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IκB-ζ [inhibitor of NF-κB (nuclear factor κB) ζ ] is a nuclear
protein that is induced upon stimulation of TLRs (Toll-like
receptors) and IL (interleukin)-1 receptor. IκB-ζ harbours C-
terminal ankyrin repeats that interact with NF-κB. Our recent
studies have shown that, upon stimulation, IκB-ζ is essential for
the induction of a subset of inflammatory genes, represented by
IL-6, whereas it inhibits the expression of TNF (tumour necrosis
factor)-α. In the present study, we investigated mechanisms that
determine the different functions of IκB-ζ . We found that co-
expression of IκB-ζ and the NF-κB subunits synergistically
activates transcription of the hBD-2 (human β-defensin 2) and
NGAL (neutrophil gelatinase-associated lipocalin) genes,
whereas it inhibits transcription of E-selectin. Reporter analyses
indicated that, in addition to an NF-κB-binding site, a flanking
C/EBP (CCAAT/enhancer-binding protein)-binding site in the
promoters is essential for the IκB-ζ -mediated transcriptional
activation. Using an artificial promoter consisting of the NF-κB-

and C/EBP-binding sites, transcriptional activation was observed
upon co-transfection with IκB-ζ and NF-κB, indicating that these
sequences are minimal elements that confer the IκB-ζ -mediated
transcriptional activation. Chromatin immunoprecipitation assays
and knockdown experiments showed that both IκB-ζ and the NF-
κB subunits were recruited to the NGAL promoter and were
essential for the transcriptional activation of the hBD-2 and
NGAL promoters on stimulation with IL-1β. The activation of
the NGAL promoter by transfection of IκB-ζ and NF-κB was
suppressed in C/EBPβ-depleted cells. Thus IκB-ζ acts as an
essential transcriptional activator by forming a complex with
NF-κB on promoters harbouring the NF-κB- and C/EBP-binding
sites, upon stimulation of TLRs or IL-1 receptor.
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INTRODUCTION

Cells alter gene expression profiles in response to environmental
changes. The expression of genes is regulated not only by
initiation of transcription, but also by processing of transcripts,
transport to the cytoplasm and translation of mRNA. Nevertheless,
the initiation of transcription is the major step controlling the
expression levels for most genes, and precise regulation of the ac-
tivities of transcription factors is vital to accomplish specific tasks
in cells that are essential to maintain life.

The transcription factor NF-κB (nuclear factor-κB) plays key
roles in the innate and adaptive immune systems as well as in
apoptosis, cell proliferation and differentiation [1–3]. It consists of
homo- and hetero-dimers of five subunits, p65/RelA, RelB, c-Rel,
p50/NF-κB1 and p52/NF-κB2. All subunits bind to DNA through
the conserved Rel homology domain. The p65, RelB and c-Rel
subunits contain a transcriptional activation domain at their C-
terminal regions, which is lacking in p50 and p52. In resting cells,
NF-κB localizes in the cytoplasm via association with cytosolic
IκB (inhibitor of NF-κB) proteins such as IκB-α, -β and -ε.
Upon stimulation, the cytosolic IκB proteins are phosphorylated
and degraded by the ubiquitin–proteasome system. The liberated
NF-κB dimer translocates into the nucleus, where it binds
to its cognate κB enhancer elements and interacts with the
basal transcription machinery or transcriptional coactivators to
stimulate gene expression.

The activity of NF-κB is also modulated in the nucleus [1,2,4].
NF-κB activation, in turn, leads to transcription of IκB-α, and re-
synthesized IκB-α binds to the nuclear NF-κB to export it to the
cytoplasm, thereby attenuating its activity. Reversible acetylation
of NF-κB regulates the duration of its action in the nucleus
via modulation of its interaction with IκB-α [5]. In addition,
phosphorylation of p65 allows its association with coactivators
such as CBP [CREB (cAMP-response-element-binding protein)-
binding protein]/p300, while unphosphorylated nuclear p65
associates with a histone deacetylase in the nucleus and is unable
to bind to DNA [6]. As well as the coactivators or histone
deacetylase, other nuclear proteins can interact with NF-κB and
modulate its activity positively or negatively. The transcription
factor Twist [7] and glucocorticoid receptor [8] interact directly
with p65 and repress p65-mediated transcriptional activation.
Reportedly, c-myc [9], p202a [10] and prostaglandins [11] also
negatively regulate NF-κB in the nucleus. On the other hand,
FBI-1 (factor that binds to inducer of short transcripts 1) [12]
or TLS (translocated in liposarcoma) [13] have been reported to
augment the transcriptional activity of nuclear NF-κB. Bcl-3 also
binds to NF-κB in the nucleus, but its effects on the activity of
NF-κB remain elusive and appear to differ for different target
genes [14–16].

During screening for genes that are induced by pro-
inflammatory stimuli, we identified a nuclear protein with ankyrin
repeats that is strongly induced in response to bacterial LPS
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(lipopolysaccharide), which stimulates TLR (Toll-like receptor) 4
[17]. This protein, designated IκB-ζ , is barely detectable in
resting cells, but is induced not only by LPS, but also by other
microbial components that stimulate TLRs such as peptidoglycan,
bacterial lipopeptide and CpG DNA [17–19]. The induction is
also observed upon stimulation with IL (interleukin)-1β, but not
by another pro-inflammatory cytokine, TNF (tumour necrosis
factor)-α [17,20]. The protein IκB-ζ was also identified by other
groups as MAIL (molecule possessing ankyrin repeats induced by
LPS) [21] or INAP (IL-1-inducible nuclear ankyrin repeat protein)
[22]. In a recent study, we showed that the stimulus specificity
of IκB-ζ induction is determined at the post-transcriptional
level, but not at the transcriptional level, on the basis of the
finding that the stability of IκB-ζ mRNA is specifically up-
regulated by stimulation with LPS or IL-1β, but not with TNF-α
[20].

At least two major IκB-ζ variants are generated by alternative
splicing [17,21]. We designated the longer form IκB-ζ (L) and the
shorter form IκB-ζ (S), which lacks the N-terminal 99 amino acids
of IκB-ζ (L). Both forms of IκB-ζ are induced upon stimulation,
and IκB-ζ (L) is the predominant form in macrophages stimu-
lated by LPS [20]. In contrast with the typical cytosolic and
constitutively expressed IκB proteins, IκB-ζ is localized in the
nucleus, where it preferentially binds, via the C-terminal ankyrin
repeats, to the NF-κB p50 subunit rather than to the p65 subunit
[17].

