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Distal NF-kB binding motif functions as an enhancer for
nontypeable H. influenzae-induced DEFB4 regulation in
epithelial cells

Jeong-Im Wooa, Sung-Hee Kila, Huiqi Panb, Yoo Jin Leea, David J. Lima, and Sung K.
Moona,*

aDepartment of Head & Neck Surgery, David Geffen School of Medicine, University of California,
Los Angeles, CA, USA
bHouse Research Institute, Los Angeles, CA, USA

Abstract
Among the antimicrobial molecules produced by epithelial cells, DEFB4 is inducible in response
to proinflammatory signals such as cytokines and bacterial molecules. Nontypeable Haemophilus
influenzae (NTHi) is an important human pathogen that exacerbates chronic obstructive
pulmonary disease in adult and causes otitis media and sinusitis in children. Previously, we have
demonstrated that DEFB4 effectively kills NTHi and is induced by NTHi via TLR2 signaling. The
5′-flanking region of DEFB4 contains several NF-κB binding motifs, but their NTHi-specific
activity remains unclear. In this study, we aimed to elucidate molecular mechanism involved in
DEFB4 regulation, focusing on the role of the distal NF-κB binding motif of DEFB4 responding
to NTHi. Here, we show that the human middle ear epithelial cells up-regulate DEFB4 expression
in response to NTHi via NF-κB activation mediated by IκKα/β–IκBα signaling. Deletion of the
distal NF-κB binding motif led to a significant reduction in NTHi-induced DEFB4 up-regulation.
A heterologous construct containing the distal NF-κB binding motif was found to increase the
promoter activity in response to NTHi, indicating a NTHi-responding enhancer activity of the
distal NF-κB binding motif. Furthermore, electrophoretic mobility shift assays and chromatin
immunoprecipitation assays showed that the p65 domain of NF-κB binds to the distal NF-κB
binding motif in response to NTHi. Taken together, our results suggest that NTHi-induced binding
of p65 NF-κB to the distal NF-κB binding motif of DEFB4 enhances NTHi-induced DEFB4
regulation in epithelial cells.

INTRODUCTION
DEFB4, previously known as human β-defensin 2, is a small cationic antimicrobial peptide
produced by a variety of epithelial cells [1,2,3]. DEFB4 predominantly kills Gram-negative
bacteria by increasing permeability of the bacterial membrane through pore formation [4].
Unlike DEFB1, DEFB4 is inducible in response to inflammatory stimuli such as pro-
inflammatory cytokines [3,5,6] and bacterial molecules [7,8,9]. A variety of signaling
pathways is known to form a network for transcriptional regulation of DEFB4, including
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SRC-dependent ERK signaling [3], IL-17-dependent JAK signaling [6], and NF-κB
signaling mediated by toll/IL-1 receptor [10] and protease-activated receptor 2 [11].

The gene regulatory region of the DEFB4 locus within 3,000 base pairs upstream from the
exon 1 contains several NF-κB binding motifs involved in DEFB4 regulation, including one
distal and two proximal motifs [5,8,12]. Interestingly, a specific NF-κB binding motif
contributing to transcriptional regulation of DEFB4 varies with the type of inflammatory
stimuli. For example, F. nucleatum-induced DEFB4 regulation is independent from NF-κB
signaling [13] while H. pylori depends on NF-κB for DEFB4 regulation [14]. Furthermore,
there exists controversy regarding the enhancer activity of the distal NF-κB binding motif of
DEFB4. The distal NF-κB binding motif (-2193/-2184) of DEFB4 is known to significantly
contribute to P. aerusinosa-induced DEFB4 regulation, but not to IL-1β- or LPS-induced
DEFB4 regulation [15,16], which led us to focus on the enhancer of DEFB4 responding to
NTHi.

