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Abstract
Bronchial epithelial cells serve as a physical barrier at the forefront of the immune system. Barrier disruption and an
excessive immune response of the bronchial epithelium contribute to the pathophysiology of asthma, a chronic bronchial
inflammatory disease. The purpose of this study was to investigate the functional significance of ΔNp63, a p53-like
transcription factor expressed by the basal bronchial epithelium. The immunohistochemical expression profile of ΔNp63 was
evaluated in human bronchial tissue derived from asthma patients. The role of ΔNp63 in apoptosis inhibition and production
of soluble mediators was investigated in vitro with cultured BEAS-2B bronchial epithelial cells using molecular biological
analysis. In healthy bronchial tissue, ΔNp63-positive basal epithelial cells were covered with differentiated ΔNp63-negative
cells but in the asthmatic airway, ΔNp63-positive cells were directly exposed to the bronchial lumen due to severe epithelial
shedding. ΔNp63 regulated bronchial apoptosis in response to Toll-like receptor 3 stimulation. On the other hand,
expression of ΔNp63 was modulated by stimulation with trypsin and SLIGKV, protease-activated receptor 2 ligands.
Further phenotypic analysis revealed that ΔNp63 controlled the transcriptional expression and protein release of some
epithelium-derived proinflammatory cytokines and endogenous protease inhibitors. We conclude that ΔNp63 modulates the
bronchial epithelial response to viral infection. At the same time, ΔNp63 expression is influenced by proteases, which are
abundant in house dust mites. Therefore, the ΔNp63 axis would be intimately involved in these two major triggers of asthma
exacerbations, viral infection and protease overload.

Introduction

Death from asthma has markedly decreased in the past
decade due to better understanding of the disease and the
development of improved therapeutic interventions [1],
However, numerous children and adults still suffer from
bronchial asthma, disrupting their quality of life. This
occurs not only in countries that have long adopted a

Western life style, but also in recently Westernized coun-
tries, with increasing numbers of patients reported. Thus,
the socioeconomic burden attributed to asthma due to
medical costs and loss of labor or education is now a
worldwide problem. The growing prevalence of asthma
patients along with lifestyle alterations in recent generations
indicates that environmental factors are key to the epide-
miology of asthma [2].

Bronchial asthma is a chronic inflammatory disease
involving both immune cells and tissue cells [3, 4]. In
particular, bronchial epithelial cells physically prevent
exogenous particles from penetrating into subepithelial tis-
sue and sense foreign antigens at the front line of the
immune system. According to our current understanding,
destruction of the tight junction barrier and excessive
immune activation are fundamental epithelial alterations in
the pathogenesis of bronchial asthma. Damaged or activated
bronchial epithelial cells release various types of cytokines,
including IL-33 and thymic stromal lymphopoietin (TSLP),
which induce type 2 innate lymphoid cell and/or
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lymphocyte-mediated eosinophilic inflammation. On the
other hand, type 2 inflammation-related cytokines affect
bronchial epithelial integrity [5, 6]. This vicious cycle is
currently the most persuasive explanation of asthma
chronicity. However, although type 2 inflammation is an
indispensable mechanism in asthma, asthma itself is not a
single disease, but a syndrome that consists of numerous
endotypes. In the early studies, histopathological analysis of
asthmatic bronchial tissue showed severe eosinophil infil-
tration, a thickened basement membrane, submucosal
fibrosis, smooth muscle hypertrophy, and distinctive fea-
tures of epithelial lesions [7]. Such lesions included epi-
thelial hyperplasia producing abundant mucus and epithelial
shedding. It has been debated whether the latter finding is a
true pathological finding or an artefact of the biopsy pro-
cedure [8, 9]. It is worth mentioning that basal epithelial
cells remain even in damaged epithelium.