Although IκB-ζ was initially characterized as a negative regu-
lator of NF-κB by reporter analyses [17], subsequent studies
demonstrated that IκB-ζ also acts as a positive regulator of
NF-κB [23]. Analyses using GAL4-fusion proteins of IκB-ζ
revealed that its N-terminal region exhibits transcriptional
activation activity, after association with the NF-κB p50 subunit.
Overexpression of IκB-ζ augmented IL-6 production in response
to LPS, but inhibited TNF-α production, indicating specific
target gene activity of IκB-ζ . IκB-ζ -deficient mice exhibited
chronic inflammation in the skin and on ocular surfaces [19,24],
suggesting anti-inflammatory roles for IκB-ζ . However, pro-
minent phenotypes of IκB-ζ -deficient cells were observed when
the responses of macrophages following stimulation with LPS
were analysed [19]. Peritoneal macrophages from IκB-ζ -deficient
mice exhibited severe impairment in production of a subset of
inflammatory genes, represented by IL-6, in response to LPS.
The impaired induction of the genes was also observed upon
stimulation with other microbial ligands for TLRs as well as
IL-1β, which elicit the induction of IκB-ζ . This indicated that
IκB-ζ is indispensable for the induction of the subset of in-
flammatory genes activated through TLR/IL-1 receptor signalling
pathways. As expected from the preferential binding of IκB-ζ
to the p50 subunit [17] and the role of p50 in mediating trans-
criptional activation via IκB-ζ [23], the genes whose induction
was dependent on IκB-ζ were not induced in the p50 subunit
(NF-κB1)-deficient cells [19]. Interestingly, IL-6 production in
the IκB-ζ -deficient cells was not affected on stimulation with
TNF-α, which does not induce IκB-ζ [19].

Thus IκB-ζ exhibits dual roles in NF-κB-mediated trans-
cription, but the mechanism that determines the opposite actions
of IκB-ζ on different genes remains to be clarified. In the present
study, we analysed the molecular mechanisms of the IκB-ζ -
mediated transcriptional activation. We focused on hBD-2
(human β-defensin 2) and NGAL (neutrophil gelatinase-asso-
ciated lipocalin), both of which are preferentially induced by
stimulators of TLR/IL-1 receptor signalling pathways, rather
than by TNF-α [25–30]. We found that the promoters of both
genes are synergistically activated by co-transfection of IκB-ζ
and NF-κB. Promoter analyses of these genes identified

a cis element that is critical for the observed induction.
ChIP (chromatin immunoprecipitation) assays and RNAi (RNA
interference) experiments indicated that IκB-ζ acts as an essential
transcriptional activator by forming a complex with NF-κB on the
promoters with an NF-κB-binding site and the cis element, upon
stimulation of TLRs or IL-1 receptor.

EXPERIMENTAL

Cell culture, reagents and antibodies

The human embryonic kidney cell line HEK-293 and the
human lung adenocarcinoma cell line A549 were cultured
in DMEM (Dulbecco’s modified Eagle’s medium) containing
10% heat-inactivated fetal calf serum, 100 units/ml penicillin
and 100 µg/ml streptomycin at 37 ◦C under 5% CO2. Mouse
bone-marrow-derived macrophages were obtained by culturing
femoral and tibial bone marrow from sex- and age-matched
wild-type (C57BL/6) and IκB-ζ -deficient mice [19] in the same
medium supplemented with L929 cell-conditioned medium as a
source of macrophage CSF (colony-stimulating factor). LPS from
Escherichia coli 0111:B4 was purchased from List Biological
Laboratories. IL-1β and PMA were purchased from Genzyme
Techne and Sigma–Aldrich respectively. Anti-(human IκB-ζ )
polyclonal antibody was raised as follows. A cDNA fragment for
amino acids 189–718 of human IκB-ζ was subcloned into pGEX-
2T (GE Healthcare) or pMALg [17], and the recombinant protein
was expressed in bacteria as a GST (glutathione S-transferase)-
or a MBP (maltose-binding protein)-fusion protein. Antiserum
was raised following immunization of a rabbit with the MBP-
fusion protein and was subjected to affinity purification using
Affi-Gel-10 resin (Bio-Rad Laboratories) coupled with the GST-
fusion protein. Antibodies against the NF-κB p65 subunit (C-
20) and the p50 subunit (NLS) were purchased from Santa Cruz
Biotechnology.

Plasmids

Expression plasmids were constructed by subcloning a DNA
fragment obtained by PCR into pcDNA3 (Invitrogen) with or
without an N-terminal FLAG tag. Reporter plasmids for E-
selectin, hBD-2 or NGAL were created by subcloning a human
genomic fragment amplified by PCR into pGL3-basic vector
(Promega). The mutations introduced into the hBD-2 promoter
were as follows: TGGGGTTTCC (NF-κB-binding site 1) to TCG-
GGTTTCC; GGCATTTTCT (NF-κB-binding site 2) to GCCA-
TTTTCTT; TTTGCATAAG [C/EBP (CCAAT/enhancer-binding
protein)-binding site 1] to TAACCATAAG. The mutations in
the NGAL promoter were as follows: GGGAATGTCC (NF-κB-
binding site) to AATAATGTCC; ATTGCCTCAC (C/EBP-bind-
ing site 1) to AAACCCTCAC; GTGCAGAAAT (C/EBP-binding
site 2) to GTGCAGGTTT; CTTGCCCAAT (C/EBP-bind-
ing site 3) to CAACCCCAAT (mutated nucleotides are underlined
in all sequences). Plasmid pNF-κB-Luc harbouring four tandem
NF-κB-binding sequences (GGGAATTTCC × 4) was purchased
from Clontech, and the phRL-TK internal control reporter
plasmid expressing Renilla luciferase was from Promega. Plasmid
phBD-2-κB-Luc was generated by insertion of a double-
stranded oligonucleotide containing two copies of the sequence
spanning from −206 to −187 bp of the hBD-2 promoter (5′-
AGGGATTTTCTGGGGTTTCC-3′) into the NheI and BglII sites
of pNF-κB-Luc, resulting in replacement of the tandem NF-
κB-binding sequences. All mutated plasmids were sequenced to
confirm correct sequences and orientation.
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Quantification of mRNA by real-time RT (reverse
transcription)–PCR