NTHi is a small Gram-negative bacterium and an opportunistic pathogen existing as a
commensal organism in the human nasopharynx [17]. Unlike H. influenzae type b, NTHi is
nontypeable since it lacks a polysaccharide capsule used for typing and rarely causes life-
threatening infections [18]. Nevertheless, NTHi is a clinically important pathogen that
exacerbates chronic obstructive pulmonary disease in adults, and causes otitis media and
sinusitis in children [19,20]. In contrast to lipopolysaccharide (LPS) utilized in other studies
[5,8,16], NTHi contains a unique atypical endotoxin, lipooligosaccharide (LOS), structurally
different from LPS of the common Gram-negative bacteria. NTHi is predominantly
recognized by TLR2 signaling [21] while LPS triggers TLR4 signaling [22]. In our prior
study, we demonstrated that DEFB4 has a potent antimicrobial effect on NTHi [23,24]. We
also showed that the middle ear epithelial cells up-regulate DEFB4 in response to NTHi via
TLR2/MyD88 signaling and p38 MAPK signaling [7,24]. NF-κB is known to be involved in
transcriptional regulation of DEFB4 [5,8,15,16]; however, it remains unclear if the distal
NF-κB binding motif of DEFB4 functions as an enhancer for NTHi-induced DEFB4
regulation.

Here, we present that NF-κB activation mediates NTHi-induced DEFB4 regulation through
IκKα/β-IκBα signaling. Furthermore, we demonstrate that the NTHi-activated nuclear
components interact with the distal NF-κB binding motif to augment DEFB4 up-regulation
in response to NTHi. This study will enable us to better understand molecular mechanism
involved in transcriptional regulation of DEFB4 in epithelial cells.

EXPERIMENTAL PROCEDURES
Plasmid construction, transfection and Luciferase assay

The 5′-flanking region (-2625 to +1) of the DEFB4 gene was subcloned to the pGL3-basic
(Promega, Madison, WI) as previously described [3], which was named as pDEFB4/-2625/
luc. Nested deletions of pDEFB4/-2625/luc (1.7 kb, 1.1 kb and 0.7 kb) were obtained using
the Erase-a-Base® System (Promega) in which exonuclease III was used to specifically
digest DNA from a blunt restriction site of BstZ17I (New England Biolabs, Ipswich, MA)
and the opposite end was protected from digestion by a 4-base 3′ overhang restriction site of
KpnI (New England Biolabs). 200 bp-sized segments of the DEFB4 5′-flanking region
(-2503 to -2301, -2324 to -2121, -2131 to -1919, -1938 to -1732 and -1751 to -1642) were
subcloned upstream of pTAL-luc, a vector containing the luciferase gene with a TATA-like
promoter region from the Herpes simplex virus thymidine kinase (TK) promoter (Clontech,
Mountain View, CA). pNFκB-luc was purchased from Clontech, containing multiple copies
of the NF-κB consensus sequence fused to pTAL-luc. A transdominant mutant IκKα/β-
IκBα [(S32/36A)] was previously described [21,25], and pcDNA 3.1(+) was purchased from
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Invitrogen. For luciferase assay, cells were seeded into six-well plates at a density of 1.5 ×
105 cell/well and transfected at ~60% confluence. pRL-TK vector (Promega) was co-
transfected to normalize for transfection efficiency. Luciferase activity was measured using
a luminometer (Pharmingen, La Jolla, CA) after adding harvested cell lysate to the luciferase
substrate (Promega). Results were expressed as fold- induction of luciferase activity, taking
the value of the non-treated group as 1.

Electrophoretic mobility shift assays (EMSA) and chromatin immunoprecipitation (ChIP)
assays