We previously investigated the functional significance of
p63 and p73, members of the p53 family, in keratinocytes
of patients with atopic dermatitis [10–12]. These proteins
share highly conserved sequences and help to determine
proliferation, apoptosis and differentiation in the context of
carcinogenesis or development [13]. There are two major
isoforms of p63: TAp63 and ΔNp63. While TAp63 is
transcribed with the N-terminal transactivation domain from
the P1 promoter, ΔNp63 lacks a transactivation domain.
Nonetheless, ΔNp63 has transcriptional activities via an
alternative P2 promoter [14]. Increasing numbers of studies
have shown that ΔNp63, the predominant isoform of p63
expressed in epidermal keratinocytes and basal respiratory
cells, modulates the expression of barrier-related proteins
and immune reactions [15–17]. In addition, the expression
of ΔNp63 is altered upon innate immune signaling [10, 11].
Therefore, we hypothesized that fine-tuning of ΔNp63
expression in epithelial cells would be intimately involved
in the creation of the allergic tissue microenvironment. In
this report, we show that ΔNp63-positive basal bronchial
epithelial cells are resistant to the apoptosis induced by the
Toll-like receptor 3 (TLR3) signal provided by viral infec-
tion. In the setting of epithelial shedding, the remaining
ΔNp63-positive epithelial cells were exposed to the outer
environment and revealed distinctive secretory activity of
cytokines and anti-protease proteins.

Materials and Methods

Tissues

Bronchial tissues were obtained at autopsy from patients
examined at Sapporo Medical University Hospital. The

asthmatic donors were a 2-year-old female (Case 1),
79-year-old male (Case 2), and 26-year-old male (Case 3).
The non-asthmatic control donor was a 68-year-old female.
All tissues were obtained with written informed consent
according to the guidelines of the Declaration of Helsinki
and with approval of the Institutional Review Board of
Sapporo Medical University Hospital under permit number
292–126, entitled Investigation of Human Diseases Utiliz-
ing Autopsy Specimen.

Cell cultures and stimulation

Human BEAS-2B bronchial epithelial cells were purchased
from American Type Culture Collection (Manassas, VA).
The cells were cultured as a monolayer in bronchial epi-
thelial cell basal medium supplemented with the Single-
Quots Kit (Lonza, Basel, Switzerland) at 37 °C in a
humidified atmosphere with 5% CO2.

For cell stimulation, the culture medium was supple-
mented with polyinosine-polycytidylic acid (poly (I:C);
Novus Biologicals, Littleton, CO), R837 (Novus Biologi-
cals), ODN2006 (Hokkaido System Science, Sapporo,
Japan), IFNγ (PeproTech, London, UK), IL-13 (Pepro-
Tech), trypsin (WAKO Pure Chemical, Osaka, Japan),
papain (WAKO Pure Chemical), NH2-SLIGKV (Abcam,
Cambridge, UK), and YM-58483 (Abcam) as indicated.
The concentration of each reagent used is described in the
figures or figure legends.

siRNA transfection

Human ΔNp63-specific small interfering RNA (siRNA)
was purchased from Invitrogen (Carlsbad, CA; sense:
5′-ACAAUGCCCAGACUCAAUU-3′; antisense: 5′-AA
UUGAGUCUGGGCAUUGU-3′). Scrambled siRNA for
negative control was obtained from Invitrogen. Human
TLR3-specific siRNA (sense: 5′-GAACUGGAUAU
CUUUGCCATT-3′; antisense: 5′-UGGCAAAGAU AUC
CAGUUCTT-3′) and control siRNA were purchased from
Qiagen (Hilden, Germany). Transfections were carried out
using Lipofectamine RNAiMAX (Invitrogen) in Opti-MEM
(GIBCO, Carlsbad, CA) at 40 nmol/L according to the
manufacturer’s instructions. The culture medium was
replaced 6 h after transfection.

cDNA microarray analysis

mRNA was extracted from BEAS-2B bronchial epithelial
cells transfected with ΔNp63-specific or scrambled siRNA
72 h after transfection. Microarray slides were scanned by a
3D-GENE human 25k (TORAY, Tokyo, Japan) and
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microarray images were automatically examined using
AROSTM, version 4.0 (Operon Biotechnologies, Tokyo,
Japan).