HEK-293 cells (5.0 × 105 cells) were transfected with the
indicated expression plasmids by the calcium phosphate method
[31]. At 24 h after transfection, total RNA was extracted
using TRIzol® (Invitrogen) according to the manufacturer’s
instructions. Bone-marrow-derived macrophages were stimulated
with 20 ng/ml LPS for the indicated periods, and total RNA was
extracted. A 5 µg sample of the total RNA was reverse-transcribed
using an oligo(dT) primer and the ReverTra AceR reverse
transcriptase (Toyobo). Real-time RT–PCR was carried out with
the reverse-transcribed cDNAs using SYBR Premix Ex Taq
(Takara Bio) by a Light Cycler (Roche Diagnostics). The primers
used were 5′-GCCATGAGGGTCTTGT-3′ and 5′-AGCCCTTT-
CTGAATCCG-3′ for hBD-2, 5′-CAGTTCCGGGAAAGATCA-
3′ and 5′-ATGGTGCTAATGTCAGG-3′ for human E-selectin,
5′-AGCGACGAGTACAAGATCCG-3′ and 5′-AGCTGCTCCA-
CCTTCTTCTG-3′ for human C/EBPβ, 5′-GCGAGCGCAACA-
ACATC-3′ and 5′-CGACAGCTCCACCAACTTCT-3′ for hu-
man C/EBPδ, 5′-TCGGAGTCAACGGATTT-3′ and 5′-CCAC-
GACGTACTCAGC-3′ for human GAPDH (glyceraldehyde-3-
phosphate dehydrogenase), 5′-CGTTTCACCCGCTTTG-3′ and
5′-AATAAGAAGAGGCTCCAG-3′ for mouse NGAL, and 5′-
GATGACCCAGATCATGTTTGA-3′ and 5′-GGAGAGCATA-
GCCCTCGTAG-3′ for mouse β-actin.

Luciferase reporter assay

HEK-293 cells (1.25 × 105 cells) were transfected with 100 ng of
the indicated reporter plasmid together with 5 ng of the expression
plasmid for the NF-κB subunit p65 or p50, 100 ng of the IκB-
ζ (L) expression plasmid and 2.5 ng of the internal control plasmid
phRL-TK using LipofectamineTM 2000 (Invitrogen) according to
the manufacturer’s protocol. A549 cells (1.25 × 105 cells) were
transfected with 100 ng of the indicated reporter plasmid together
with 10 ng of the expression plasmid for the NF-κB subunit p65
or p50, 10 ng of the IκB-ζ expression plasmid and 2.5 ng of
the internal control plasmid phRL-TK using LipofectamineTM

2000. Cells were lysed 24 h after transfection. To analyse the
responses to IL-1β stimulation, A549 cells (1.25 × 105 cells)
were transfected with 200 ng of the hBD-2 reporter plasmids or
50 ng of the NGAL reporter plasmids, together with 2.5 ng of the
internal control plasmid phRL-TK. At 24 h after transfection, cells
were stimulated with 1 ng/ml IL-1β for 5 h, and the cells were
then lysed. The luciferase activity was measured using the dual-
luciferase reporter system (Promega) according to the manufac-
turer’s instructions. The transfection efficiency was normalized
by the Renilla luciferase activity derived from phRL-TK. The
data shown are the means +− S.E.M. for duplicate samples,
representative of at least two independent experiments.

ChIP assay

The ChIP assay was performed according to a described protocol
(Upstate Cell Signaling Solutions) with some modifications.
A549 cells (5 × 106 cells) were stimulated with 1 ng/ml IL-1β
for 4 h, and fixed with 1% formaldehyde for 10 min at room
temperature (25 ◦C). Cells were washed twice with ice-cold PBS,
collected by centrifugation at 500 g for 5 min, and resuspended
in the lysis buffer containing 50 mM Tris/HCl (pH 8.1), 1 % SDS
and 10 mM EDTA supplemented with 1× CompleteTM protease
inhibitor cocktail (Roche Applied Science) on ice for 20 min.
The cell lysate was sonicated 10 times for 30 s with 1 min
intervals using a Bioruptor (Cosmo Bio). Debris was removed
by centrifugation at 15000 g for 10 min, and the supernatant was

diluted 10 times with the buffer containing 16.7 mM Tris/HCl
(pH 8.1), 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
167 mM NaCl, supplemented with 1× CompleteTM. Extracts
were pre-cleared for 1 h with 80 µl of Protein A–Sepharose 4
Fast Flow (GE Healthcare) 50% slurry containing 0.2 mg/ml
yeast tRNA (Ambion). Immunoprecipitation was performed at
4 ◦C overnight with 2 µg each of specific antibodies. Immune
complexes were collected with 50 µl of Protein A–Sepharose 4
Fast Flow 50% slurry with yeast tRNA. Sepharose beads were
washed sequentially in the following buffers: low-salt wash buffer
(20 mM Tris/HCl, pH 8.1, containing 150 mM NaCl, 0.1% SDS,
1% Triton X-100 and 2 mM EDTA), high-salt wash buffer (the
same buffer, but with 500 mM NaCl), LiCl wash buffer (10 mM
Tris/HCl, pH 8.1, 0.25 M LiCl, 1% sodium deoxycholate, 1%
Triton X-100 and 1 mM EDTA), and twice with Tris/EDTA
buffer (10 mM Tris/HCl, pH 8.0, and 1 mM EDTA). Immune
complexes were extracted from the beads with 1% SDS and 0.1 M
NaHCO3, and cross-linking was reversed by heating at 65 ◦C
overnight. Proteins were digested with proteinase K at 50 ◦C for
1 h, and DNA was purified by phenol/chloroform extraction
and precipitated with ethanol. The immunoprecipitated DNA
thus obtained was used for quantitative real-time PCR. The
primers used were 5′-TTCTTTCCTTTCTGTGGGTGTG-3′ and
5′-CAACTCCTGCGGAAACACTT-3′ for the κB site in the
NGAL promoter, 5′-CCATCACCCTCATATCCACC-3′ and 5′-
TGTGTCTTCACTCTGCAGCC-3′ for a 3′-gene segment in the
NGAL gene and 5′-GTTGTAGTATGCCCCCTAAGAG-3′ and 5′-
CTCAGGGCAAACCTGAGTCATC-3′ for the κB site in the IL-8
promoter.

