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BACKGROUND: Human exposure to ozone (Oj3) results in pulmonary function decrements and
airway inflammation. The mechanisms underlying these adverse effects remain unclear. Epidermal
growth factor receptor (EGFR) plays an important role in the pathogenesis of lung inflammation.

OBJECTIVE: We examined the role of EGFR activation in Osz-induced expression of the chemokine
interleukin 8 (IL-8) in human bronchial epithelial cells (HBEC).

METHODS: We detected phosphorylated EGFR using immunoblotting. EGFR dimerization was
examined through cross-linking reaction and immunoblotting, and levels of IL-8 protein were
measured using ELISA.

RESULTS: Exposure to Oj (0.25-1.0 ppm) induced rapid and marked increase in EGFR
phosphorylation at the autophosphorylation site Y1068 and the transphosphorylation site Y845,
implicating the involvement of Src kinase. Further investigation showed that O3 stimulation
induced phosphorylation of Src at Y416, indicative of Src activation. Pharmacological inhibition
of Src kinase activity abrogated O3-induced EGFR phosphorylation at tyrosines 1068 and 845.
Moreover, pretreatment of BEAS-2B cells with inhibitor of either EGFR or Src kinase activities
significantly blocked O3-induced IL-8 expression.

CONCLUSION: Oj exposure increased IL-8 expression through Src-mediated EGFR
transactivation in HBEC.
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Introduction

Ozone (O3) is formed by the photochemical
reaction of sunlight with nitrogen oxides,
facilitated by the presence of a variety of
volatile organic compounds. Natural back-
ground concentrations of ground-level
ozone are typically around 30-100 pg/m?3.
However, short-term (1-hr) mean ambient
concentrations in urban areas may exceed
300-800 pg/m3 (World Health Organization
1979). Both natural and anthropogenic
sources contribute to the emission of ground-
level O3 precursors, and the composition of
emissions may show large variations across
locations (World Bank Group 1998). Motor
vehicles are the main anthropogenic sources
of ground-level O3 precursors (Devlin et al.
1994; Seltzer et al. 1986).

A large volume of information on the
health impacts of ground-level ozone is
derived from animal studies, whereas a
more limited number of investigations have
concentrated on population and controlled
human studies focused on short-term
exposures. Clinical studies on asthmatic and
nonasthmatic adults have demonstrated that
acute exposure to Oj results in decreases in
lung function, enhanced allergen-induced
bronchoconstriction, and increases in
airway inflammation typified by an influx of
neutrophils (Alexis et al. 2004, 2008, 2010;
Hernandez et al. 2010; Holz et al. 1999;
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Jorres et al. 2000). Similarly, short-term
exposure to elevated levels of O3 leads to an
early inflammatory response characterized by
neutrophil accumulation in several animal
models (Driscoll et al. 1993; Kleeberger
and Hudak 1992; Seltzer et al. 1986; Zhao
et al. 1998).

Interleukin 8 (IL-8) is a potent neutrophil
activator and chemotaxin that is often used
as a biological marker of environmentally
induced pulmonary inflammation (Kunkel
et al. 1991; Standiford et al. 1993). O
inhalation induces airway epithelial damage
and increased release of proinflammatory
mediators, including IL-8, in human
bronchoalveolar lavage fluid (Bosson et al.
2003; Krishna et al. 1998). I vitro exposure
to O3 has been shown to induce IL-8 produc-
tion in human bronchial epithelial cells
(HBEC) (Bayram et al. 2001; Devlin et al.
1994; Rusznak et al. 1996). However, the
mechanisms that regulate Oz-induced IL-8
expression have not been fully elucidated.

The expression of the /-8 gene in HBEC
is known to be regulated through both
message stabilization and transcriptional
activation that is modulated by signaling
pathways that include growth factor recep-
tors (Khabar 2010; Standiford et al. 1993).
The activation of the epidermal growth
factor receptor (EGFR) is a pivotal event in
normal and pathophysiological conditions
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leading to the initiation of multiple signaling
pathways that lead to alterations in gene
expression (Takeyama et al. 2001). EGFR is
a single transmembrane protein that possesses
intrinsic tyrosine kinase activity, which can
be directly activated or transactivated in
response to a variety of stimuli (Gschwind
et al. 2001). The cytoplasmic region of
human EGFR contains an intrinsic tyrosine
kinase (697-955) followed by a 231-residue-
long COOH-terminal tail, which contains
multiple tyrosine residues that function as
phosphorylation sites (Xia et al. 2002). Five
sites of in vivo autophosphorylation have
been identified in the EGFR: three major
sites (tyrosines 1068, 1148, and 1173) and
two minor sites (tyrosines 992 and 1086)
(Downward et al. 1984; Margolis et al.
1989). The binding of phosphorylated
EGEFR tyrosines with downstream signaling
proteins initiates the simultaneous activation
of multiple signaling cascades that culmi-
nate in a broad range of cellular responses
spanning proliferation, migration, protein
secretion, differentiation, and oncogenesis
(Wells 1999).

