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The respiratory epithelium plays a critical role in innate defenses
against airborne pathogens and pollutants, and alterations in
epithelial homeostasis and repair mechanisms are thought to con-
tribute to chronic lung diseases associated with airway remodeling.
Previous studies implicated the nicotinamide adenine dinucleotide
phosphate–reduced oxidase dual oxidase–1 (DUOX1) in redox sig-
naling pathways involved in in vitro epithelial wound responses to
infection and injury. However, the importance of epithelial DUOX1
in in vivo epithelial repair pathways has not been established. Using
small interfering (si)RNA silencing of DUOX1 expression, we show
the critical importance of DUOX1 in wound responses in murine
tracheal epithelial (MTE) cells in vitro, as well as its contribution to
epithelial regeneration in vivo in a murine model of epithelial injury
induced by naphthalene, a selective toxicant of nonciliated respira-
tory epithelial cells (club cells [Clara]).Whereasnaphthalene-induced
club-cell injury is normally followedby epithelial regeneration after
7 and 14 days, such airway reepithelialization was significantly
delayed after the silencing of airway DUOX1 by oropharyngeal ad-
ministration of DUOX1-targeted siRNA. Wound closure in MTE cells
was related to DUOX1-dependent activation of the epidermal
growth factor receptor (EGFR) and the transcription factor signal
transducerandactivatoroftranscription–3(STAT3), knownmediators
of epithelial cell migration and wound responses. Moreover, in vivo
DUOX1 silencing significantly suppressed naphthalene-induced acti-
vation of STAT3 and EGFR during early stages of epithelial repair. In
conclusion, these experiments demonstrate for the first time an im-
portant function for epithelial DUOX1 in lung epithelial regeneration
in vivo, by promoting EGFR–STAT3 signaling and cell migration as
critical events in initial repair.
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The respiratory epithelium forms an interface between the air-
ways and the external environment, and represents the first line
of defense against inhaled pollutants, microorganisms, and aller-
gens. Critical in the proper functioning of the airway epithelium
is the maintenance of a carefully regulated physical epithelial
barrier that minimizes microbial invasion and allows for optimal
surface hydration and mucociliary clearance in the upper air-
ways, and for efficient gas exchange in the alveolar regions.

Epithelial cells must therefore be capable of evoking rapid
responses to injurious stimuli to minimize the loss of epithelial
integrity, and disorderly epithelial repair mechanisms are
thought to contribute to structural and functional alterations
as important features of chronic respiratory diseases such as
asthma, emphysema, pulmonary fibrosis, and lung cancer (1,
2). Epithelial defense mechanisms in response to infectious or
injurious challenges rely on the presence of a wide range of
pattern recognition receptors at the epithelial surface that rap-
idly detect and respond to a variety of pathogen-associated mo-
lecular patterns and damage-associated molecular patterns
(DAMPs) that are released during injury, such as ATP, uric
acid, lipids, and nuclear proteins.

One recently recognized aspect of such innate epithelial de-
fense is the regulated production of hydrogen peroxide (H2O2)
within the apical lumen in response to various stimuli, mediated
by the activation of recently identified homologues of nicotin-
amide adenine dinucleotide phosphate–reduced (NADPH) ox-
idase, the dual oxidases 1 and 2 (DUOX1/2). Epithelial H2O2

production, presumably by DUOX2, is thought to aid in direct
oxidative microbial killing in association with secreted lactoper-
oxidase (3, 4), and the prominent induction of DUOX2 in re-
sponse to microbial and viral stimuli further supports its role in
host defense (5, 6). Studies of Drosophila and zebrafish have
established the importance of their single DUOX gene in the
maintenance of gut immunity (7–9), and analogous host-defense
properties have been demonstrated for DUOX2 in the mam-
malian gastrointestinal tract (10, 11). In contrast to the well-
appreciated functional properties of intestinal and airway
DUOX2 in antimicrobial defense, the functional properties of
the more prominently expressed DUOX1 within the airway
epithelium are less well understood. Most specific insights into
the functional properties of airway epithelial DUOX1 have
come from in vitro studies in airway or bronchial epithelial cell
lines, which have demonstrated a contribution of DUOX1 to
the enhanced production of epithelial mediators such as
MUC5AC, IL-8, or matrix metalloproteinase (MMP)–9, in re-
sponse to environmental and microbial stimuli, mediated by the
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CLINICAL RELEVANCE