siRNA (small interfering RNA) transfection experiments

Duplexed modified RNA oligonucleotides (Stealth RNAi) were
synthesized by Invitrogen. The sequences of the sense strands
of the siRNAs were as follows: 5′-UCACACAGUAGGAA-
GAUCUCAUCCC-3′ for the NF-κB p65 subunit, 5′-GCACGA-
AUGACAGAGGCGUGUAUAA-3′ for the NF-κB p50 subunit,
5′-UAUGAAGGAACGUGUCACCAUCUGC-3′ for IκB-ζ , 5′-
AGCUCCAGGACCUUGUGCUGCGUCU-3′ for C/EBPβ, and
5′-UUUAGUGGUGGUAAGUCCAGGCUGU-3′ for C/EBPδ.
Stealth RNAi negative control duplexes (Invitrogen) were used
as controls. A549 cells (3.0 × 105 cells) were transfected with
40 pmol of siRNA using LipofectamineTM 2000. At 24 h after
transfection, the cells were stimulated with 1 ng/ml IL-1β for
4 h. Cell lysate was prepared and subjected to Western blotting
analysis with specific antibody. Reacting proteins were visualized
by chemiluminescence using Lumi-Lightplus Western blotting
substrate (Roche Diagnostics). In reporter analyses, A549 cells
(7.5 × 104 cells) were transfected with 10 pmol of siRNA,
together with 200 ng of a reporter plasmid using LipofectamineTM

2000. At 24–36 h after transfection, the cells were stimulated
with 1 ng/ml IL-1β for 5 h or with 10 ng/ml PMA for 18 h.
HEK-293 cells (5.0 × 105 cells) were transfected with 40 pmol
of siRNA. At 24 h after transfection, total RNA was extracted,
and mRNA expression levels were quantified by real-time RT–
PCR. In reporter analyses, HEK-293 cells (1.25 × 105 cells)
were transfected with 10 pmol of siRNA, together with 100 ng
of indicated reporter plasmid and 2.5 ng of the internal control
plasmid phRL-TK using LipofectamineTM 2000. At 24 h after
transfection, the cells were transfected with 5 ng of the expression
plasmid for the NF-κB subunit p65 or p50 and 100 ng of the
IκB-ζ (L) expression plasmid. Following further incubation for
24 h, the cells were then lysed, and the luciferase activities were
measured. The amount of transfected DNA was kept constant by
using an empty vector.
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Figure 1 Co-transfection of IκB-ζ and the NF-κB subunit up-regulates
expression of hBD-2, whereas it inhibits that of E-selectin

(A) HEK-293 cells were transfected with 60 ng of the expression plasmid for the NF-κB subunit
p65 or p50 together with 0.6 or 1.2 µg of the IκB-ζ expression plasmid. The total amount of
DNA was kept constant with an empty vector. Total RNA was extracted 24 h after transfection.
The expression levels of hBD-2 or E-selectin mRNA were quantified by real-time PCR and
were normalized to that of GAPDH. (B) HEK-293 cells were transfected with 100 ng of the
E-selectin or hBD-2 promoter reporter plasmid together with 5 ng of the expression plasmid for
the NF-κB subunit p65 or p50 and 50 or 100 ng of the IκB-ζ expression plasmid. The total
amount of DNA was kept constant with an empty vector. At 24 h after transfection, the cells were
lysed and luciferase activities were measured. Results are means +− S.D. for duplicate samples,
representative of at least two independent experiments.

RESULTS

Co-expression of IκB-ζ and the NF-κB subunit increases
expression of hBD-2

Our previous studies have shown that IκB-ζ has dual opposite
functions on expression of different inflammatory genes activated
by NF-κB [17,19,23]. To identify genes whose expression is
regulated by IκB-ζ , we examined the induction levels of several
NF-κB target genes in HEK-293 cells transfected with the NF-
κB p65 or p50 subunit and IκB-ζ . Because IκB-ζ (L) is the
predominant form in LPS-stimulated cells [20], this form was
used in the experiment. Quantitative real-time RT–PCR indicated
that expression of E-selectin was strongly induced by transfection
of the NF-κB p65 subunit as expected, whereas induction of hBD-
2 was modest (Figure 1A). Transfection of the NF-κB p50 subunit
or IκB-ζ alone did not elicit significant induction of either genes.
Co-transfection of IκB-ζ dose-dependently inhibited the p65
subunit-induced expression of E-selectin, confirming our previous
report that IκB-ζ is a negative regulator of the NF-κB-mediated
transcription of this gene [17]. In contrast, co-transfection of
IκB-ζ augmented expression of hBD-2 induced by the p65 sub-
unit. Interestingly, co-transfection of IκB-ζ and the p50 subunit,

either of which alone did not affect the expression, resulted in
robust induction of hBD-2. The different actions of IκB-ζ on the
two genes are attributable to the different promoter structures,
since similar effects of IκB-ζ were observed in the reporter
analyses using the E-selectin and hBD-2 promoters (Figure 1B).
These results indicate that the actions of IκB-ζ on NF-κB-
mediated transcription differ and could exhibit opposite effects
against different genes.

NF-κB-binding sites in the hBD-2 promoter are essential, but not
sufficient, for the IκB-ζ -mediated transcriptional activation

Luciferase reporter analyses indicate that co-transfection of IκB-ζ
with the NF-κB subunits activates transcription of the promoter of
the hBD-2 gene spanning from −1050 to +50 bp (Figures 1B and
2B; the nucleotide numbering refers to the transcription initiation
sites of genes as the base +1). This region of the hBD-2 promoter
contains four NF-κB-binding sites, which consists of two tandem
consecutive binding sites (Figure 2A).

To identify cis-acting element(s) in the hBD-2 promoter
responsible for the IκB-ζ -mediated transcriptional activation, we
generated a series of 5′-deletion mutant constructs. The transcrip-
tional activation by IκB-ζ and either the NF-κB p65 or p50 subunit
was observed with a promoter fragment beginning at −577 bp,
indicating that the distal NF-κB-binding sites (NF-κB-3 and
-4 in Figure 2A) are dispensable (Figure 2B). Even a smaller
fragment of the promoter, from −205 bp, responded to the co-
transfection of IκB-ζ , although the induction levels were lower
(Figure 2C). However, further deletion of the proximal NF-κB-
binding sites (−185 to +50) severely impaired the IκB-ζ -
mediated transcriptional activation, suggesting the importance
of the NF-κB-binding sites in this region (NF-κB-1 and -2).
To elucidate further the role of the NF-κB-binding sites, we
introduced point mutations into the tandem NF-κB-binding
sequences. Consistent with the results of the deletion constructs,
introduction of mutations at NF-κB-binding sites 1 and 2 in the
promoter from −577 to +50 bp significantly damaged not only
the induction by p65, but also the augmentation by co-expression
of IκB-ζ (Figure 2B, bottom panel). Thus the proximal NF-κB-
binding sites 1 and 2 from −205 to −186 bp are essential for the
IκB-ζ -mediated transcriptional activation.