Antibodies

The antibodies used were a mouse monoclonal antibody to
detect p63 (4A4; Abcam), mouse anti-ΔNp63 monoclonal
antibody (clone; BC28, Biocare Medical, Pacheco, CA),
mouse anti-α-tubulin monoclonal antibody (10G10; WAKO
Pure Chemical), rabbit anti-cleaved poly (ADP-ribose)
polymerase (PARP) monoclonal antibody (D64E10; Cell
Signaling, Danvers, MA) and mouse anti-caspase 8 (1C12;
Cell Signaling). Alexa 488 (green)-conjugated anti-mouse
IgG was purchased from Invitrogen. Peroxidase-conjugated
goat anti-mouse and anti-rabbit IgGs were obtained from
KPL (Gaithersburg, MD).

PCR

Total RNA was extracted and purified using an RNeasy
Mini Kit (Qiagen) and RNase-free DNase (Qiagen)
according to the manufacturer’s instructions. Total RNA
was reverse-transcribed into cDNA using a RevertAid RT
kit containing random hexamers (Thermo Fisher Scientific,
Woburn, MA). Quantitative PCR was performed with target
gene-specific primers (Sigma-Aldrich, St. Louis, MO) and
SYBR green PCR Master Mix (Thermo Fisher Scientific)
on a StepOne Real-Time PCR System (Applied Biosystems,
Foster City, CA) as described in the manufacturer’s proto-
col. The sequences of the primers used to detect target gene
expression are listed in Table S1. Elongation factor 1α
(EF1α) mRNA was used to standardize the quantities of
each transcript. To calculate the relative mRNA expression
of triplicate specimens, the ΔΔCT method was used.

Immunohistochemical analysis

Sections (4 μm thick) of formalin-fixed paraffin-embedded
tumors were immunostained using monoclonal antibodies
after epitope retrieval with Target Retrieval Solution pH 9
(DAKO, Glostrup, Denmark). To detect ΔNp63 protein, the
antibody was used at 1:100. Slides were counterstained with
hematoxylin, rinsed, dehydrated in graded ethanol into non-
aqueous solution, and then coverslipped with mounting
media.

For fluorescent staining, cultured cells were fixed with
4% paraformaldehyde (WAKO Pure Chemical) and per-
meabilized with PBS containing 0.1% Triton X-100
(Sigma-Aldrich). They were incubated with the optimally
diluted antibody at room temperature for 1 h and Alexa
Fluor 488-labeled goat anti-mouse antibody (Invitrogen)
under the same conditions for another 1 h. Then, slides were

mounted with ProLong Gold Antifade Reagent (Invitrogen)
containing 4’,6-diamidino-2-phenylindole (DAPI) for
counterstaining of cell nuclei. Specimens were examined
under an immunofluorescence microscope (IX81; Olympus,
Tokyo, Japan).

Western blot analysis

Cells were lysed with RIPA buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA)
containing protease inhibitors (Roche, Basel, Switzerland)
for 30 min at 4 °C. Aliquots of the supernatants were
applied to 5–20% SDS-PAGE under reducing conditions
and transferred onto polyvinylidene fluoride membranes
(Millipore, Bedford, MA). The membranes were incu-
bated with blocking buffer and then with optimally diluted
antibodies overnight at 4 °C. After being washed with
wash buffer (0.05% Tween-20 in PBS), the membranes
were reacted with a peroxidase-labeled secondary anti-
body for 1 h. After three washes with wash buffer, signals
were visualized using an enhanced chemiluminescence
detection system (Amersham Life Science, Arlington
Height, IL). The intensity of the signals detected in the
immunoblots was quantified using NIH ImageJ software.
The intensity levels were normalized to the corresponding
levels of α-tubulin.

Enzyme-linked immunosorbent assay

Culture supernatants were collected 72 h after experiment
initiation and analyzed in triplicate to investigate protein
concentrations with the Human DUOset ELISA kit (R&D
Systems, Minneapolis, MN) for IL-1β, IL-8, and α1-anti-
trypsin, the Human Quantikine ELISA kit for secretory
leukocyte proteinase inhibitor (SLPI), and the CircuLex
Human ELISA Kit for α1-antichymotrypsin (Medical &
Biological Laboratories, Nagoya, Japan) according to the
manufacturers’ protocols. The absorbance of each sample
was measured using an iMark microplate absorbance reader
(Bio-Rad, Hercules, CA).