The results presented in this study demonstrate that the
nicotinamide adenine dinucleotide phosphate–reduced oxi-
dase dual oxidase–1 (DUOX1) plays a critical role in airway
epithelial regeneration after injury by the redox-dependent
activation of Src, epidermal growth factor receptor, and
signal transducer and activator of transcription–3 signaling
pathways. Abnormal expression or activation of DUOX1
may result in ineffective or dysregulated epithelial repair
processes, and could thereby contribute to the pathology of
chronic lung disease.
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activation of epidermal growth factor receptor (EGFR)/extra-
cellular signal–regulated kinase (ERK)/NF-kB signaling path-
ways (12–15), indicating a more indirect role for DUOX1 in
innate host defense and epithelial wound responses. Epithelial
DUOX1 was also found to play an important role in epithelial
cell migration as a critical event in epithelial wound healing (15,
16), suggesting a central role for epithelial DUOX1 in airway
epithelial homeostasis by mediating common wound responses.
Moreover, these actions of DUOX1 are in many cases initiated
by ATP, which functions as a DAMP and promotes Ca21-de-
pendent DUOX1 activation by purinergic P2Y receptor stimu-
lation (14, 15, 17). Elegant studies of zebrafish (18, 19) or
Drosophila (20) have demonstrated the importance of DUOX
in in vivo injury responses, but a definitive role for DUOX1 in
epithelial regeneration after in vivo injury, especially in mam-
malian systems, has not been established.

In the present study, we established the involvement of
DUOX1-mediated epithelial signaling in epithelial regeneration
in a chemical model of airway epithelial injury. Our results show
that DUOX1 promotes epithelial wound responses in in vitro
studies with primary murine tracheal epithelial (MTE) cells and
promotes epithelial regeneration in an in vivo murine model of
naphthalene-induced epithelial injury, in part through the acti-
vation of EGFR and signal transducer and activator of tran-
scription–3 (STAT3) signaling as critical events in promoting
epithelial cell migration (21–23) and effective epithelial regen-
eration after injury (24, 25).

MATERIALS AND METHODS

Cell Culture and Treatments

Primary MTE cells were isolated from C57BL/6 mice (Jackson Labora-
tories, Bar Harbor, ME), and cultured as described previously (26, 27).
For experimentation, MTE cells at passages 2–4 were seeded at 13 105

cells/cm2 in 24-well plates (BD Labware, Bedford, MA) and subjected
to scratch wound injury or cell stimulation with ATP (100 mM; Sigma
Chemical Co., St. Louis, MO) or epidermal growth factor (EGF,
100 ng/ml; Calbiochem, San Diego, CA).

Epithelial Wound Closure and Cell Migration

Confluent MTE cell monolayers were scratched using a sterile pipette
tip, and the closure of wound areas was monitored for 24 hours using
Image J software (National Institutes of Health, Bethesda, MD). Quan-
titative cell migration was evaluated by seeding MTE cells (1 3 105

cells/well) on fibronectin-coated, 8-mm polycarbonate inserts, and anal-
ysis of migrated cells was performed after 24 hours (28).

Naphthalene-Induced Airway Epithelial Injury

Airway epithelial injury was induced in C57BL/6 mice by an intraper-
itoneal injection of 200 mg/kg naphthalene (Sigma Chemical Co.) in
corn oil, as described previously (29, 30). At 2, 7, and 14 days after
naphthalene treatment, lungs were collected for immunohistochemical
analyses, or stored in RNAlater (Invitrogen, Grand Island, NYY) or
snap-frozen for biochemical analyses. All animal studies were ap-
proved by the Institutional Animal Care and Use Committee at the
University of Vermont.

Silencing of DUOX1 by RNA Interference

MTE cells were transfected at 60–70% confluence with two DUOX1
small interfering (si)RNA targets (100 nM each; Table 1) or nontarget
(NS) siRNA (200 nM; Ambion, Austin, TX), using the DharmaFECT
transfection reagent (Dharmacon, Lafayette, CO) for experimentation
after 72 hours. For the in vivo siRNA silencing of DUOX1, two
DUOX1 siRNA targets in sterile PBS (35 mg/target sequence/mouse)
or NS-siRNA (70 mg/mouse) were instilled oropharyngeally in mice
under brief isofluorane anesthesia, before naphthalene injection.

Western Blot Analysis

MTE cell lysates or lung-tissue homogenates were separated by SDS-
PAGE for Western blotting, using primary antibodies against
phospho-EGFR (Y845), phospho-EGFR (Y1068), EGFR, phospho-
ERK1/2, ERK1/2, phospho-Src (Tyr416), Src, phospho-STAT3
(Tyr705), STAT3 (Cell Signaling, Danvers, MA), b-actin (Sigma
Chemical Co.), or a rabbit polyclonal antibody against the Arg618–His1044

fragment of DUOX1, kindly provided by F. Miot (Free University
of Brussels, Belgium) (31). Antibodies were visualized by enhanced
chemiluminescence, and band densities were quantified using ImageJ
software.

