
NGAL mRNA and amount of pro-
tein synthesized were severely
reduced if the cells were treated
with an siRNAagainst I�B-�prior to

stimulation. The lack ofNGAL induction following stimulation
with TNF-� or IL-17 alone indicates that the cellular response
to each of these cytokines alone does not activate all the com-
ponents required for LCN2 transcription. Induction of LCN2

FIGURE 6. Binding of nuclear complexes to the �B and C/EBP elements of the LCN2 promoter. Nuclear
extracts from A549 cells that were either not stimulated (unstim.) or stimulated with IL-17 (200 ng/ml) and
TNF-� (20 ng/ml) for 11⁄2 h (IL-17 � TNF-�) were used for EMSA. A, a 32P-labeled probe containing the �B
element of the LCN2 promoter was incubated with either no competitor (no comp.) or a 250-fold excess of an
unlabeled oligo, which was identical in sequence to the probe (NGAL �B), only differed by a mutated �B
element (NGAL �B*), contained sequences of the C/EBP-1 (C1) or C/EBP-2 (C2) elements of the LCN2 promoter,
or carried a consensus �B sequence (cons. �B). Antibodies against p50, p65, C/EBP-�, C/EBP-�, and C/EBP-� were
tested for their ability to cause a supershift of the nuclear complex associated with the probe. Supershifts with
the p50 and p65 antibodies are shown with an arrow. The specific band formed on the NGAL-�B probe with the
nuclear extract from cytokine-stimulated cells is indicated with an asterisk. B, a probe containing the C/EBP-1
element of the LCN2 promoter (C1) was incubated without antibody (no Ab) or with antibodies against C/EBP-�,
C/EBP-�, C/EBP-�, p50, or p65. Supershift with anti-C/EBP-� is indicated with an arrow. C, an experiment similar
to that in B was performed with a probe containing the C/EBP-2 element of the LCN2 promoter (C2). A super-
shift band was also in this case seen with anti-C/EBP-� (arrow). D, a control for supershift using the CRP oligo as
probe. Supershift was observed for anti-C/EBP-� and anti-C/EBP-�. E, the C1 probe was incubated with either
no competitor (no comp.) or a 250-fold excess of an unlabeled oligo, which was identical in sequence to the
probe (C1), had a 2-base pair mutation in the C/EBP-binding element (C1*), or contained the wild-type (NGAL
�B) or mutated (NGAL �B*) NGAL-�B sequence. F, identical to the experiment in E except for C1 being
exchanged by C2. G and H, identical to the experiments in E and F except for the NGAL-�B oligoes being
substituted by the C/EBP-containing oligo CPR.
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transcription with IL-1� requires both binding of NF-�B to the
LCN2 promoter as well as synthesis of I�B-�, which acts as a
co-activator with NF-�B on the promoter (18). Stimulation
with TNF-� induces binding of NF-�B to the LCN2 promoter
but does not result in NGAL protein synthesis (1). In contrast,

IL-17 does not appear to activate NF-�B, as stimulation with
IL-17 alone does not induce IL8 transcription (Fig. 2). This
notion is further strengthened by the observation that IL-17
was unable to induce transcription from a reporter plasmid
with 4 tandem repeats of an NF-�B binding site positioned

FIGURE 7. Induction of NGAL mRNA synthesis by co-stimulation with IL-17 and TNF-� requires de novo protein synthesis. Cells were harvested at the
indicated time points after addition of fresh medium without cytokines or supplemented with IL-17 (200 ng/ml) and TNF-� (20 ng/ml) in the presence or
absence of 10 �g/ml of cycloheximide to abolish synthesis of protein. Cycloheximide was added 30 min prior to stimulation with the cytokines. RNA was
isolated and analyzed by real time PCR for transcripts of NGAL, I�B-�, and IL-8. A significantly higher level of NGAL mRNA was observed in cytokine-stimulated
cells without cycloheximide at 5 and 8 h post-stimulation than in cytokine-stimulated cells also receiving cycloheximide; *, p � 0.047 and **, p � 0.031. Errors
bars show the S.D. for each experiment.

FIGURE 8. Time courses of I�B-� mRNA and protein levels following stim-
ulation with IL-17 and/or TNF-�. The amount of I�B-� mRNA (A) and protein
(B) was determined by real time PCR (A) or Western blot (B) at the indicated
time points after addition of fresh medium without cytokines or supple-
mented with TNF-�, IL-17, or IL-17 and TNF-� in the concentrations indicated
in the legend to Fig. 1. The expression of the transcripts is shown as fold-
induction relative to the expression measured in unstimulated cells at time 0.
A control (a lysate from cells stimulated 11⁄2 h with IL-17 � TNF-�) was
included on the blot for unstimulated and TNF-�-stimulated cells to ensure
that the I�B-� protein could be detected under the experimental conditions
employed (data not shown). Real time data are presented as the mean � S.D.