Previous studies have demonstrated that
epithelial expression of the EGFR and its
ligands, including EGF and transforming
growth factor o, were all significantly
increased in nasal biopsy specimens collected
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following O3 exposure of human volunteers,
suggesting a positive correlation between
EGEFR expression and the increase in neutro-
phil numbers in the nasal epithelium (Polosa
et al. 2004). Another study using human
epidermal keratinocytes showed that exposure
to Oj resulted in increased phosphorylation
of EGFR (Afaq et al. 2009). In the present
study, we investigated the effect of O3 stimu-
lation on EGFR phosphorylation and its
relationship with IL-8 expression in HBEC.
We report here that the cytosolic tyrosine
kinase Src can regulate EGFR activity, further
modulating O3-induced IL-8 expression.

Materials and Methods

Reagents. Bis[sulfosuccinimidyl]suberate
(BS3), PP2, and bosutinib (the latter two
being Src kinase inhibitors) and compound 56
(C56; an EGFR inhibitor) were obtained
from Calbiochem (San Diego, CA, USA). The
rabbit antibodies against phospho (p)-EGFR
(Y1068), p-EGFR (Y845), p-Src(Y416),
pan-EGFR, and pan-Src were purchased
from Cell Signaling Technology (Beverly,
MA, USA). Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibody was
obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The lactate dehydro-
genase (LDH) cytotoxicity detection kit was
obtained from TAKARA Bio Inc. (Mountain
View, CA, USA), and the IL-8 ELISA assay
kit was purchased from eBioscience (San
Diego, CA, USA).

Cell culture and Ojz exposure. The
BEAS-2B cell line was derived by trans-
forming HBEC with an adenovirus
12-simian virus 40 construct (Reddel et al.
1988). BEAS-2B cells (passages 70-80) were
cultured in supplemented keratinocyte basal
medium as described previously (Wu et al.
2011). The cells were placed in 6-well culture
plates (Costar, Cambridge, MA, USA) and
grown to confluence.

Normal human bronchial epithelial
(NHBE) cells were obtained from normal
adult human volunteers by brush biopsy of
the mainstem bronchus using a cytology
brush during fiberoptic bronchoscopy;
the procedure was conducted under a
protocol approved by the Committee on
the Protection of the Rights of Human
Subjects at the University of North Carolina
at Chapel Hill. Human participants gave
written informed consent prior to the study.
NHBE cells were initially plated in supple-
mented bronchial epithelial cell basal medium
(Tal et al. 2006). Confluent cells were split
and placed on the Transwell® permeable
supports (Corning, Tewksbury, MA, USA)
for air-liquid interface (ALI) culture before
O3 exposure.

A431 cells were obtained from the
Lineberger Cancer Center Tissue Culture
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Facility at the University of North Carolina
at Chapel Hill. A431 cells were cultured
on plastic flasks in Dulbecco’s minimum
essential medium with high glucose supple-
mented with 10% fetal bovine serum and
gentamicin (5 pg/mL).

Prior to exposure of BEAS-2B or A431
cells, 0.5 mL of media was placed in each
well of the 6-well plates. In some experi-
ments, BEAS-2B cells were pretreated with
1 pM C56, 10 pM PP2, or bosutinib (5 or
10 pM) for 30 min before O3 exposure.
After exposure, the cells were lysed and the
cell lysates subjected to immunoblotting
for measurement of p-EGFR (Y1068),
or p-EGFR (Y845). The supernatants of
cell medium were collected for measure-
ment of IL-8 protein. Exposure to O3 or
clean air was conducted using a rotating
inclined platform in specially designed
in vitro exposure chambers operated by the
U.S. Environmental Protection Agency
Environmental Public Health Division as
described previously (Devlin et al. 1994). The
exposure atmosphere contained 5% CO,; the
relative humidity was maintained at > 95%;
and the temperature was 37°C throughout
the exposure. Conditions in the air control
chamber were identical except for the
absence of O3.