Cell viability assay

To investigate cell viability, WST-8 (Cell Counting Kit-8,
Dojindo, Kumamoto, Japan) was added to each sample and
incubated for 2 h at 37 °C in a CO2 incubator. The absor-
bance of each sample was measured using an iMark
microplate absorbance reader.

Statistical analysis

Data analysis was performed with Prism Version 6 software
(GraphPad Software, La Jolla, CA). Statistical significance
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was evaluated using the two-tailed unpaired Student’s t test
or ANOVA with Tukey’s post-hoc tests. Graph bars in
the figures indicate the mean ± SD. P values <0.05:* and
<0.01:** are indicated inside the graphs. Each set of results
shown is representative of at least three separate
experiments.

Results

ΔNp63 affects bronchial epithelial survival during
TLR3 stimulation

We examined the histopathology of the lung tissues derived
from patients who died from an asthma attack. All had
severe sputum embolism, basement membrane thickening,
and eosinophil infiltration into the peribronchial submucosa.
There were two types of epithelial lesions: epithelial
hyperplasia (black arrow) and shedding (open arrow)
(Fig. S1A). To investigate ΔNp63 expression in the bron-
chial epithelium, immunohistochemistry was performed
with an antibody against ΔNp63. In non-asthmatic bron-
chial tissue, ΔNp63 was expressed in basal cells, which
were covered with ΔNp63-negative ciliated columnar cells
(Fig. 1a, upper panel). In asthmatic bronchial epithelium,
despite severe epithelial shedding, there were still mixed
population of ΔNp63-positive (high and low) basal cells
(Fig. 1a, lower panel, Fig. S1B and S1C).

Because viral infection is a major causative event in
asthma exacerbations in both adults and children [18], we
examined whether ΔNp63 expression affected epithelial
survival in response to various types of Toll-like receptor
stimulations mimicking viral infection. BEAS-2B human
bronchial epithelial cells expressing abundant ΔNp63
were transfected with ΔNp63-specific siRNA, which
successfully reduced ΔNp63 expression at transcript and
protein levels (Fig. S2A and S2B). Poly (I:C) stimulation
significantly reduced the viability of ΔNp63-knockdown
bronchial epithelial cells when compared with control
bronchial epithelial cells, whereas there was no difference
in cell survival between the ΔNp63-knockdown and
control groups under R837 (TLR7 ligand) and CpG-ODN
(TLR9 ligand) stimulations (Fig. 1b). Because poly (I:C)
might stimulate other double-stranded (ds) RNA recep-
tors, we performed TLR3 knockdown using siRNA (data
not shown). TLR3 knockdown diminished the cell death
induced by poly (I:C) and poly (A:U), another TLR3
ligand (Fig. 1c). To investigate the mechanism of this
TLR3-mediated decrease in cell viability, we examined
the expression of apoptosis-related proteins via western
blot analysis. As expected, downregulation of ΔNp63

increased cleaved caspase-8 and cleaved PARP levels in
response to poly (I:C) stimulation (Fig. 1d), suggesting
that ΔNp63 protects bronchial epithelial cells from viral
dsRNA-mediated apoptosis.

Bronchial epithelial ΔNp63 levels are decreased by
trypsin treatment

We next investigated which factors affect ΔNp63 expres-
sion in the bronchial epithelium. Type 2 innate lymphoid
cells and helper T cells, crucial for the pathogenesis of
asthma, produce abundant IL-13, which did not influence
the ΔNp63 level; similar results were found for IFNγ, a
representative type 1 inflammatory cytokine linked to air-
way hyperresponsiveness. In addition, viral infection-
mimicking TLR ligands did not alter the ΔNp63 expres-
sion (Fig. S3A and S3B). Because some proteases derived
from house dust mites affect epithelial functions, including
physical barrier and cytokine release, and participate in the
development of bronchial asthma [19], the bronchial epi-
thelium was stimulated with these proteases. Interestingly,
stimulation with trypsin, a serine protease, decreased the
transcriptional and protein levels of ΔNp63 in a dose-
dependent manner (Fig. 2a–c). On the other hand, papain, a
cysteine protease, did not affect ΔNp63 expression,
although papain stimulation did induce IL-6 expression
(Fig. 2d, e, Fig. S4). As expected from the above results,
cell viability was significantly decreased in the bronchial
epithelial cells treated with trypsin and poly (I:C) (Fig. 2f).