RT-PCR

RNAwas extracted using TRIzol (Invitrogen) and the RNeasyMini Kit
(Qiagen, Germantown, MD) and reverse-transcribed, and PCR reac-
tions were performed using Platinum Taq DNA Polymerase (Invitro-
gen) and appropriate primer sets (Table E2) for analysis on ethidium
bromide–stained agarose gels. Alternatively, quantitative PCR was
performed using the SYBR Green PCR Supermix (Bio-Rad, Hercules,
CA) with appropriate primers (Table E2), normalized to glyceraldehyde
3–phosphate dehydrogenase, using the DDCT method.

Immunohistochemistry

Lung-tissue sections were analyzed using rabbit a-DUOX1 (31), rabbit
a-CCSP (1:2,000; Millipore, Billerica, MA), mouse anti–b-tubulin IV
(1:200; BioGenex, Fremont, CA), or rabbit anti–phospho-STAT3
(Y705), which were visualized using Alexa Fluor 555 goat anti-rabbit
(1:500; Invitrogen) or the Vector M.O.M. Immunodetection kit (Vec-
tor Laboratories, Burlingame, CA) and streptavidin Alexa Fluor 647
conjugate (1:500; Invitrogen). Sections were counterstained with 4,6-
diamidino-2-phenylindole (DAPI), and evaluated by confocal micros-
copy and analyzed using Metamorph imaging software (Molecular
Devices, Sunnyvale, CA).

Statistical Analysis

Quantitative data are presented as mean 6 SE, and statistical differ-
ences were analyzed using the Student t test. Differences were consid-
ered significant at P , 0.05.

More detailed information is provided in the online supplement.

RESULTS

Activation of DUOX1 Contributes to Epithelial Cell Migration

In Vitro

We first evaluated the involvement of ATP-dependent puriner-
gic signaling and the activation of NADPH oxidase–dependent
production of reactive oxygen species (ROS) in wound
responses of MTE cells, based on previous findings with human
airway epithelial cells (15). As expected, the scratch wounding
of MTE cell monolayers was associated with increased ROS
production near the wound margin, as illustrated by enhanced
2’,7’-dichlorodihydrofluorescein (DCF) fluorescence, and this in-
crease in ROS production was largely prevented in the presence

TABLE 1. sIRNA TARGET SEQUENCES

DUOX1 siRNA

Target 1 Sense: GAGUUCCUCAACAUUUACATT

Antisense: UGUAAAUGUUGAGGAACUCTG

Target 2 Sense: GGACAUGCAAGAUUUCUGGTT

Antisense: CCAGAAAUCUUGCAUGUCCTC

NS-siRNA Sense: AGUACUGCUUACGAUACGGTT

Antisense: CCGUAUCGUAAGCAGUACUTT

Definition of abbreviations: DUOX1, dual oxidase–1; NS, nontarget; siRNA,

small interfering RNA.
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of the NADPH oxidase inhibitor DPI (Sigma) or the P2YR an-
tagonist suramin (Figure 1A). Furthermore, as shown in Figure
1B, epithelial wound closure was significantly attenuated in
the presence of DPI and by two distinct P2YR antagonists
(suramin and RB-2; Sigma) as well as the ATP hydrolyzing en-
zyme Apyrase (Sigma), confirming the critical importance of
P2YR-dependent NADPH oxidase activation in wound responses
of MTE cells, similar to previous observations in other cell types
(15, 32, 33).

Although previous studies established a role for DUOX1 in
wound responses in human airway epithelia (15, 16), whether
DUOX1 plays a similar role in murine airway epithelia remains
unclear, and its presence in murine airway epithelia has been
questioned (4). However, the immunohistochemical analysis of
murine lung tissue indicated the epithelial expression of DUOX
protein (Figure 2A), and RT-PCR analysis confirmed the ex-
pression of DUOX1 and to a lesser extent DUOX2 in MTE
cells (Figure 2B). Notably, the antibody used in the present
study differs from those used previously in related studies (4),
and recognizes the Arg618–His1044 fragment within DUOX1 that

represents its intracellular EF-hand binding domain, and is 92%
identical between mouse and human. Furthermore, analogous
to earlier findings with human epithelial cells (15), the siRNA-
mediated suppression of DUOX1 was found to attenuate
wound closure rates markedly in injured MTE monolayers
(Figure 2B), indicating the critical contribution of DUOX1
to MTE cell migration. This was further confirmed in an alter-
native migration assay, which showed a significant inhibition
of MTE cell haptotaxis after the siRNA silencing of DUOX1
(Figure 2C).