In the case of the ALI-cultured NHBE,
the cells were exposed without media on
the apical surface without rotation of the
platform. Air controls were run simultane-
ously in an identical duplicate chamber in
which no ozone was introduced.

Analysis of EGFR dimerization. The
EGFR dimerization assay was performed
according to a previously described method
(Samet et al. 2003). Briefly, subconfluent cells
deprived of serum for 12-18 hr were exposed
to 1 ppm Oj or air alone (control) for 30 min
in an O3 exposure chamber as described
above. After this exposure, cells were incu-
bated with 10 ng/mL EGF for 5 min. The
cells were then treated with 2.5 mM cross-
linker BS3 in phosphate-buffered saline
(PBS) for 30 min at room temperature. The
cross-linking reaction was stopped by incu-
bating cells with PBS containing 20 mM
Tris, pH 7.5, for 15 min. The cells were
then scraped into 1 mL of PBS, and protein
extracts were prepared and subjected to
immunoblotting using a mouse anti-human
EGFR antibody cocktail (Neomarkers,
Fremont, CA, USA) that recognizes the extra-
cellular domain of the EGFR.

Immunoblotting. The cells exposed
to 0.25-1.0 ppm Oj for 0-120 min were
washed twice with ice-cold PBS and then
lysed in RIPA buffer as described previously
(Wu et al. 2011). The supernatants of cell
lysates were subjected to SDS-PAGE analysis.
Proteins were transferred onto nitrocellulose

membrane, which was then blocked with
5% nonfat milk, washed briefly, incubated
with primary antibody at 4°C overnight,
and then incubated with the corresponding
HRP-conjugated secondary antibody for 1 hr
at room temperature. Immunoblot images
were detected using chemiluminescence
reagents and a Fujifilm LAS-3000 imaging
system (Fuji Medical Systems USA, Stamford,
CT, USA), and the images were digitized for
quantification using MultiGauge v3.1 software
(Fuji Medical Systems USA). The optical
density (OD) of the phosphor-specific band
was expressed as a fraction (% P) of the total
OD (i.e., phospho + non-phospho bands) for
the species of interest.

ELISA (enzyme linked immunosorbent
assay). After exposure to 1 ppm Oj for 2 hr,
cell culture media were collected and centri-
fuged. Levels of IL-8 protein in the super-
natants were measured using an IL-8 ELISA
assay kit following the manufacturer’s instruc-
tions (eBiosciences, San Diego, CA, USA).

Statistical analysis. Data are presented as
mean = SE. Data comparisons were carried
out using one-way analysis of variance
(ANOVA) followed by Dunnett’s post-test
and two-tailed Student’s #-test, with the
overall o level set at 0.05.

Results

O3 exposure and induction of phosphoryla-
tion of EGFR (Y1068) in HBEC. Preliminary
experiments determined Oj concentra-
tions and exposure times that did not
result in significant cytotoxicity, as deter-
mined by LDH release (data not shown).
Phosphorylation of EGFR is an indicator
of its activation. Oz-induced EGFR phos-
phorylation has been shown previously in
human skin cells (Afaq et al. 2009). Here,
we examined whether O3 exposure could
affect EGFR phosphorylation in HBEC. As
shown in Figure 1A,B, O3 exposure induced
a concentration- and time-dependent increase
in EGFR phosphorylation at tyrosine 1068
(Y1068) in BEAS-2B cells. Exposure to O3
was also observed to increase EGFR (Y1068)
phosphorylation in ALI-cultured primary
HBEC, demonstrating that this effect of O3 is
not limited to transformed cells (Figure 1C).
Oj exposure and induction of EGFR
dimerization. The finding that O3 exposure
induces the phosphorylation of EGFR at
the putative autophorylation site Y1068
(Downward et al. 1984) suggested the possi-
bility that O3 activates the receptor through a
mechanism that mimics ligand binding of the
extracellular domain on the EGFR. To inves-
tigate this potential mechanism of activation
of Os-induced EGFR, we measured EGFR
dimerization, a marker of ligand-dependent
activation of the EGFR, in the EGFR over-
expressing cell line A431. As shown in

VOLUME 123 | NumBER 3 | March 2015 - Environmental Health Perspectives



Figure 2, relative to the air-treated control,
treatment of A431 cells with the natural ligand
EGF induced dimerization of EGFR within
5 min. In marked contrast, EGFR dimeriza-
tion was not detectable in A431 cells exposed
to 1 ppm Oj for 30 min, indicating that
O3 exposure did not cause EGFR activation
through a ligand-like mechanism.