FIGURE 9. Knockdown of I�B-� expression causes a decrease in NGAL
expression. Untransfected A549 cells (�) or cells transfected with 40
nmol of I�B-�-siRNA (si�B) or control siRNA (cntl) were grown in medium
with or without IL-17 (200 ng/ml) and TNF-� (20 ng/ml) for 2 (A and B) or
24 h (C and D) and then harvested for total RNA and protein isolation. The
siRNA against I�B-� has been used previously (18). A, the amount of I�B-�
and IL-8 mRNA was determined by real time PCR and demonstrated a
reduction in I�B-� in si�B-treated cells. B, protein (whole cell lysates) from
cells treated as above was analyzed by Western blot with antibodies
against I�B-� and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and demonstrated a significant knockdown of I�B-� in si�B-treated cells.
C, the amount of NGAL and IL-8 mRNA in cells stimulated for 24 h was
determined by real time PCR and demonstrated a strong reduction of
NGAL mRNA in cells that had received si�B. D, analogous to the mRNA
profiles a significant drop of NGAL was measured in the medium of stim-
ulated cells containing si�B. Treatment with si�B did not affect the
amount of IL-8 secreted to the medium. All real time PCR data are shown
relative to the most highly expressed transcript in each experiment. Data
are presented as the mean � S.D.
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directly upstream of a minimal SV40 promoter, whereas a
strong induction was seen when stimulating with TNF-� or
IL-1� (Fig. 5). A slight induction of I�B-� mRNA (and protein)
was observed when stimulating with IL-17 alone (Fig. 7), which
can be explained by stabilization of I�B-�mRNA,which is tran-
scribed at a low level in unstimulated cells, or the removal of
a transcriptional repressor sitting on the promoter of the
NFKBIZ gene. In support of the former notion is the observa-
tion that IL-17 can induce stabilization of a number of tran-
scripts (15) including the NFKBIZmRNA (30). I�B-� does not
bindDNAdirectly but functions through interaction with the
p50 subunit of DNA-bound NF-�B (31). This explains why
an increased level of I�B-� following IL-17 stimulation does
not result in NGAL induction by itself. Based on these results
and the knowledge that transcription of I�B-� is induced
through NF-�B binding to the NFKBIZ promoter (30), we
propose a model for LCN2 induction by co-stimulation with
IL-17 and TNF-� as shown in Fig. 10. Stimulation with
TNF-� induces activation of NF-�B and results in its binding
to the promoters of both the NFKBIZ and LCN2 genes. This
leads to transcription of I�B-� mRNA. The I�B-� mRNA is
then stabilized by a signal emanating from the activated
IL-17 receptor. This enables the I�B-� protein to be synthe-
sized and act as a co-activator of the NF-�B complex bound
to the LCN2 promoter, which finally allows transcription of
the LCN2 gene to take place. This model is supported by our
previous finding that LCN2 transcription can be induced by
TNF-� alone if the cells are transfected with a plasmid that
constitutively expresses I�B-� (18). Induction of LCN2 by
IL-1� is possible because this cytokine is able to induce both

NF-�B binding and stabilization of
the I�B-� transcript (1, 18, 30).
Gaffen and co-workers (17) have

previously shown that an intact
C/EBP-binding element in the
mouse Lcn2 promoter is essential
for IL-17- and TNF-�-induced
transcription of a luciferase reporter
in murine cells. Furthermore, they
demonstrated that C/EBP-� and
C/EBP-� can bind in vitro to the
C/EBP site of theLcn2promoter in a
gel shift assay (17). This is in con-
trast to the data presented here
where neither siRNAs against
C/EBP-� and C/EBP-� nor muta-
tions and substitutions of the two
C/EBP sites in the human LCN2
promoter abolished transcriptional
activation in response to IL-17 and
TNF-�. Although a 20–30% lower
degree of activationwas foundwhen
the C/EBP-1 site was inactivated by
a point mutation or substitution,
these promoter constructs still gave
rise to a 6-fold induction compared
with unstimulated cells. This is in
accordance with our previous char-