Epithelial DUOX1 generates H2O2 as its primary product
(34), and we therefore evaluated the importance of H2O2 in
epithelial wound responses in several ways. First, the addition
of extracellular catalase after MTE cell wounding failed to at-
tenuate wound closure (Figure E1A in the online supplement),
ruling out the involvement of paracrine signaling by extracellu-
lar H2O2 production. Although H2O2 is capable of directly stim-
ulating migration in several cell types (35), attempts to mimic
the epithelial wound response in MTE cells with exogenous H2O2

showed minimal effects of H2O2 at low micromolar concentrations

Figure 1. Nicotinamide adenine dinucleotide
phosphate–reduced oxidase (NADPH) oxidase

activation contributes to wound responses in

murine tracheal epithelial (MTE) cells. (A) Con-

fluent MTE cell monolayers on chamber slides
were loaded with H2 DCF for 30 minutes before

scratch wounding with a pipette tip in the

absence (a and b) or presence of inhibitors of
NADPH oxidase (diphenylene iodonium; 1 mM;

c and d ) or purinergic P2Y receptors (suramin,

100 mM; e and f ). DCF fluorescence was mea-

sured 10 minutes after wounding. Ctl, control.
(B) Wound closure after scratch injury of MTE

cell monolayers was followed for 24 hours in the

absence or presence of DPI (1 mM), the P2YR

antagonists suramin (100 mM) or reactive blue–
2 (RB-2; 100 mM), or the ATPase Apyrase (10

U/ml). CTL, control. Data represent the mean6
SE of four replicates from two separate experi-
ments. *P , 0.05, compared with untreated

control samples.

Figure 2. Wound responses in MTE cells are

mediated by dual oxidase–1 (DUOX1). (A) Im-

munofluorescence analysis of DUOX protein in
lung tissue from C57BL6 mice. Top: Immuno-

fluorescence detection of a-DUOX (red) and

nuclear counterstaining with 4,6-diamidino-

2-phenylindole (DAPI) (blue). Bottom: Similar
analysis without primary (18) antibody. (B)

DUOX1 expression in MTE was silenced by

small interfering (si)RNA, as confirmed by RT-

PCR (above). The effects of DUOX1 silencing
on wound closure were evaluated in a scratch

wound assay (below). Mean values 6 SEs of

4–6 replicates from 2–3 experiments are pre-
sented. *P , 0.05, compared with nontarget

(NS)–siRNA. (C) MTE cells transfected with

DUOX1 siRNA or NS-siRNA were seeded on

fibronectin-coated inserts for analyses of cell
migration, as measured by the absorbance (op-

tical density; OD) at 570 nm of crystal violet–

stainedmigrated cells (n¼ 5). *P, 0.05, compared

with NS-siRNA.
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(Figure E1A). Higher concentrations tended to inhibit wound
closure, most likely because of global oxidative stress under
these conditions (15). These findings do not necessarily argue
against a role for localized intracellular H2O2 production by
DUOX1 activation, and so to address a potential endogenous
role for H2O2, we evaluated wound closure in the presence of
two cell-permeable and structurally unrelated catalysts of H2O2

decomposition, ebselen (10 mM; Sigma) and EUK (50 mM; Cay-
man Chemical Co., Ann Arbor, MI), which were both found to
attenuate wound closure dramatically (Figure E1B). Neither
compound significantly affected cell viability at these concen-
trations. As a secondary approach, we compared wound
responses in MTE cells from wild-type (WT) C57BL/6 mice
and from Tg (CAT)1/1 mice, in which the expression and ac-
tivity of catalase were increased 2- to 3-fold (Figure E2). Al-
though wound closure in MTE cells from Tg (CAT)1/1 mice
tended to be somewhat delayed compared with MTE cells from
WT mice, this result was not statistically significant. The relative
lack of effect for catalase overexpression on wound closure is
most likely attributable to the relatively modest increase in
catalase activity in Tg (CAT)1/1 mice (2- to 3-fold), and to
the fact that endogenous catalase is unlikely to control localized
H2O2-dependent signaling events effectively near the plasma
membrane because of its cellular location (36). These collective
findings support the involvement of localized intracellular
H2O2 production by DUOX1 activation in wound responses
in MTE cells, analogous to previous findings in human epithelial
cells (15).

DUOX1 Contributes to Airway Epithelial Regeneration

after Naphthalene-Induced Injury In Vivo

To address the importance of DUOX1 in epithelial repair pro-
cesses in vivo, we used the naphthalene model of airway injury,
which is characterized by selective injury to nonciliated secre-
tory bronchiolar epithelial cells (club cells [Clara]) and subsequent
epithelial regeneration by the migration, transdifferentiation,
and proliferation of remaining cell types (30, 37–39). The

evaluation of naphthalene-induced lung injury by hematoxylin-
and-eosin staining revealed the presence of exfoliated epithe-
lial cells in the airway lumen 2 days after an intraperitoneal
naphthalene injection (2 DPN), followed by gradual epithelial
regeneration at 7 and 14 DPN (Figure S3A). More specific
analysis of ciliated cells and secretory (club) cells, using the
immunofluorescence analysis of specific marker proteins, con-
firmed the selective desquamation of CCSP1 club cells at 2
DPN, with remaining b-tubulin IV1 ciliated cells becoming flat-
tened and extending beneath the injured club cells, followed by
reepithelialization with club cells after 7 and 14 DPN (Figure
E3B).