O3 exposure and induction of Src-
dependent phosphorylation of the EGFR
in HBEC. We next examined the poten-
tial of EGFR activation through trans-
phosphorylation by a kinase intermediate. We
have shown previously that cytosolic tyrosine
kinase Src is involved in EGFR transactivation
in HBEC exposed to another oxidant stressor
(Wu et al. 2002). Therefore, we examined
the role of Src kinase in Oz-induced EGFR
phosphorylation by first determining the effect
of O3 exposure on phosphorylation of Src at
tyrosine 416, a specific activation site in the
SH1 domain of c-Src (Dorsam et al. 2005),
in Oz-exposed BEAS-2B cells. Exposure
to 0.25-1.0 ppm Oj for 120 min induced
a concentration-dependent increase in the
phosphorylation of Src (Y416) (Figure 3A).
In addition, a time-dependent increase in
Stc (Y416) phosphorylation was observed in
response to exposure to 1 ppm O3 (Figure 3B).

Tyrosine 845 on the EGFR has been
reported to be a site of transphosphorylation
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Figure 1. Effect of O3 exposure on phosphorylation
of EGFR (Y1068) in HBEC. (A) BEAS-2B cells
grown to confluence were exposed to 1 ppm 05
for 0-120 min. (B) BEAS-2B cells grown to conflu-
ence were exposed to various concentrations of
03 for 2 hr. (C) NHBE cells were cultured in an ALI
system and exposed to 1 ppm O3 for 30 min. In each
case (A-C), protein was extracted from the cells and
subjected to SDS-PAGE followed by immunoblotting
using a phospho-specific anti-EGFR antibody and
then a pan-EGFR antibody. %P indicates the optical
density of the p-EGFR band as a fraction of the
total EGFR signal (p-EGFR + EGFR). Data shown are
representative of three separate experiments.
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by Src kinase (Tice et al. 1999). As shown
in Figure 4A, exposure to 0.25-1.0 ppm O;
for 120 min induced phosphorylation of
EGFR (Y845), an effect that was ablated by
pretreatment of the cells with the Src kinase
inhibitor PP2 (Figure 4B). Similarly, inhi-
bition of Src kinase activity also blunted
O3-induced phosphorylation of EGFR
at Y1068 in NHBE cells (Figure 4C).
Pretreatment of BEAS-2B cells with the struc-
turally unrelated Src kinase inhibitor bosutinib
corroborated these findings (see Supplemental
Material, Figure S1). We previously observed
that exposure to Zn?* induced Src-dependent
phosphorylation of EGFR (Wu et al. 2002).
As we expected in the present study, Stc
inhibition with bosutinib effectively reduced
Zn?**-induced phosphorylation of EGFR in
BEAS-2B cells (see Supplemental Material,
Figure S2). Taken together, these data impli-
cated Src kinase in Oz-induced EGFR trans-
activation at both transphosphorylation and
autophosphorylation sites in HBEC.

EGEFR kinase-dependent EGFR (Y1068)
phosphorylation in Oz-exposed HBEC.
Previous studies have shown that phosphory-
lation of EGFR (Y1068) can occur in the
presence or absence of EGFR kinase activity
(Mueller et al. 2008; Wu et al. 2005). To
determine whether Src-mediated EGFR
(Y1068) phosphorylation is EGFR kinase-
dependent, we pretreated BEAS-2B cells
(Figure 5A) or ALI-cultured primary HBEC
(Figure 5B) with vehicle (0.1% DMSO) or
the specific EGFR kinase activity inhibitor
C56 (1 pM) for 30 min before exposure to
1 ppm Oj for 1 hr. As shown in Figure 5,
inhibition of EGFR kinase activity in HBEC

Control 0, EGF

EGFR dimer

Figure 2. 03 exposure and EGFR dimerization in
A431 cells. Confluent A431 cells were exposed to
air (control) or 1 ppm 03 for 30 min, or to 10 ng/mL
EGF for 5 min. The cells were then exposed to
saline or the cross-linking agent BS3, and total
protein extracts were extracted and subjected to
Western blotting using anti-EGFR antibody.
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abrogated Oj-induced EGFR (Y1068) phos-
phorylation, implying that Oz-induced phos-
phorylation of EGFR at Y1068 requires the
intrinsic kinase activity of the EGFR.