acterization of the LCN2 promoter in response to IL-1� stim-
ulation where the C/EBP-1 mutation reduced basal (unin-
duced) promoter activity by 50%, but did not affect the extent of
induction (1). These data are also corroborated by the findings
of Matsuo et al. (32) that the absolute expression level of an
LCN2 promoter with a C/EBP-1mutation is about one-third of
that of the wild type promoter after IL-1� stimulation. As the
basal expression level of the mutated promoter is also lowered
by the same magnitude compared with the basal expression
from the wild type construct this means that the degree of up-
regulation in response to the cytokine is the same for both pro-
moters. Although a direct interaction between C/EBP and a
NF-�B complex bound to the �B element of a promoter, which
lacks a C/EBP-binding DNA sequence, has been reported (27)
we were not able to detect such an association between NF-�B
and C/EBP on the �B element of the LCN2 promoter using
short oligos in EMSAs. Binding of C/EBPs directly to C/EBP
elements of the LCN2 promoter was, on the other hand,
detected by EMSA. The supershift complex with anti-C/EBP-�
formed on the C2 probe, although reproducibly observed with
nuclear extracts from different stimulation experiments,
appeared to be less pronounced than the complex formed on
the C1 probe. That C2 does bind C/EBPs was shown by the
disappearance of nuclear bands formed on the C2 probe when
competing with the heterologous C/EBP-binding oligo CRP.
Together, this indicates that the binding affinity of C/EBP-� to
the C/EBP-2 element is lower than to the C/EBP-1 element.
This may explain why mutation or substitution of the C/EBP-2
element of the LCN2 promoter only has a weak effect on the
level of transcription (Fig. 5). The same pattern is also observed

FIGURE 10. Model for up-regulation of NGAL by co-stimulation with IL-17 and TNF-�. Stimulation of the
TNF-� receptor (TNF-R) induces activation and translocation of NF-�B to the promoters of the NFKBIZ (I�B-�)
and LCN2 (NGAL) genes. Binding of NF-�B to the NFKBIZ promoter induces I�B-� transcription but the I�B-�
mRNA is unstable and rapidly degraded. Binding of NF-�B to the LCN2 promoter is not sufficient to initiate
transcription. Stimulation of the IL-17 receptor (IL-17-R) generates an intracellular signal that stabilizes the
I�B-� transcript and allows translation of I�B-� protein. The newly synthesized I�B-� is then able to translocate
and bind to NF-�B on the LCN2 promoter and thereby initiate transcription of the gene. Ligation of the IL-1
receptor (IL-1-R) generates signals that both activate NF-�B and stabilize the I�B-� mRNA. This explains why
NGAL can be induced by stimulation with IL-1� alone.

Induction of NGAL by Co-stimulation with IL-17 and TNF-�

MAY 7, 2010 • VOLUME 285 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 14099



when examining the LCN2 promoter with a mutated C/EBP-2
element following stimulation with IL-1� (1). In conclusion,
these data indicate that binding of C/EBPs to the C/EBP-1 site
affects the absolute level of expression of the human LCN2 pro-
moter, but does not play a role in the regulatory mechanism
governing the up-regulation of LCN2 expression in response to
stimulation with IL-17 and TNF-� or IL-1�.

The reasonwhy theC/EBP element is required for full induc-
tion of the murine Lcn2 promoter, but not of the human LCN2
promoter, following stimulation with IL-17 and TNF-�, is not
known. One explanation could be that differences in the nucle-
otide sequences of the C/EBP-binding elements of the two pro-
moters (17)might cause the C/EBPs to bindwith higher affinity
to the murine C/EBP element and thus have a greater effect on
Lcn2 promoter activity. Another explanation could be that the
different spacing between the NF-�B and the C/EBP-binding
elements of the murine and human promoters (17) may allow a
better physical contact between the NF-�B and C/EBP tran-
scriptions factors on the murine Lcn2 promoter than on the
human LCN2 promoter.
The role of C/EBP sites for IL-17- and TNF-�-induced

expression of the LCN2 gene is in contrast to the findings for
themurine Lcn2 promoter, asmentioned above. This, however,
is only one of several differences registered between the two
orthologous genes in mouse and man. Another notable differ-
ence is that murine Lcn2 can be up-regulated in response to
stimulation with TNF-� alone (16, 22). Furthermore, lipocalin
2 has been found to be an acute-phase protein in a turpentine
injection model and to be synthesized in the liver of the mouse
(33), whereas NGAL is neither expressed in human liver (6, 22)
nor can be measured as an acute-phase protein in a human
sepsis model (22). The involvement of C/EBP sites for up-reg-
ulation of NGAL in the mouse may explain the effect of TNF-�
in mice if stimulation by this cytokine leads to C/EBP activa-
tion. A difference between man and mouse in the transcrip-
tional regulation of an antimicrobial protein is not unique to
LCN2 as exemplified by the gene for CAMP3 (hCAP-18) that is
strongly induced by vitamin D3 in humans, whereas no induc-
tion is observed for the murine gene (34). These data under-
score that data regarding gene regulation obtained in a mouse
system may not always apply to humans.
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