To determine the importance of DUOX1 in epithelial regen-
eration after naphthalene-induced injury, we oropharyngeally
instilled DUOX1-targeted siRNA into the airways 30 minutes
before naphthalene injection (Figure 3A) to suppress DUOX1
expression during the early stages of epithelial regeneration,
which involve the spreading and migration of surviving ciliated
cells (30, 37). An analysis of DUOX1 mRNA showed significant
suppression at 2 days after siRNA instillation (Figure 3B), con-
sistent with the reduced presence of DUOX protein shown by
Western blotting (Figure 3C) or immunofluorescence analysis
(Figure 3D). DUOX protein was largely associated with ciliated
cell populations, and its overall concentration was surprisingly
somewhat enhanced 2 days after naphthalene, compared with
time-matched control samples (Figure 3C). Analyses of lung
sections for b-tubulin IV1 ciliated cells and CCSP1 club cells
at various time points indicated that CCSP1 club cells were lost
at 2 DPN, but were restored to normal concentrations at 7 and
14 DPN, consistent with earlier reports (30, 37). In vivo
DUOX1 silencing did not prevent naphthalene-induced club
cell injury at 2 DPN, but resulted in delayed reepithelializa-
tion with club cells at 7 DPN, which appeared to be normal-
ized at 14 DPN (Figure 4). As expected (39), numbers of
tubulin IV1 ciliated cells did not change significantly at any
time point after naphthalene-induced injury or after DUOX1
siRNA instillation. These findings are consistent with a role
for DUOX1 in early stages of epithelial repair, most likely by

Figure 3. In vivo siRNA silencing of airway

DUOX1 in mice. (A) Study design illustrates tim-

ing of oropharyngeal (o.p.) siRNA instillation,
naphthalene injection, and harvesting of lung

tissues for analysis. (B) Analysis of DUOX1 mRNA

expression in lung tissues at 2 days after siRNA

instillation. *P , 0.05, compared with NS-
siRNA (n ¼ 6). Lung tissue was harvested 2 days

after siRNA instillation and naphthalene injection

(2 DPN) or control injection with corn oil (Ctl) for

the analysis of DUOX protein expression accord-
ing to Western blot analysis of whole-lung lysates

(C) or by immunofluorescence analysis of lung-

tissue sections (D), using an a-DUOX antibody
(provided by Dr. F. Miot). i.p., intraperitoneal.
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contributing to the spreading and migration of remaining cili-
ated cell types. Although DUOX was recently implicated in
wound responses in vivo in zebrafish (18) and Drosophila
(20), to our knowledge, this is the first direct demonstration
of a role for DUOX1 in epithelial regeneration in vivo in
a mammalian organism.

DUOX1 Mediates Epithelial Repair by the Activation

of Src–EGFR–STAT3 Signaling

With respect to the potential mechanisms by which DUOX1 ac-
tivation promotes epithelial cell migration, previous studies with
airway epithelial cells indicated a critical role for DUOX1 in the
oxidant-dependent activation of EGFR signaling (12, 14), and
the activations of EGFR and its ligands comprise critical events
in epithelial repair pathways (40, 41), and contribute to epithe-
lial regeneration after naphthalene injury (24, 29). Moreover,
the H2O2-dependent activation of EGFR has also been demon-
strated to involve an initial activation of the nonreceptor tyro-
sine kinase Src (42, 43), which is known to play critical roles in
epithelial motility and migration (32, 33). Using selective inhib-
itors of either Src (PP2; Calbiochem) or EGFR (AG1478;
Sigma; or an EGFR-blocking antibody, mAb 225; Calbiochem),
we confirmed their importance in wound closure in injured MTE
cells (Figure 5A). Moreover, EGFR activation in MTE cells in
response to either exogenous ATP or EGF, evaluated by tyrosine
phosphorylation at Tyr1068 or Tyr845 (a known target for Src), was
significantly attenuated after the siRNA silencing of DUOX1

(Figure 5B). The ability of DUOX1 to mediate ligand-mediated
EGFR autophosphorylation (at Tyr1068) is most likely re-
lated to the DUOX1-dependent activation of Src (illustrated
by enhanced EGFR phosphorylation at Tyr845), which is
known to promote EGFR autophosphorylation and activation.

To establish the importance of these pathways in epithelial
injury in vivo, we evaluated their activation during naphthalene-
induced epithelial injury and regeneration. As shown in Figure
5C, we observed an increased phosphorylation of both Src at
Tyr416 and EGFR at Tyr1068 in lung tissue, especially at earlier
stages after naphthalene injury (2 DPN), indicating the activation
of these pathways. Moreover, the activation of both Src and
EGFR at 2 DPN was strongly attenuated in DUOX1 siRNA-
treated mice compared with mice receiving NS-siRNA (Figure
5D), indicating a role for DUOX1 in the activation of both Src
and EGFR as an important mechanism of epithelial regenera-
tion by promoting cell migration.