Bronchial epithelial ΔNp63 is regulated by distinct
trypsin pathways

Both trypsin and papain are proteases that can decrease
cellular adhesion. In addition, they also induce signal
transduction via a protease receptor. Because only trypsin
decreased ΔNp63 levels, we hypothesized that receptor-
mediated trypsin-sensing affects ΔNp63 expression. Thus,
bronchial epithelial cells were treated with SLIGKV-NH2
peptide, an artificial ligand for protease-activated receptor-2
(PAR2), which behaved like trypsin and decreased tran-
scriptional and protein levels of ΔNp63 (Fig. 3a, b).
Because previous reports showed that SLIGKV-NH2 sti-
mulation induced Ca2+ release-activated Ca2+ (CRAC)
channel activation and thereby the production of the
proinflammatory cytokines IL-6 and TSLP [18, 20], we
pretreated bronchial epithelial cells with YM58483, a
CRAC inhibitor. However, YM58483 did not block the
decrease in ΔNp63, indicating that ΔNp63 regulation by
trypsin is mediated by a different pathway from that of
cytokine production.
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The expression profiles of bronchial epithelial cells
regulated by ΔNp63

To investigate the transcriptional target(s) of ΔNp63 in
BEAS-2B bronchial epithelial cells, bronchial epithelial
cells transfected with ΔNp63-specific or control siRNA
were subjected to cDNA microarray expression analysis. As
shown in Tables S1 and S2, ΔNp63 modulated the
expression levels of approximately 400 transcripts by more

than 2-fold. Interestingly, ΔNp63 positively regulated
IL1B, which encodes IL-1β, a pleiotropic proinflammatory
cytokine. On the other hand, ΔNp63 negatively controlled
the endogenous protease inhibitors SLPI and serine protease
inhibitor A3 (SERPINA3; encoding α1-antichymotrypsin).
We then investigated and confirmed the expression of these
genes by quantitative PCR (Fig. 4a). In addition, tran-
scriptional expression of IL-8 and serine protease inhibitor
A1 (SERPINA1; encoding α1-antitrypsin) were also

Fig. 1 ΔNp63-positive basal bronchial epithelial cells are resistant to
TLR3-induced apoptosis. a Hematoxylin and eosin (HE) staining (left
panels) and immunohistochemistry for ΔNp63 (right panels) in non-
asthmatic and asthmatic (case 1) bronchial tissue. Bar= 50 μm.
b Relative cell viability between ΔNp63-knockdown and control
BEAS-2B bronchial epithelial cells upon stimulation with repre-
sentative TLR ligands mimicking viral infections. Cell viability was

investigated 12 h after stimulation with 50 μg/mL poly (I:C), 50 μg/mL
R837, or 10 μM ODN2006. n= 3. c Relative cell viability between
TLR3 knockdown and control bronchial epithelial cells stimulated
with 50 μg/mL poly (I:C) or 50 μg/mL poly (A:U). n= 3. d Expression
of cleaved caspase 8 and cleaved PARP in ΔNp63-knockdown and
control BEAS-2B bronchial epithelial cells with or without 4 h of
50 μg/mL poly (I:C) stimulation. **P < 0.01
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modulated by ΔNp63; this finding was not detected in the
microarray analysis (Fig. 4a). As expected, the levels of IL-
8, SLPI, α1-antichymotrypsin, and α1-antitrypsin protein in
the culture supernatant of ΔNp63-knockdown bronchial
epithelial cells were consistent with the gene expression

levels. However, IL-1β was not detected at the protein level
under conditions without any other stimulation, probably
because a second signal is necessary for IL-1β release to
activate the inflammasome that cleaves pro-IL-1β into
mature IL-1β [21].