To examine whether the sequence of the NF-κB-binding
site determines the specific action of IκB-ζ in the observed
transcriptional regulation, we constructed a reporter plasmid in
which the duplicated sequences of the proximal NF-κB-binding
sites 1 and 2 of the hBD-2 promoter were used to replace
the tandem canonical NF-κB-binding sequences in the NF-κB
reporter plasmid pNF-κB-Luc (phBD-2-κB-Luc). As observed
with the E-selectin promoter reporter (Figure 1B), co-transfection
of IκB-ζ resulted in the inhibition of p65-mediated activ-
ation of the pNF-κB-Luc. Similarly, phBD-2-κB-Luc was
activated by p65, but the activity was suppressed by co-trans-
fection of IκB-ζ (Figure 2D). Synergistic transcriptional
activation by co-transfection of IκB-ζ , and the p50 subunit was
minimal with pNF-κB-Luc or phBD-2-κB-Luc as with the E-
selectin promoter reporter. Therefore the NF-κB-binding sites are
essential, but the sequences of the sites themselves do not confer
the IκB-ζ -mediated transcriptional activation to the promoter.

Critical roles for the C/EBP-binding site in the hBD-2 promoter
in the IκB-ζ -mediated transcriptional activation

To identify another critical cis element(s) in the hBD-2 promoter
for the IκB-ζ -mediated transcriptional activation, we created
several internal deletion mutants (Figure 3A). The hBD-2
promoter of −205 to +50 bp responded to the co-expression of
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Figure 2 NF-κB-binding sites in the hBD-2 promoter are essential, but not sufficient, for the IκB-ζ -mediated transcriptional activation

(A) A schematic illustration of the hBD-2 promoter. (B–D) HEK-293 cells were transfected with indicated reporter plasmids with a 5′-truncation or point mutations of the hBD-2 promoter (B and C),
or pNF-κB-Luc harbouring four canonical NF-κB-binding sites or phBD-2-κB-Luc in which the NF-κB-binding sites of the hBD-2 promoter were substituted for those of pNF-κB-Luc (D), together
with the expression plasmid for the NF-κB subunit p65 or p50 and the IκB-ζ expression plasmid. The total amount of DNA was kept constant with an empty vector. At 24 h after transfection, the
cells were lysed and luciferase activities were measured. Results are means +− S.E.M. for duplicate samples, representative of at least two independent experiments.

IκB-ζ to exhibit the augmented transcription as mentioned above.
The response to IκB-ζ was markedly reduced by deleting a region
of −185 to −75 bp (�−185/−75), which harbours a C/EBP-
binding site (C/EBP1 in Figure 2A) and an AP-1 (activator
protein 1)-binding site. A mutant with a shorter deletion from
−185 to −164 bp (�−185/−164), a region containing the C/
EBP-binding site, also minimally responded to the co-transfection
of IκB-ζ . However, transcription of another deletion mutant
lacking −163 to −106 bp (�−163/−106), and therefore without
the AP-1-binding site, was stimulated upon the co-transfection
of IκB-ζ . These results indicate that the region from −185 to
−164 bp, which contains a potential C/EBP-binding sequence,
GATTTGCATAAGAT, is important for the function of IκB-ζ . To
evaluate the role(s) of this sequence, we introduced mutations
at conserved nucleotide residues of the C/EBP-binding site. The
hBD-2 promoter of −577 to +50 bp harbouring the mutated
C/EBP-binding site with a sequence of GATAACCATAAGAT
(mutated nucleotides are underlined) did not respond to the co-
transfection of IκB-ζ (Figure 3B). Thus the C/EBP-binding site-1
in the hBD-2 promoter is essential for the effects of IκB-ζ .

Furthermore, we found that an internal deletion mutant
(�−163/−33), consisting of only the TATA box and the region
of −205 to −163 bp of the hBD-2 promoter, which harbours
NF-κB-binding sites 1 and 2 followed by C/EBP-binding site 1,
showed the maximum degree of transcriptional activation upon
the co-transfection of the NF-κB subunit p65 or p50 and IκB-ζ

(Figure 3C). Therefore the NF-κB- and C/EBP-binding sites are
core elements for the IκB-ζ -mediated transcriptional activation
of the hBD-2 promoter.

NF-κB- and C/EBP-binding sites are essential for the
IκB-ζ -mediated transcriptional activation of the NGAL promoter

Our previous study using microarray analyses showed that
a subset of LPS-inducible genes was not induced in IκB-ζ -
deficient macrophages [19]. Quantitative RT–PCR showed that
NGAL mRNA was induced in LPS-stimulated bone-marrow-
derived macrophages of wild-type, but not of IκB-ζ -deficient
mice (Figure 4A). Thus NGAL is one of the genes that require
IκB-ζ for its induction, and we therefore analysed the promoter
of this gene. The NGAL promoter contains an NF-κB-binding
site and four C/EBP-binding sites (C/EBP1–4) in addition to
AP-1-binding sites (Figure 4B). A reporter plasmid containing
the NGAL promoter from −900 to +51 bp [pNGAL(−900)-
Luc] was stimulated by co-expression of IκB-ζ and the NF-κB
p50 subunit (Figure 4C). We focused on the roles for the
NF-κB-binding site and the proximal C/EBP-binding sites
(C/EBP1–3), and introduced point mutations into these sites. We
found that the IκB-ζ -mediated transcriptional activation was
abolished by mutations of the NF-κB-binding site and was sub-
stantially decreased by mutations of one of the C/EBP-binding
sites (C/EBP1) (Figure 4C, left-hand panels). Introduction of
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Figure 3 NF-κB- and C/EBP-binding sites in the hBD-2 promoter are core elements for the IκB-ζ -mediated transcriptional activation