Cells were treated with NTHi lysate for 1.5 and 3 hrs after overnight starvation. Nuclear
protein was extracted using the NE-PER® Nuclear extraction reagent (Pierce
Biotechnologies) and the protein concentration was determined using a BCA™ protein assay
kit (Pierce Biotechnologies) [25]. 5′-biotin labeled double-stranded oligonucleotide probes
were purchased from Integrated DNA Technologies, Inc. (Coralville, IA) as follows: wild
type NF-κB 1 (5′-gttactttgggacttccccagctatg-3′) and mutated NF-κB 1 (5′-
gttactttctagcttccccagctatg-3′). In vitro binding of NF-κB to the DEFB4 promoter was
determined using the LightShift® chemiluminescent EMSA kit (Pierce Biotechnologies)
according to the manufacturer’s instruction. Briefly, nuclear proteins (4 μg) were incubated
with a biotin-labeled target DNA probe (20 fmol) in 20 μl of binding buffer for 20 min at
RT. Samples were applied to 6% polyacrylamide gels under native conditions in high ionic
strength buffer and electrophoresis was performed. As a positive and a negative control, a
biotinylated Ebstein-Barr nuclear antigen (EBNA) control DNA (5′-
TAGGCATATGCTA-3′) was applied with or without the EBNA extract. To detect biotin-
labeled DNA, a 1:300 dilution of Streptavidin-HRP conjugate was applied to the membranes
for 15 min. After washing, the chemiluminescent substrate was added and the signal was
detected with exposure to X-ray films. To determine if NTHi induces NF-κB p65 to bind
with an enhancer in vivo, ChIP assays were performed using Chip-IT™ Express (Active
Motif, Carlsbad, CA). Briefly, cells were exposed to NTHi lysate for 2 hr and fixed with 1%
formaldehyde for 10 min. After lysing cells, we collected the nuclei pellet and chromatins
were sheared with the provided enzyme cocktail. 10 μl of the sheared DNA samples were
named as “Input DNA” for use as controls in PCR analysis. 1 μg of anti- NF-κB p65
antibody and 25 μl of protein G magnetic beads were added to 10 μg of sheared DNA
samples and incubated for 4 hr at 4°C. The samples were placed on the magnetic stand to
pellet beads and the supernatant was discarded carefully. After washing, the pelleted beads
were resuspended and named as “Chip DNA.” After purifying Chip DNA and Input DNA,
PCR analysis was performed with the specific primer pairs as follows: NF-κB1
(-2369/-2108: 5′-agtacagcagcagtgatagtgcca-3′ and 5′-ttggtgctgatgtctgagcctt-3′), the positive
control (NF-κB2, -687/-423: 5′-ttctcagaggaaggaagtgggcat-3′ and 5′-
acagtctcaggccaaattgagagc-3′) and the negative control (-1775/-1400: 5′-
tcagcacacaaggaaacaaagccc-3′ and 5′-agcatggtggcttacacctgtcat-3′).

RESULTS
NF-κB activation is required for NTHi-induced DEFB4 regulation in human epithelial cells

NF-κB is critically involved in transcriptional regulation of DEFB4 induced by
proinflammatory cytokines and LPS [5,8,16]. NTHi is known to up-regulate DEFB4
expression via TLR2/MyD88 signaling [23] and activate NF-κB via TLR2/TAK1 signaling
[21]. Hence, we sought to determine if NF-κB activation is required for NTHi-induced
DEFB4 up-regulation in human epithelial cells. The HMEEC cells were exposed to the
NTHi lysate, and immunolabeling was performed using an anti-p65 NF-κB antibody. p65
NF-κB was found to translocate into the nucleus upon exposure to the NTHi lysate (Fig.
1A). Moreover, NTHi-induced NF-κB translocation was blocked by CAPE (an inhibitor of
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NF-κB activation) and Wedelolactone (a selective and irreversible inhibitor of IκKα and β
kinase activity). To investigate NTHi-induced NF-κB activation, luciferase assays were
performed using a pNFkB-luc construct containing multiple copies of the NF-κB consensus
sequence fused to pTAL-luc. As shown in Figure 1B, NTHi increases NF-κB activity in
human epithelial cell lines such as HMEEC (a human middle ear cell line), A549 (a human
lung adenocarcinoma epithelial cell line) and HeLa (a human cervical carcinoma cell line).
Next, we sought to determine if NF-κB activation is required for NTHi-induced DEFB4 up-
regulation. Cells were pre-treated with chemical inhibitors of NF-κB activation, CAPE and
JSH-23, before exposure to the NTHi lysate. Real-time quantitative PCR analysis showed
that NTHi-induced DEFB4 up-regulation is inhibited more than 70% by either CAPE or
JSH-23 (Fig. 1C).