Requirement of EGFR and Src kinase
activities for Oj-induced IL-8 expression
in HBEC. Previous studies have shown
that exposure to Oj results in increased
expression of proinflammatory mediators,
including IL-8 in HBEC (Bayram et al.
2001; Devlin et al. 1994; Hiltermann et al.
1998; McKinnon et al. 1992). To determine
the roles of EGFR and Src activation in
proinflammatory response of HBEC to O3
exposure, we examined the effect of EGFR
or Src inhibition on O3-induced IL-8 expres-
sion in BEAS-2B cells. As shown in Figure 6,
pretreatment of BEAS-2B cells with either
an EGFR or Src kinase activity inhibitor was
able to abrogate IL-8 expression induced by
exposure to 1 ppm Oj for 2 hr.

Discussion

The mechanisms for the transactivation of
EGEFR vary with the cell type and stimulus.
Previous studies have shown that EGFR
is involved in signaling networks activated
by a number of stimuli that do not interact
directly with this receptor (Carpenter 1999).
These stimuli include G protein—coupled
receptor agonists (Daub et al. 1997), calcium
(Dethlefsen et al. 1998), and ultraviolet
irradiation (Dent et al. 1999). The results
of the present study show that O3 exposure
transactivates EGFR through a mechanism
that depends on the activation of the cyto-
solic tyrosine kinase Src, leading to elevated
expression of IL-8.
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Figure 3. 03 exposure and phosphorylation of Src
(Y416) in BEAS-2B cells. BEAS-2B cells grown to
confluence were exposed to various concentrations
of 03 for 2 hr (A) or to 1 ppm 03 for 0-30 min (B). In
each case, protein was extracted from the cells
and subjected to SDS-PAGE followed by immuno-
blotting using a phospho-specific anti-Src (Y416)
antibody and then a pan-Src antibody. %P indicates
the optical density of the p-Src band as a fraction of
the total Src signal (p-Src + Src). Data shown are
representative of three separate experiments.
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The dependency of Oz-induced EGFR
activation on Src activation in HBEC is
supported by the findings of Oj3-induced
phosphorylation of Src at Y416, the phos-
phorylation of EGFR at the transactivation
site Y845, and the inhibitory effect of Src
kinase inhibitors on EGFR phosphorylation.
The mechanisms involved in O3z-induced
Src activation are currently unknown. In a
previous study, we observed that O3 exposure
induced reactive oxygen species (ROS)
production in BEAS-2B cells (Wu et al.
2011). Thus, Os-induced excessive produc-
tion of ROS and nitrogen intermediates
(Hulo et al. 2011) might be able to modify
tyrosine residues, altering phosphorylation of
many protein kinases involved in cell signal-
ling (Akhand et al. 1999). Another mecha-
nism underlying O3-induced Src activation
may involve loss of homeostatic phosphatase
activity. We previously observed that loss of
protein tyrosine phosphatase (PTP) activity
was responsible for the initiation of EGFR
signaling in HBEC exposed to zinc or diesel
exhaust particles (Tal et al. 2006, 2008).
PTPs are redox-sensitive proteins; their
active-site cysteines are the targets of specific
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Figure 4. Src kinase and Os-induced phos-
phorylation of EGFR in HBEC. (A) BEAS-2B cells
grown to confluence were exposed to various
concentrations of O3 for 2 hr. BEAS-2B cells (B)
or ALl-cultured NHBE cells (C) were pretreated
with vehicle (0.1% DMSO0) or the Src kinase
inhibitor PP2 (10 pM) for 30 min prior to exposure
to 1 ppm O for 1 hr. In each case (A-C), protein
was extracted from the cells and subjected to
SDS-PAGE followed by immunoblotting using
phospho-specific EGFR antibodies and then a
pan-EGFR antibody. %P indicates the optical
density of the p-EGFR band as a fraction of the
total EGFR signal (p-EGFR + EGFR). Data shown are
representative of three separate experiments.
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oxidation by various oxidants (Giannoni et al.
2005). In this regard, our observation that
another electrophilic insult, Zn?*, can induce
Src-dependent EGFR transphosphorylation
(Wu et al. 2002) is consistent with our
previous report of Zn?*-induced inhibition
of PTPs (Tal et al. 2006), and may reflect
a uniform mechanism to oxidant stress
that is also relevant to other environmental
electrophiles. Additional studies will be
required to investigate the role of PTP activity
in Oz-induced activation of Src leading to
EGFR activation and IL-8 expression.