Fig. 2 ΔNp63 expression in BEAS-2B bronchial epithelial cells in
response to serine and cysteine protease stimulation. a Transcriptional
expression of ΔNp63 in bronchial epithelial cells in response to 24-h
stimulation with 1, 10, and 100 nM trypsin, a serine protease.
b Western blot analysis of p63 in bronchial epithelial cells in response
to 48-h stimulation with 1, 10, and 100 nM trypsin. For western
blotting, 4A4 antibody for pan-p63 was used. A single band reflecting
ΔNp63, the dominant isoform in bronchial epithelium, was detected. c
Fluor-labeled immunostaining for ΔNp63 after 48-h stimulation with
10 nM trypsin. Bar= 50 μm. d Transcriptional expression of ΔNp63

in bronchial epithelial cells in response to 24-h stimulation with 10,
100, and 1000 nM papain, a cysteine protease. e Western blot analysis
of p63 in bronchial epithelial cells in response to 48-h stimulation with
10, 100, and 1000 nM papain. f Cell viability was measured in bron-
chial epithelial cells after 36-h stimulation with 10 nM trypsin or
100 nM papain and then 12-h stimulation with 50 μg/mL poly (I:C).
n= 3. Numerical data indicate the relative intensity of the bands
corrected by the corresponding levels of α-tubulin determined by
ImageJ software. *P < 0.05 and **P < 0.01

Differential bronchial epithelial response regulated by ΔNp63: a functional understanding of. . . 163



The ΔNp63 level affects IL-1β and IL-8 production
induced by poly (I:C) stimulation

As shown above, ΔNp63-positive bronchial epithelium was
directly exposed in the setting of epithelial shedding. Here,
we investigated whether there was a differential response of
the bronchial epithelium between model of ΔNp63-positive
basal and ΔNp63-negative apical epithelium using gene
knockdown by ΔNp63-siRNA upon poly (I:C) stimulation
mimicking viral infection. Consistent with the results in
Fig. 4, control bronchial epithelium expressed significantly
higher levels of IL1B and IL8 in a time- and poly (I:C)
dose-dependent manner when compared to ΔNp63-knock-
down cells (Fig. 5a, b). In addition, ΔNp63-knockdown

bronchial epithelial cells released lower levels of mature IL-
1β and IL-8 protein in response to poly (I:C) treatment
(Fig. 5c).

Discussion

In this study, we investigated the differential bronchial
epithelial behavior regulated by ΔNp63, a p53-like tran-
scription factor. A schematic diagram summarizing the
results of this study is shown in Fig. 6.

Several early studies proposed that epithelial shedding
would be a characteristic histological finding of asthmatic
bronchi. In the clinical setting, viral infection often results

Fig. 3 Differential PAR2 signaling affects ΔNp63 expression in
BEAS-2B bronchial epithelial cells. a Transcriptional expression of
ΔNp63 in bronchial epithelial cells in response to 24-h stimulation
with 5, 50, and 500 μM SLIGKV-NH2, a trypsin receptor agonist.
b Western blot analysis of p63 in bronchial epithelial cells in response
to 48-h stimulation with 5, 50, and 500 μM SLIGKV-NH2. c, d
Bronchial epithelial cells were treated with 500 nM YM58483, a

CRAC channel inhibitor, for 24 h. Consequently, 100 nM trypsin was
added and the cells were harvested at 24 h for quantitative PCR or at
48 h for western blot. Then, the transcription levels of ΔNp63 (c) and
protein expression levels of p63 (d) were investigated. Numerical data
indicate the relative intensity of the bands corrected by the corre-
sponding levels of α-tubulin determined by ImageJ software. *P < 0.05
and **P < 0.01
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in asthma exacerbation [18]. This clinical phenomenon is at
least partly explained by TLR3 stimulation of the produc-
tion of TSLP, an inflammatory cytokine pivotal in the
pathogenesis of bronchial asthma [22]. We showed that
differentiated ΔNp63-negative bronchial epithelial cells
tend to undergo apoptosis upon TLR3 stimulation, possibly
reflecting the previous histological observation of apoptotic
epithelium assessed by means of TUNEL (TdT-mediated
dUTP nick end-labeling) staining [23]. Together with the
evidence showing that ΔNp63 facilitates cell survival and
inhibits apoptosis in various types of epithelial cells [13],
ΔNp63-positive basal cells would be resistant to apoptosis
following viral infection. The surviving ΔNp63-positive
basal bronchial epithelial cells are assumed to be reserve
cells for restoring epithelial integrity.