IκKα/β-mediated IκBα phosphorylation is involved in NTHi-induced DEFB4 regulation
Since IκKα/β-IκBα signaling has been shown to mediate NTHi-induced NF-κB activation
[21] we sought to determine if epithelial cells suppress NTHi-induced DEFB4 up-regulation
upon exposure to chemical inhibitors of IκKα/β and IκBα. Real-time quantitative PCR
analysis showed that NTHi-induced DEFB4 up-regulation is inhibited by Wedelolactone
and MG132 (a reversible proteasome inhibitor) in a dose-dependent manner (Fig. 2 A, B).
Furthermore, transfection of the dominant negative construct of IκBα resulted in inhibition
of NTHi-induced DEFB4 up-regulation more than 35% (Fig. 2C). Next, we performed
immunoblotting to determine NTHi-induced phosphorylation of IκKα/β and IκBα. As
shown in Figure 2D and 2E, IκKα/β and IκBα were found to be phosphorylated upon
exposure to the NTHi lysate. There was a significant increase in IκBα phosphorylation
within 5 min of NTHi exposure (Fig. 2E). Taken together, it is suggested that IκKα/β-IκBα
signaling contributes to NTHi-induced DEFB4 up-regulation.

The distal NF-κB binding site responds to NTHi resulting in DEFB4 regulation
NF-κB binding motifs are differentially activated according to the type of cells and
stimulants. The distal NF-κB binding site of DEFB4 rarely responds to LPS in mononuclear
phagocytes [16] but significantly contributes to DEFB4 regulation induced by P. aerusinosa
in keratinocytes [15]. However, it is poorly understood if the distal NF-κB binding site of
DEFB4 responds to NTHi that expresses atypical LPS, lipooligosaccharide [26]. To
determine whether a distal NF-κB binding site serves as an enhancer for NTHi-induced
DEFB4 regulation, a series of 5′ deletion constructs from the 5′-flanking region of DEFB4
were generated by nested deletion using exonuclease III. After transfection with each of the
5′ deletion constructs, the HMEEC cells were exposed to the NTHi lysate. Luciferase assays
showed that deletion of the distal NF-κB binding site (NF-κB1) surprisingly leads to a
reduction more than 60% in NTHi-induced DEFB4 up-regulation, indicating an enhancer
activity of NF-κB1 (Fig. 3A). Since this result appeared to disagree with the previous
reports [5,16], we prepared heterologous constructs containing segments of the DEFB4
promoter region in order to define the NTHi-responding enhancer precisely. Five of 0.2 kb-
sized segments derived from the DEFB4 5′-flanking region (from -1642 to -2503) were
subcloned to the upstream of the pTAL-luc vector, a vector containing the firefly luciferase
gene with a TATA-like promoter region from the Herpes simplex virus thymidine kinase
promoter. As shown in Figure 3B, we found that a -2324/-2121 segment containing the NF-
κB1 site increases a promoter activity in response to NTHi. Taken together, these results
suggest that the distal NF-κB binding site responds to NTHi, resulting in enhancement of
NTHi-induced DEFB4 induction.
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The p65 NF-κB binds to the distal NF-κB motif of DEFB4 in response to NTHi
Since we have previously demonstrated that the distal NF-κB binding site of MCP-1/CCL2
responds to NTHi in the inner ear fibrocytes [25], we sought to determine if the NF-κB1 site
of DEFB4 interacts with the NTHi-treated nuclear protein in vitro. We performed
electrophoretic mobility shift assays using biotinylated oligonucleotides (26 bp) that contain
either the wild type or the mutated NF-κB1 DNA sequences. As shown in Figure 4A, the
nuclear extract of NTHi-exposed cells appeared to interact with the wild type NF-κB1, but
not with the mutated NF-κB1. To investigate in vivo binding capacity of NF-κB1 motif to
p65 NF-κB of NTHi-treated cells, we next performed chromatin immunoprecipitation assays
using an anti-p65 NF-κB antibody and the primers spanning NF-κB1. As shown in Figure
4B, NTHi was found to induce protein/DNA binding in the DNA segment spanning NF-κB1
or NF-κB2 (a positive control), but not in the negative control segment lacking the NF-κB
consensus sequences. Altogether, these results indicate that the distal NF-κB motif interacts
with p65 NF-κB in response to NTHi and actively serves as an enhancer for NTHi-induced
DEFB4 regulation in epithelial cells.