(A–C) HEK-293 cells were transfected with the hBD-2 promoter reporter plasmids with an internal deletion (A and C) or point mutations in the C/EBP-binding site (B), together with the expression
plasmid for the NF-κB subunit p65 or p50 and the IκB-ζ expression plasmid. The total amount of DNA was kept constant with an empty vector. At 24 h after transfection, the cells were lysed and
luciferase activities were measured. Results are means +− S.E.M. for duplicate samples, representative of at least two independent experiments.

mutations at all the three C/EBP-binding sites (C/EBP1–3)
resulted in the minimal induction by IκB-ζ , as the mutation of
C/EBP-binding site 1. We carried out similar experiments by
using the human lung adenocarcinoma cell line A549, which is
very sensitive to IL-1β to elicit induction of NGAL [30] (Fig-
ure 4C, right-hand panels). In the cells, transfection of IκB-ζ
alone induced the activation of the NGAL promoter, which
was abolished by the mutation of the NF-κB-binding site. The
induction was severely impaired by the mutation of the C/EBP-
binding site 3 and was suppressed further by the mutations of all
three C/EBP-binding sites. These results indicate that the NF-κB-
and C/EBP-binding sites are also essential for the IκB-ζ -mediated
transcriptional activation of the NGAL gene, supporting further
the results obtained with the hBD-2 promoter.

NF-κB- and C/EBP-binding sites are essential for IL-1β-induced
transcriptional activation of the hBD-2 and NGAL promoters

Next, we examined whether the NF-κB- and C/EBP-binding sites
are also required for induction of the hBD-2 and NGAL genes
upon stimulation by IL-1β. Reporter analyses clearly indicated
that both NF-κB- and C/EBP-binding sites in the hBD-2 promoter
are required for efficient transcriptional activation following
stimulation of A549 cells with IL-1β, which elicits induction of
IκB-ζ (Figure 5A). As in the hBD-2 promoter, the NF-κB-binding
site in the NGAL promoter was also essential for the IL-1β-
induced transcription. We found that mutations at C/EBP-binding
site 3 substantially reduced the transcriptional induction via IL-
1β, and the mutations of all the C/EBP-binding sites suppressed
further the induction, as in the IκB-ζ -mediated induction
shown in Figure 4C (right-hand panels). Thus the NF-κB-
and C/EBP-binding sites in the hBD-2 and NGAL promoters are
also crucial for activation of these promoters following physio-
logical stimulation (via IL-1β) that leads to induction of IκB-ζ .

NF-κB and IκB-ζ are recruited to the NGAL promoter upon
stimulation with IL-1β

To investigate recruitment of IκB-ζ and/or the NF-κB subunits to
the promoters of the genes, we performed ChIP assays using
specific antibodies against IκB-ζ or the NF-κB subunits. In
unstimulated A549 cells, neither IκB-ζ nor the NF-κB subunits
were recruited to the NGAL or IL-8 promoters. However, on
stimulation of the cells with IL-1β, the NF-κB p65 subunit was
found to be recruited to the NF-κB-binding sites of the NGAL
and IL-8 promoters (Figure 6). In contrast, IκB-ζ and the NF-κB
p50 subunit were specifically recruited to the NGAL promoter,
but not to the IL-8 promoter, in the stimulated cells. None of
the three proteins was recruited to the 3′-flanking region of the
NGAL gene, thus showing the specificity of the assay. These
results demonstrate that upon stimulation with IL-1β, IκB-ζ and
both the NF-κB p65 and p50 subunits are recruited to and remain
bound at the NF-κB-binding site of the NGAL promoter.

NF-κB and IκB-ζ are essential for transcriptional activation of the
NGAL and hBD-2 promoters upon stimulation with IL-1β

We next examined whether NF-κB and/or IκB-ζ are required
for the induction of the genes upon stimulation. Transfection of
siRNAs for p65, p50 or IκB-ζ specifically knocked down the ex-
pression of corresponding endogenous protein, verifying the
specificity (Figure 7A). We knocked down the expression levels
of the endogenous NF-κB or IκB-ζ in A549 cells by introducing
the siRNA, and examined the activities of the NGAL or the hBD-2
promoter reporter on stimulation with IL-1β. The siRNA for the
p65 subunit or IκB-ζ strongly repressed induction of both NGAL
and hBD-2 promoters in response to IL-1β (Figures 7B and 7C).
The siRNA for the p50 subunit of NF-κB also substantially
inhibited the activation of both genes. In contrast, none of
the siRNAs for the p65 or p50 subunits or IκB-ζ affected
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Figure 4 NF-κB- and C/EBP-binding sites in the NGAL promoter are essential for the IκB-ζ -mediated transcriptional activation

(A) Bone-marrow-derived macrophages isolated from wild-type (WT) or IκB-ζ -deficient mice (KO) were stimulated with 20 ng/ml LPS for the periods indicated. Total RNA was extracted, and the
expression levels of NGAL mRNA were quantified by real-time RT-PCR and were normalized to that of β-actin. A representative result of two independent experiments is shown. (B) A schematic
illustration of the NGAL promoter. (C) HEK-293 cells (left-hand panels) or A549 cells (right-hand panels) were transfected with the NGAL promoter reporter plasmid with or without point mutations
at the NF-κB-binding site or the C/EBP-binding site, together with the expression plasmid for the NF-κB subunit p65 or p50 and the IκB-ζ expression plasmid. The total amount of DNA was kept
constant with an empty vector. At 24 h after transfection, the cells were lysed, and luciferase activities were measured. Results are means +− S.E.M. for duplicate samples, representative of at least
two independent experiments.

PMA-mediated activation of an AP-1 reporter plasmid, pAP-1-
Luc, in the same cells (Figure 7D). Thus it was strongly suggested
that the NF-κB p65 and p50 subunits and IκB-ζ are essential
for the transcriptional activation of the NGAL and the hBD-2
promoters upon stimulation with IL-1β.