A critical factor in regulation of epithelial cell motility, migra-
tion, and invasiveness is the transcription factor STAT3. The ac-
tivation of STAT3 is closely associated with Src and EGFR
signaling (44), and was recently shown to be essential for airway
epithelial cell migration and effective epithelial regeneration
after lung epithelial injury induced by naphthalene (25). We
therefore evaluated the involvement of DUOX1 in the activa-
tion of STAT3 in MTE cells and in vivo in response to
naphthalene-induced injury. As shown in Figure 6A, MTE cell
wound closure after injury was significantly attenuated in the
presence of Stattic (10 mM; Calbiochem) or WP1066 (5 mM;
Alexis, San Diego, CA), two structurally unrelated inhibitors
of STAT3 (45, 46). Moreover, the tyrosine phosphorylation of
STAT3 at Tyr705 was consistently attenuated after the siRNA
silencing of DUOX1 in untreated or ATP-stimulated or EGF-
stimulated MTE cells (reaching statistical significance in cases of
ATP stimulation; Figure 6B), consistent with a role of DUOX1 in
STAT3 activation. Immunofluorescence analysis also demon-
strated increased STAT3 phosphorylation within the bronchiolar
airways of naphthalene-injured mice (2 DPN; Figure 6C), and the
intensity of STAT3 phosphorylation was significantly attenuated
in mice receiving DUOX1 siRNA compared with corresponding
control animals receiving NS-siRNA (Figure 6D). Therefore,
our findings suggest that DUOX1-mediated epithelial repair
is (at least in part) mediated by the activation of STAT3, which
promotes the migration of remaining ciliated cells and resistant
club cells, thereby facilitating reepithelialization.

DISCUSSION

Epithelial cells within the adult lung are largely quiescent and are
replaced at a low rate, andmechanisms of epithelial regeneration
after injury have been the subject of intense interest. These re-
generative mechanisms within the lung vary depending on the
regional compartment, based on differences in cellular compo-
sition, and are known to involve distinct progenitor cell popula-
tions that self-renew and replace injured cells (38, 39, 47). In the
conducting airways, subsets of nonciliated, secretory (club) cells
in neuroepithelial bodies and at airway–alveolar branch points
have been identified as primary progenitor cells, and in the
naphthalene model of airway injury, resistant populations of
club cells are primarily responsible for epithelial self-renewal
and reepithelialization. In addition, surviving ciliated cells are
critical in early responses to injury, and cover denuded areas by
cell spreading and migration (37). However, they most likely do
not contribute significantly as progenitor cells, because they do
not appear to proliferate or transdifferentiate as part of the
repair process (48). Building on recent in vitro studies (15,
16), our present experiments indicate that the NADPH oxidase

Figure 4. In vivo DUOX1 silencing attenuates epithelial regeneration
after naphthalene-induced injury. (A) Representative immunofluores-

cence images of lung sections obtained after 0, 2, 7, and 14 days after

naphthalene injection (DPN), after staining for b-tubulin IV1 ciliated
cells (green) and club cell secretory protein–positive (CCSP1) club cells

(red). (B) Quantification of numbers of CCSP1 (club) cells per 100 mm

using Metamorph software (Molecular Devices, Sunnyvale, CA), based

on at least five airway sections per mouse. (C) Similar quantification of
tubulin IV1 (ciliated) cells. Data represent the means 6 SEs from 4–5

mice. *P , 0.05.
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DUOX1 plays an important role in this epithelial repair pro-
cess, by promoting epithelial cell migration as a critical early
wound response to promote epithelial regeneration.

Since the discovery of the dual oxidases DUOX1 and
DUOX2 within the respiratory epithelium, the functional prop-
erties of these enzymes in epithelial physiology or pathology

remain incompletely understood. Studies in Drosophila or
zebrafish have shown that their single DUOX protein is in-
volved in direct mucosal host defense (8, 9, 49), but also in
epidermal wound responses (18, 20), which are associated with
both direct oxidative killing mechanisms and the activation of
cell signaling pathways that coordinate injury responses (20).