DISCUSSION
In this study, we investigated the mechanism involved in DEFB4 regulation induced by
NTHi in human epithelial cells. We found that the p65 domain of NF-κB translocates into
the nucleus in response to NTHi, and this nuclear translocation was blocked by the treatment
with NF-κB inhibitors. We also demonstrated that the HMEEC cells activate IκKα/β–IκBα
signaling in response to NTHi, and IκKα/β–IκBα signaling is essential for up-regulation of
DEFB4. In addition, we found that deletion of the distal NF-κB binding motif of DEFB4
significantly reduces NTHi-induced DEFB4 up-regulation, indicating its enhancer activity
for DEFB4 transcription. These findings support that the distal NF-κB binding motif of
DEFB4 functions as a NTHi-responding enhancer for transcriptional regulation of DEFB4.

Within 3,000 base pairs upstream of exon 1 in the gene regulatory region of DEFB4, there
are specific binding motifs for a variety of transcription factors such as AP-1, STAT, NF-
IL6 and NF-κB [16,27]. Particularly, two proximal NF-κB binding motifs (-186/-205 and
-572/-596) have been shown to be essentially contribute to transcriptional regulation of
DEFB4; however, they are activated differentially according to the specific type of cells and
stimulants For instance, both proximal NF-κB binding motifs are involved in LPS-induced
DEFB regulation in mononuclear phagocytes [16] whereas IL-1β and E. coli Nissle 1917
require only one proximal NF-κB binding motif (-186/-205) for DEFB4 regulation in
pulmonary and intestinal epithelial cells [8].

Previously, it has been reported that the distal NF-κB binding motif (-2193/-2184) of
DEFB4 insignificantly functions as an enhancer for LPS-induced DEFB4 up-regulation in
mononuclear phagocytes [16] and pulmonary epithelial cells co-cultured with mononuclear
phagocytes [5]. On the contrary, our result showed that the distal NF-κB binding motif of
DEFB4 responds to NTHi, resulting in enhancement of NTHi-induced DEFB4 up-
regulation. In agreement with our findings, the distal NF-κB binding motif was also found to
be involved in P. aeruginosa-induced DEFB4 regulation in keratinocytes [15], suggesting
that activities of NF-κB binding motifs vary with the types of cells and inflammatory
stimulants. Further studies are needed to reveal how each stimulant differentially activates
transcriptional factors and enhancers to regulate DEFB4 transcription.

Consistent with the study of LPS-induced DEFB4 regulation [5], our data showed the
contribution of IκKα/β-IκBα signaling to NTHi-induced DEFB4 regulation. However,
inhibition of IκKα/β and IκBα did not completely block NTHi-induced DEFB4 up-
regulation, suggesting either the involvement of IκKα/β-independent activation of NF-κB
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and/or NF-κB-independent regulation of DEFB4. In addition to NF-κB, DEFB4 regulation
requires a diversity of transcriptional factors such as AP-1 [8], NF IL-6 [27] and myeloid
Elf-1-like factor [28]. The AP-1 binding motif (TRE, -121/127) of DEFB4 plays an
important role in DEFB4 regulation induced by E. coli Nissle 1917 in intestinal epithelial
cells [8] and P. aeruginosa in keratinocytes [15]. In this study, we did not investigate the
role of AP-1, but it is expected that AP-1 significantly contributes to DEFB4 regulation in
response to NTHi.

Unlike a single component of bacteria, LPS, the NTHi lysate contains a variety of bacterial
products including HMW proteins [29], p6 protein [30] and lipooligosaccharide [18]. LPS is
recognized by TLR4 signaling [22], but NTHi involves multiple receptor signaling pathways
such as TLR2 signaling [23] and TGF-β signaling [31,32]. Considering that P. aeruginosa
and NTHi commonly trigger TLR2 signaling [23,33,34], the enhancer activity of the distal
NF-κB binding motif maybe associated with TLR2 signaling, but further studies are needed
to unveil receptor signaling specific to activity of the distal NF-κB binding site.