In our observations, bronchial ΔNp63 expression was
decreased by trypsin but not papain, suggesting that dis-
tinctive types of proteases induce different responses of
epithelial cells. Excessive exposure to proteases is due to
exogenous proteases, mainly from house dust mite, and
endogenous proteases, including human airway trypsin-like

protease (HAT) and HAT-like proteases [24]. These pro-
teases are classically categorized according to cleavage site.
Both trypsin (serine protease) and papain (cysteine pro-
tease), as well as their related proteases, induce PAR2-
mediated epithelial cytokine production, although PAR2
provokes biased signal transduction depending on the type
of protease [25]. In addition, CRAC channel inhibition,
which blocks PAR2-mediated cytokine secretion, could not
rescue ΔNp63 suppression, indicating the need for further
elucidation of the PAR2 pathway.

Previous work showed that proteases decrease the tight
junction barrier and thereby enhance the penetration of
various extrinsic antigens, including those with trypsin-like
protease activity [26]. Therefore, contact between trypsin-
like protease and ΔNp63-positive basal cells would worsen
epithelial shedding, which is mediated by epithelial apop-
tosis through viral TLR3 ligand signaling. In the setting of
epithelial shedding, there were still some ΔNp63-positive
cells, which are supposed to produce lower amounts of
SLPI, α1-antichymotrypsin and α1-antitrypsin. Although
the functional significance of insufficiency in these protease

Fig. 4 Modulation of cytokines and endogenous protease inhibitors by
ΔNp63 in BEAS-2B bronchial epithelial cells. a Transcriptional
expression of IL1B, IL8, SLPI, SERPINA3, and SERPINA1 in
ΔNp63-knockdown and control bronchial epithelial cells. Cells were
harvested 72 h after transfection. b Protein levels of endogenous IL-1β,

IL-8, SLPI, α1-antichymotrypsin, and α1-antitrypsin in the culture
supernatant of ΔNp63-siRNA-transfected and control bronchial epi-
thelial cells. IL-1β protein was not detected without so-called second
signals. n= 3. u.d., undetectable. **P < 0.01
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inhibitors in asthma remains to be fully elucidated, unfa-
vorable deviations in proteases and their inhibitor produc-
tion in the tissue microenvironment are considered to
underlie the pathogenesis of the disease [19]. Indeed,
increased prevalence of asthma is already known in patients
with α1-antitrypsin deficiency [27]. In addition, a copy
number variation of SERPINA3 (encoding α1-antic-
hymotrypsin) may also be involved in asthma [28]. It is
worth mentioning that anti-inflammatory and tissue pro-
tective functions of SLPI have been extensively studied in
various organs [29]. Importantly, decreased bronchial SLPI
is reported in severe human asthma [30].

Taken together with our findings, these results suggest
that recurrent viral infection provokes sustained exposure of
ΔNp63-positive basal cells with lower levels of endogenous
protease inhibitors, resulting in the release of protease-

induced asthmogenic cytokines, including TSLP, from
epithelium [31, 32]. We found that ΔNp63 transcriptionally
modulated the production of some cytokines. Neutrophils
recruited by IL-8 are critical to the pathophysiology of
severe asthma [33]. IL-1β is a pleiotropic cytokine that
augments a wide range of effects on the immune system or
tissue remodeling [34]. Notably, a recent study showed the
critical role played by the IL-1β pathway in Th2/Th17-
predominant type asthma [35]. Our data would indicate that
exposed ΔNp63-positive bronchial epithelial cells release
abundant amounts of these cytokines upon dsRNA stimu-
lation in the context of viral infection, which would lead to
neutrophilic inflammation and tissue remodeling, hallmarks
of asthmatic bronchial tissue.