Figure 5. Role of Src–epidermal growth factor
receptor (EGFR) signaling in DUOX1-mediated

epithelial wound responses. (A) Analysis of

wound closure rates in scratched MTE mono-

layers in the absence or presence of the Src
inhibitor PP2 (10 mM), the EGFR tyrosine kinase

inhibitor AG1478 (10 mM), or a blocking EGFR

monoclonal antibody (4 ng/ml). Data represent
the mean 6 SE (n ¼ 3–5). (B) Western blot

analysis of pEGFR (Y1068) and total EGFR in

untreated MTE cells (Untr) or MTE cells trans-

fected with DUOX1 siRNA or NS-siRNA, after
10-minute stimulation with exogenous ATP

(100 mM) or epidermal growth factor (EGF;

10 ng/ml). Representative Western blots and

relative band intensities from three separate
experiments are presented. C, control; N, NS-

siRNA; D, DUOX1 siRNA. *P , 0.05, compared

with corresponding control samples. (C) Analy-
sis of phosphorylated forms of EGFR and Src

(pEGFR Y1068 and pSrc Y416) in lung-tissue

homogenates of mice collected 0, 2, 7, or 14

days after an intraperitoneal injection of naph-
thalene. (D) Similar analysis of pEGFR (Y1068)

or pSrc (Y416) in lung tissues obtained 2 days

after naphthalene injection (2 DPN) or vehicle

control (Ctl) and instillation of DUOX1 siRNA or
NS-siRNA. Representative blots show results

from two mice.

Figure 6. DUOX1-dependent activation of sig-

nal transducer and activator of transcription–3

(STAT3) phosphorylation in epithelial wound

responses. (A) Analysis of wound closure rates
in scratched MTE monolayers in the absence

or presence of the two structurally unrelated

inhibitors of STAT3, Stattic (10 mM), or
WP1006 (5 mM). Data represent the mean 6
SE (n ¼ 3–5). (B) Western blot analysis of pSTAT

(Y705) and total STAT3 in MTE cells after trans-

fection with DUOX1 siRNA or NS-siRNA, and
stimulation with ATP (100 mM) or EGF (10 ng/ml)

for 10 minutes. Representative Western blots

and relative band intensities from three separate

experiments are shown. C, control; N, NS-
siRNA; D, DUOX1 siRNA. *P , 0.05, compared

with corresponding control samples. (C) Immu-

nofluorescence imaging of pSTAT3 in lung-tissue

sections obtained 2 days after vehicle (Ctl) or
naphthalene injection (2DPN). (D) Quantification

of pSTAT3 immunofluorescence intensity within

the epithelium was performed on 2-day naphtha-
lene-exposed mice receiving NS siRNA or DUOX1

siRNA, using Metamorph software. Data are

based on average intensities, determined in at

least three airways per mouse, and mean
values 6 SEs from five animals are shown. *P ,
0.05, compared with NS-siRNA.
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Analogous oxidative host-defense responses have been ascribed
to DUOX2 within intestinal and respiratory epithelia (4, 11),
and the present experiments, to our knowledge, are the first to
demonstrate a critical role of DUOX1 in airway epithelial re-
generation in vivo in mammalian systems. Therefore, where-
as the single DUOX gene (e.g., in Drosophila or zebrafish)
appears to be involved in both antimicrobial responses and injury-
repair responses, these functions appear to have been segregated
in higher organisms and seem to rely on the specific involvement
of either DUOX1 or DUOX2, despite their close homology and
simultaneous presence in epithelia. Such unique functions of
DUOX1 and DUOX2 are also illustrated by the fact that they
are subject to unique modes of transcriptional or posttranscrip-
tional regulation (5, 6) and activation (50), consistent with the
isoform-specific functions of DUOX1/2 in different aspects of
epithelial biology or under different conditions.

Our experiments also provide insights into themechanisms by
which DUOX1 promotes epithelial cell migration and epithelial
regeneration, and indicate that DUOX1 participates in the acti-
vation of Src, EGFR, and STAT3 signaling pathways regulating
epithelial cell migration. The activation of EGFR and its ligands
have been recognized as critical events in epithelial repair path-
ways (29, 40, 41), and in vitro studies indicate a prominent role
for EGFR in epithelial cell migration in early wound responses
(21, 51, 52), although EGFR is also likely to contribute to ep-
ithelial regeneration by stimulating proliferation (29, 40). The
DUOX1-dependent activation of EGFR was reported to in-
volve ligand-dependent mechanisms (12, 14), but may also involve
the oxidant-induced activation of the nonreceptor tyrosine kinase
Src, which promotes EGFR activation by a ligand-independent
mechanism (43, 53), and is a critical mediator of epithelial cell
spreading and motility (33, 54). Indeed, our studies suggest a role
for DUOX1 in Src activation as a critical component of the epi-
thelial wound response.