Taken together, we have demonstrated that NTHi up-regulates DEFB4 through NF-κB
activation mediated by an IκKα/β–IκBα signaling pathway. Moreover, our study shows that
the distal NF-κB binding site of DEFB4 functions as an enhancer of DEFB4 regulation
responding to NTHi. This study may provide the scientific basis for development of a
therapeutic inducer regulating antimicrobial peptides such as DEFB4 for the management of
infectious diseases.
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HILIGHTS

• DEFB4 is up-regulated by nontypeable H. influenzae through NF-κB activation.

• The distal NF-κB motif of DEFB4 responds to nontypeable H. influenzae.

• p65 NF-κB binds to the distal NF-κB motif of DEFB4 by nontypeable H.
influenzae.

• The distal NF-κB motif functions as an enhancer for DEFB4 regulation.
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Figure 1. NF-κB activation is required for NTHi-induced DEFB4 up-regulation
(A) Immunolabeling shows that p65 NF-κB is translocated into the nucleus of the HMEEC
cells in response to the NTHi lysate. NTHi-induced NF-κB translocation is blocked by
CAPE and Wedelolactone. (B) Luciferase assays show that NF-κB activity is up-regulated
upon exposure to the NTHi lysate in the A549, HeLa and HMEEC cells. (C) Real-time
quantitative PCR analysis shows that NTHi-induced DEFB4 up-regulation is inhibited by
CAPE and JSH-23. *: p < 0.05. Results were expressed as fold-induction, taking the value of
the non-treated group as 1. The experiments were performed in triplicate and repeated twice.
Values are given as the mean ± standard deviation (n=3).
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Figure 2. IκK-dependent IκBα phosphorylation is involved in NTHi-induced DEFB4 up-
regulation
Real-time quantitative PCR analysis shows that NTHi-induced DEFB4 up-regulation is
inhibited by Wedelolactone (A) and MG132 (B) in a dose-dependent manner. (C) It is noted
that transfection of the dominant negative construct of IκBα inhibits NTHi-induced DEFB4
up-regulation. *: p < 0.05. Results were expressed as fold-induction, taking the value of the
non-treated group as 1. Values are given as the mean ± standard deviation (n=3).
Immunoblotting shows that both IκKα/β (D) and IκBα (E) are phosphorylated upon
exposure to the NTHi lysate.
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Figure 3. Distal NF-κB binding site functions as an enhancer
(A) Luciferase assays show that deletion of the distal NF-κB binding site (NF-κB1)
suppresses NTHi-induced DEFB4 up-regulation. NF-κB2 and NF-κB3: proximal NF-κB
binding sites. Luc: luciferase-coding sequences. (B) 0.2 kb-sized segments of DEFB4 5′
flanking region (-2503/-2301, -2324/-2121, -2141/-1919, -1938/-1732 and -1751/-1642)
were subcloned upstream of the pTAL-luc vector. It is noted that NTHi up-regulates the
promoter activity of the -2324/-2121 segment containing NF-κB1. *: p < 0.05. Results were
expressed as fold-induction, taking the value of the non-treated group as 1. Values are given
as the mean ± standard deviation (n=3).
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Figure 4. Binding of p65 NF-κB to the enhancer region of DEFB4 is required for in NTHi-
induced DEFB4 up-regulation
(A) Electrophoretic mobility shift assays show that the NTHi- treated nuclear extract has an
affinity for binding to the wild type NF-κB1 (WT), not to the mutated NF-κB1 (Mut). PC: a
positive control. (B) Chromatin immunoprecipitation assays show that NTHi induces
binding of p65 NF-κB to the DNA segments spanning NF-κB1, not to the negative control
segment without NF-κB binding sites (NC). The NF-κB2-spanning segment was used as a
positive control. Input DNA: a DNA sample before immunoprecipitation. Chips DNA: DNA
sample after immunoprecipitation with an anti-p65 NF-κB antibody.
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