Activation of the NGAL promoter by transfection of the NF-κB
p50 subunit and IκB-ζ was suppressed in C/EBPβ-depleted
HEK-293 cells

In order to examine whether C/EBPs are required for the IκB-ζ -
mediated transcription, we attempted to knock down C/EBPβ
and C/EBPδ. Introduction of siRNAs for C/EBPβ and C/
EBPδ into HEK-293 cells successfully suppressed their respective
mRNAs (Figure 8A). HEK-293 cells treated with siRNA for
C/EBPβ or C/EBPδ were transfected with NF-κB and/or IκB-ζ ,
and we examined their effects on the NGAL promoter. As shown
in Figure 8(B), the IκB-ζ -mediated activation of the NGAL
promoter was specifically inhibited in the C/EBPβ-depleted cells,
whereas the activation was not affected in the C/EBPδ-depleted
cells. Another siRNA for C/EBPβ with a different sequence
exhibited similar effects (results not shown). Both siRNAs for
C/EBPβ and C/EBPδ did not affect the activity on the NF-κB

reporter. Thus C/EBPβ is required for the IκB-ζ -mediated tran-
scriptional activation of the NGAL promoter in HEK-293 cells.

DISCUSSION

Our previous studies have shown that IκB-ζ exhibits dual opposite
activities on the expression of different subsets of inflammatory
genes [17,19,23]. Consistent with these results, the present study
also showed that exogenous expression of IκB-ζ augmented the
NF-κB-mediated expression of hBD-2, whereas it inhibited that
of E-selectin (Figure 1). In addition to IκB-ζ (L) used in this
study, another isoform, IκB-ζ (S), exhibited qualitatively similar
effects (results not shown). IκB-ζ alone promoted marginal levels
of the transcription of the hBD-2 and NGAL genes, and it
required NF-κB for robust transcriptional activation in HEK-293
cells. As expected from this requirement for NF-κB, reporter
analyses indicated that NF-κB-binding sites in both promoters
are essential for the IκB-ζ -mediated transcriptional activation
(Figures 2 and 4C, left-hand panels). The sequence of the
NF-κB-binding sites, however, was not sufficient for the activ-
ation, and a C/EBP-binding site was also essential (Figures 2,
3 and 4C, left-hand panels). Although NGAL transcription was
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Figure 5 NF-κB- and C/EBP-binding sites in the hBD-2 and NGAL promoters
are essential for IL-1β-induced transcriptional activation

A549 cells were transfected with the hBD-2 promoter reporter plasmids (A) or the NGAL
promoter reporter plasmids (B) with or without indicated point mutations at the NF-κB-binding
site or the C/EBP-binding sites. At 24 h after transfection, the cells were stimulated with 1 ng/ml
IL-1β for 5 h. The cells were then lysed, and luciferase activities were measured. Results are
means +− S.E.M. for duplicate samples, representative of at least two independent experiments.

induced by transfection of IκB-ζ alone in A549 cells, NF-κB
is probably involved in the induction since the NF-κB-binding
site, as well as a C/EBP-binding site, is also essential for the
induction as in the hBD-2 promoter (Figure 4C, right-hand
panels). Furthermore, in addition to IκB-ζ , NF-κB is essential
for the induction of NGAL transcription in A549 cells (Figure 7).
Endogenous nuclear NF-κB (possibly the p50 subunit) levels
might be higher in this adenocarcinoma cell line, which is highly
sensitive to IL-1β.

Since robust transcriptional activation by IκB-ζ was observed
on an artificial small promoter consisting of the NF-κB- and
C/EBP-binding sites and TATA box (Figure 3C), these two sites
appear to constitute the minimal element that allows the IκB-
ζ -mediated transcriptional activation. Since IκB-ζ acted as a
negative regulator of NF-κB-mediated activation on the promoters
constituted only with the NF-κB-binding sites of the hBD-2
promoter (Figure 2D), the presence of the C/EBP-binding site
could convert the action of IκB-ζ . It should be noted that pro-
moters of genes that exhibit IκB-ζ -dependent induction harbour
NF-κB- and C/EBP-binding sites, including IL-6, the IL-12 p40
subunit, granulocyte/macrophage CSF and granulocyte CSF.

Figure 6 NF-κB subunits p65 and p50, and IκB-ζ are recruited to the NGAL
promoter in A549 cells upon stimulation with IL-1β

(A–C) A549 cells were stimulated with 1 ng/ml IL-1β for 4 h, and ChIP assays were performed
with antibodies against p65, p50 or IκB-ζ , or control rabbit IgG. The precipitated DNA containing
the κB site of the NGAL promoter (A), the 3′-flanking region of the NGAL gene (B) or the κB
site of the IL-8 promoter (C) was assayed by quantitative real-time PCR with specific primers.
A representative result of two independent experiments is shown for each.

Among the three proximal C/EBP-binding sites in the NGAL
promoter, different sites seemed to be used in HEK-293 cells and
A549 cells for the IκB-ζ -mediated inductions (Figure 4). This
may reflect that, in the two cell lines, IκB-ζ and NF-κB could
form stoichiometrically different transcription complexes with
different sizes, which would utilize C/EBP-binding sites located
at different distances from the NF-κB-binding site. Multiple
C/EBP-binding sites in the NGAL promoter might guarantee the
maximum induction in both cell types.

Crucial roles for both NF-κB- and C/EBP-binding sites were
also demonstrated in the induction of the hBD-2 and NGAL
genes in response to IL-1β (Figure 5). IκB-ζ expression, which is
elicited by IL-1β, was essential for the IL-1β-dependent induction
of the two genes (Figure 7). In addition to the NF-κB p50 subunit,
the p65 subunit was also recruited to the NGAL promoter upon
IL-1β stimulation, and was required for the expression of the
NGAL gene (Figures 6 and 7). Although preferential binding of
IκB-ζ to the p50 subunit has been shown previously [17], the
active transcription complex on the genes appeared to contain
IκB-ζ and both p50 and p65 subunits of NF-κB. It is noteworthy
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Figure 7 NF-κB p65 and p50 subunits and IκB-ζ are essential for the transcriptional activation of the hBD-2 and NGAL promoters upon stimulation with
IL-1β

(A) A549 cells were transfected with siRNA for the p50 subunit, the p65 subunit, IκB-ζ or control. At 24 h after transfection, the cells were stimulated with 1 ng/ml IL-1β for 4 h, and cell extracts
were prepared. Immunoblotting analysis was performed using an antibody against the NF-κB p65 subunit or the p50 subunit, IκB-ζ or β-tubulin. (B–D) A549 cells were transfected with siRNA
for the p50 subunit, the p65 subunit, IκB-ζ or control, together with indicated reporter plasmids. At 36 h after transfection, the cells were stimulated with 1 ng/ml IL-1β for 5 h (B and C), or, at
24 h after transfection, the cells were stimulated with 10 ng/ml PMA for 18 h (D). The cells were then lysed, and luciferase activities were measured. Results are means +− S.D. for duplicate samples,
representative of at least three independent experiments.