The importance of EGFR activation in naphthalene-induced
lung injury was recently explored using the EGFR tyrosine ki-
nase inhibitor gefitinib (24). The results suggested that EGFR
inhibition prolongs lung injuries associated with increased neu-
trophil sequestration, especially at earlier stages of epithelial
regeneration (24, 29). Although neutrophil infiltration is com-
monly associated with acute lung injury, neutrophils are also
capable of promoting epithelial repair mechanisms (55). Indeed,
studies in zebrafish indicated a critical role for DUOX-derived
H2O2 in neutrophil recruitment as part of the epidermal wound
response (18), which was suggested to involve direct neutrophil
chemotaxis by H2O2 gradients (56). Alternatively, the epithelial
activation of DUOX1 has also been linked to the EGFR-
dependent induction of the neutrophil chemokine IL-8, as an
alternative mechanism of neutrophil recruitment (14, 57). Al-
though naphthalene-induced epithelial injury is known to be
associated with neutrophil infiltration (24), the adverse effects
of the systemic inhibition of EGFR on neutrophil infiltration
and naphthalene-induced lung injury suggest a complex rela-
tionship between EGFR activation, neutrophil recruitment,
and injury/repair pathways. Because our findings indicated a di-
rect ability of DUOX1 and EGFR activation to promote epi-
thelial cell migration in vitro, independent of neutrophils, we did
not further address their involvement with DUOX1-dependent
epithelial repair in the present study.

Our findings also build on the previously demonstrated role of
the transcription factor STAT3 in wound healing responses (58)
and in epithelial cell migration and epithelial regeneration in
the naphthalene model of lung epithelial injury (25). Moreover,
this study confirms the importance of STAT3 activation in epithe-
lial cell migration, and demonstrates the involvement of DUOX1
in the activation of STAT3 during early stages of epithelial repair

after injury. STAT3 is a critical regulator of cell motility, mi-
gration, and invasiveness, which involves both transcriptional
regulation of (e.g., of MMPs) and the direct interactions of
STAT3 with focal adhesion kinase (23) or cytosolic stathmin
to regulate microtubule organization (22). Given the close as-
sociation of Src and EGFR signaling with STAT3 activation
(44), our experiments indicate a common role for DUOX1 in
activating these signaling pathways, although the precise oxidant-
dependent steps remain to be fully elucidated.

The mechanisms by which DUOX1 is activated during
naphthalene-induced injury were not directly addressed in this
study, but likely involve the actions of released DAMPs such
as ATP from injured cells. Indeed, live cell imaging within pul-
monary lung slices indicated the release of ATP from secretory
vesicles in neuroepithelial bodies upon depolarization, and this
was found to promote paracrine effects on surrounding club cells
by activation of purinergic P2Y2 receptors (59). Because of the
stem cell–like characteristics of these club cells and their critical
role in epithelial regeneration (38), this purinergic signaling
may be of great importance for epithelial repair after injury.
However, such ATP release and purinergic signaling are not
necessarily restricted to neuroepithelial bodies, and ATP re-
lease may be more broadly involved in naphthalene-induced
club cell injury throughout the airways, and may promote the
migration of ciliated cell types during initial wound responses
after injury. Indeed, ATP-dependent P2Y receptor signaling
plays a well-established role in epithelial cell migration and
wound responses (15, 32) and in the EGFR activation and induc-
tion of wound response genes such as MMP-9 and IL-8 (32, 47,
51, 60). These responses are linked to the activation of DUOX1
(12, 14, 15). Although DUOX1 appears to be globally present
throughout the airway epithelium, in both ciliated and secretory
cell types (e.g., Figure 2A), to what extent DUOX1 is also
expressed in neuroepithelial bodies remains unknown. Likewise,
the precise cellular source of ATP release and the location of
purinergic signaling in this injury model remain to be clarified,
but our results suggest that ATP-mediated DUOX1 activation is
mostly involved in early repair stages after club cell injury by
promoting cell migration and the spreading of remaining ciliated
cells.

The important contribution of epithelial DUOX1 to epithe-
lial cell wound responses and epithelial regeneration after injury
would imply that the inappropriate expression or activation of
DUOX1 may be associated with ineffective or dysregulated ep-
ithelial repair mechanisms, thereby contributing to the pathology
of chronic lung disease. Indeed, epithelial DUOX1 expression
was found to be suppressed in smokers with or without chronic
obstructive pulmonary disease (61), and this suppression may be
associated with epithelial alterations in these subjects and inef-
fective epithelial repair as a contributing factor in the develop-
ment of emphysema. Conversely, the excessive or persistent
activation of epithelial DUOX1 may contribute to the chronic
activation of EGFR–STAT3 pathways, and may thereby con-
tribute to the chronic wound responses seen in asthmatic air-
ways (2, 41, 62). Indeed, animal studies have shown that the
persistent activation of epithelial EGFR (63) and STAT3 (64)
promotes airway hyperresponsiveness or remodeling in murine
models of asthma. Moreover, because airway concentrations of
ATP are commonly elevated in asthmatic airways (65), and ep-
ithelial DUOX1 is inducible by Th2 cytokines such as IL-13 (5,
15), such persistent EGFR/STAT3 activation and airway remod-
eling may be driven by an excessive activation of DUOX1.
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