Significantly, the tissue showed signs of allergic inflam-
mation, with epidermal keratinocyte, sinonasal, conjunctival,

Fig. 5 IL-1β and IL-8
production induced by poly (I:
C) stimulation is modulated by
the expression level of ΔNp63.
a, b Comparison of IL-1B and
IL-8 expression in ΔNp63-
siRNA-transfected and control
bronchial epithelial cells in
response to poly (I:C)
stimulation. a Time course and
(b) evaluation with different
poly (I:C) doses. Cells were
stimulated 48 h after siRNA
transfection. Bronchial cells
were stimulated with 5 μg/mL
poly (I:C) in a. Cells were
harvested 24 h after initiation of
poly (I:C) stimulation in b.
c Protein levels of endogenous
mature IL-1β and IL-8 in the
culture supernatant of ΔNp63-
siRNA-transfected and control
bronchial epithelial cells in
response to poly (I:C)
stimulation. Culture medium
was replaced immediately before
initiation of poly (I:C)
stimulation and the supernatant
was collected 48 h later. n= 3.
**P < 0.01
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and esophageal epithelial cells strongly expressing ΔNp63, a
master regulator of differentiation. We previously showed that
ΔNp63 and ΔNp73, p53 family proteins, play important roles
in the pathophysiology of atopic dermatitis [10–12]. In addi-
tion, a growing number of studies have shown that p63 and
p73 are critical for the development of the tight junction barrier
and/or ciliogenesis in respiratory epithelium [15, 36, 37].
Therefore, the non-oncogenic functions of p53 family proteins
may play potentially fundamental roles in modulating the
physical barrier and the immunological activity of the epi-
thelium in allergic inflammations, besides the well-known
biological role of p53 homologs in determining cell fate in the
context of the development of carcinogenesis [13]. Further-
more, since ΔNp63 regulated expression of epithelial related
genes, as listed in the Tables S1 and S2, ΔNp63 may be
involved in epithelial-mesenchymal transition in inflammatory
conditions [38]. Interestingly, in eosinophilic esophagitis, the
esophageal epithelium expresses altered transcript levels of IL-
1 family protein, some protease inhibitors and differentiation-
related molecules, suggesting that fluctuations in ΔNp63
expression potentially underlie the disease [39].

In conclusion, we determined the potential functional
relevance of ΔNp63 in epithelial shedding, a characteristic
pathological finding of asthma. The expression of ΔNp63
was regulated by trypsin and SLIGKV, PAR2 ligands. On
the other hand, ΔNp63 moderated the production of IL-1β,
IL-8, SLPI, α1-antichymotrypsin, and α1-antitrypsin.
Therefore, in the setting of epithelial shedding, exposed
ΔNp63-positive bronchial epithelium should show reduced
resistance to protease because of lower levels of protease
inhibitors, which would result in a further acceleration of
barrier disruption and excessive immune activation of the
epithelium. Although we did not show the involvement of
type 2 inflammation in this study, our results may link the
two major exacerbating factors of asthma, viral infection
and protease overload. We suggest that it is worth focusing
on the distinctive behavior and response between stem-like
basal and differentiated apical bronchial epithelial cells to
reveal the functional role of epithelial cells in asthma.
ΔNp63 would be an essential participant, although
there should be other factors that are independent of
ΔNp63. Additional investigation into non-tumorigenic but

Fig. 6 Dualism of ΔNp63 in bronchial epithelial shedding: schematic
diagram of the findings and conclusions of this study. ΔNp63-negative
apical bronchial epithelial cells would be sensitive to apoptosis
induced by TLR3 stimulation. On the other hand, mixed population of
ΔNp63-positive (high and low) basal cells were remained. Certain
types of proteases decreased the expression of ΔNp63 in human
bronchial epithelial cells. Production of some cytokines and protease

inhibitors was regulated by ΔNp63 in human bronchial epithelial cells.
Collectively, while ΔNp63 in the bronchial epithelial cells contributes
to cell survival, ΔNp63-positive cells would produce higher amount of
proinflammatory cytokines and lower levels of protease inhibitors.
These results suggest that repeated protease overload and viral infec-
tion result in exposure of ΔNp63-positive basal bronchial epithelium
and chronic inflammation in asthma

Differential bronchial epithelial response regulated by ΔNp63: a functional understanding of. . . 167



inflammation-related functions of the p53 family molecules
together with other differentiation factors may lead to fur-
ther understanding of the pathogenesis of the allergic dis-
orders and their mechanism of chronicity.
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