Figure 8 Activation of the NGAL promoter by transfection of the NF-κB p50 subunit and IκB-ζ was suppressed in C/EBPβ-depleted HEK-293 cells

(A) HEK-293 cells were transfected with siRNA for C/EBPβ , C/EBPδ or control. Total RNA was extracted 24 h after transfection. The expression levels of C/EBPβ or C/EBPδ mRNA were quantified
by real-time RT–PCR and were normalized to that of GAPDH. A representative result of two independent experiments is shown. (B) HEK-293 cells were transfected with siRNA for C/EBPβ , C/EBPδ

or control, together with the indicated reporter plasmids. After 24 h, cells were transfected again with the indicated expression plasmids. Following further incubation for 24 h, the cells were lysed,
and luciferase activities were measured. Results are means +− S.D. for duplicate samples, representative of at least two independent experiments.
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that the NF-κB-binding sites in the hBD-2 and NGAL promoters
are not canonical, as revealed by the fact that their respective p65
subunit-mediated inductions are much weaker than that of the E-
selectin promoter or the promoter in pNF-κB-Luc (Figures 1, 2D
and 4C, see induction in the absence of IκB-ζ ). IκB-ζ binding to
NF-κB might alter the preferred DNA-binding sequences of the
p65/p50 heterodimer from the canonical NF-κB-binding se-
quences to non-canonical sequences flanked by a C/EBP-binding
site.

Although the recruitment of IκB-ζ and the NF-κB subunits
was shown by the ChIP analyses, we could not detect the binding
of the IκB-ζ -containing complex to the DNA fragment of the
hBD-2 promoter by EMSA (electrophoretic mobility-shift assay)
using lysate from cells transfected with IκB-ζ and NF-κB (results
not shown). This suggests that the complex is very fragile or
that it requires another protein(s) for DNA binding. The C/EBP
family of proteins could be such candidates, since NF-κB and
the C/EBP family of proteins associate directly via their Rel
homology domain and the basic leucine-zipper domain [32–34].
In fact, the IκB-ζ -mediated activation of the NGAL promoter was
severely impaired in C/EBPβ-depleted HEK-293 cells (Figure 8).
However, in vivo studies using C/EBP-deficient mice have
provided results contrary to this hypothesis. The expression of
IL-6, an IκB-ζ target gene, following LPS stimulation is
unchanged in macrophages from wild-type and C/EBPβ- [35] or
C/EBPε- [36] knockout mice. In addition, no defect in cytokine
production has been detected in macrophages from C/EBPδ-
knockout mice [37]. Our preliminary studies indicated that the
IκB-ζ -mediated activation of the hBD-2 and NGAL promoter in
A549 cells was not significantly affected by depletion of either
C/EBPβ or C/EBPδ. Thus other proteins could be involved, in
other cell types, in the transcriptionally active complex consisting
of IκB-ζ and NF-κB that binds to the promoters harbouring the
NF-κB- and C/EBP-binding sites.

The NGAL promoter with the multiple C/EBP-binding sites
was induced by transfection of C/EBPβ and C/EBPδ alone (results
not shown). As C/EBPδ is one of the IκB-ζ target genes [19],
the induction of NGAL could be sustained by C/EBPδ in a late
phase. Although the C/EBPδ-mediated induction was completely
abolished by the triple mutations of C/EBP-binding sites 1, 2 and
3 in the NGAL promoter (results not shown), marginal levels of
IκB-ζ -mediated induction was observed with the mutant (Fig-
ures 4 and 5), suggesting that the recognition sites of the IκB-ζ -
containing complex and C/EBPs overlap, but are not identical.

Despite intensive studies on the molecular mechanisms of
IκB-ζ -mediated transcription, its physiological roles in vivo
remain to be analysed. In addition to several cytokines, the pre-
sent studies indicated that the hBD-2 and NGAL genes are targets
for IκB-ζ -mediated transcription. Consistent with the induction
spectrum of IκB-ζ , both the hBD-2 and NGAL genes are induced
preferentially by IL-1β, but not by TNF-α in A549 human lung
adenocarcinoma cells, keratinocytes and other cells [25–30]. A
recent report has also shown critical roles for IκB-ζ in IL-1β-
dependent induction of the genes [38]. Since both genes encode
inducible antimicrobial proteins expressed in various epithelial
tissues [39,40], one of the functions of IκB-ζ is likely to be to
activate genes that play roles in elimination of infected bacteria.
This concept is consistent with the observation that IκB-ζ is
induced by microbial ligands of various TLRs, but not by double-
stranded RNA, a ligand for TLR3, which is an intracellular
receptor for RNA viruses [41].

There is accumulating evidence that both NF-κB- and C/EBP-
binding sites are important for regulation of many immune
responses and acute-phase response genes such as IL-1β [42],
IL-6 [32] and granulocyte CSF [43], in addition to hBD-2 and

NGAL. Recent studies also showed that NF-κB- and C/EBP-
binding sites are required for induction of IL-6 and 24p3, a mouse
homologue of NGAL, on co-stimulation with IL-17 and TNF-
α [44,45]. The induction probably involves IκB-ζ , because co-
stimulation with IL-17 and TNF-α induces expression of IκB-ζ
[20,46]. Nonetheless, not all promoters harbouring both NF-κB-
and C/EBP-binding sites are targets for IκB-ζ . For example, the
IL-8 promoter contains both sites and is activated synergistically
by overexpression of NF-κB and C/EBPβ [32]. IκB-ζ , however,
is not recruited to the IL-8 promoter and acts negatively on
expression, as revealed by the ChIP assay (Figure 6) and mRNA
quantification (results not shown). Probably, the order, distance
and the intervening sequence between the NF-κB- and C/EBP-
binding sites, as well as the sequence of each binding site and/or
chromatin structures, would affect transcriptional activation by
IκB-ζ . Comprehensive analyses of genes whose transcription
is regulated by IκB-ζ should provide more information on
the common promoter structures of these genes. Furthermore,
identification of the transcription complex containing IκB-ζ
and biochemical characterization of the complex would be
invaluable towards understanding the sophisticated mechanisms
for regulation of a series of inflammatory reactions.
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