EGFR (Y845) is particularly interesting
because of its location within the activa-
tion loop of the tyrosine kinase domain of
the EGFR. This tyrosine residue is highly
homologous to tyrosines that are sites of
autophosphorylation found in the kinase
domains of other tyrosine kinases that have
been shown to be critical to their activation
(Biscardi et al. 2000). Unlike the tyrosines in
these other kinases, EGFR (Y845) is not an
autophosphorylation site and does not need
to be phosphorylated for the kinase to be
active (Tice et al. 1999). However, phosphor-
ylation of EGFR (Y845) has been proposed
as a direct substrate of Src (Tice et al. 1999).
Our previous study (Wu et al. 2002) demon-
strated that mutating this tyrosine to a
nonphosphorylatable phenylalanine led to an
abrogation of zinc-induced Ras activation in
fibroblasts. In a separate study we observed
that the Src kinase inhibitor PP2 significantly
blocked zinc-induced phosphorylation of
EGFR (Y845) in A431 cells (Samet et al.
2003). Similarly, in the present study PP2 or
bosutinib pretreatment markedly inhibited

O;-induced EGFR (Y845) phosphorylation.
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Figure 5. Abrogation of Os-induced phosphoryla-
tion of EGFR (Y1068) is by the EGFR inhibitor C56.
BEAS-2B cells (A) or ALl-cultured NHBE cells (B)
were pretreated with vehicle (0.1% DMSO) or C56
(1 pM) for 30 min before exposure to 1 ppm 03 for
1 hr. Cells were lysed, and phosphorylation of EGFR
(Y1068) was determined as described in “Materials
and Methods.” Data shown are representative of
three separate experiments.

Taken together, these data suggest that EGFR
(Y845) phosphorylation is critical to EGFR/
c-Src synergy and cross talk.

Nevertheless, there is also evidence to
suggest that EGFR (Y845) is not the only
target site for Src kinase. For example, a
study in A431 cells showed that zinc ions can
induce phosphorylation of EGFR (Y1068)
and EGFR (Y845) that is Src dependent
but EGFR kinase independent (Samet et al.
2003). Amos et al. (2005) demonstrated
that Src kinase is required for phorbol
12-myristate 13-acetate—induced EGFR
(Y1068) phosphorylation using PP2 and
siRNA against c-Src. These studies suggest
that Src kinase can directly phosphorylate
EGEFR (Y1068). In contrast, the present study
indicates that Src-regulated EGFR (Y1068)
phosphorylation is mediated by EGFR
kinase because the EGFR kinase inhibitor
C56 significantly blocked O3z-induced EGFR
(Y1068) phosphorylation in BEAS-2B cells.
Thus, we infer that O stimulation first acti-
vates Src, which in turn causes EGFR (Y845)
phosphorylation. Phosphorylated EGFR
(Y845) located in the EGFR kinase domain
facilitates the modification of EGFR kinase
domain conformation, leading to its activa-
tion and the subsequent autophosphoryla-
tion of EGFR (Y1068). This hypothesis
could be examined using cells expressing
kinase-inactive or Y845-mutated EGFR. In
addition, oxidative stress has been reported to
induce ligand-independent EGFR activation
through a conformational modification of
the intracellular kinase domain under condi-
tions in which the ¢-Src is physically bound
to EGFR (Filosto et al. 2011). In addition,
the extreme reactivity of O3 may have led
to an underestimation of cytotoxicity in the
present study, leaving open the possibility
that the initiation of signaling is secondary
to the induction of cellular injury. Additional
studies will be required to test these
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Figure 6. Effects of C56 and PP2 on Os-induced IL-8
expression in BESA-2B cells. BEAS-2B cells were
pretreated with vehicle (0.1% DMSO0), PP2 (10 uM),
or C56 (1 pM) for 30 min before exposure to 1 ppm
03 for 2 hr. Culture media were collected, and IL-8
protein was examined in the supernatants using
ELISA.

*p < 0.05 (n = 3) compared with matched air controls, by
Student's t-test.
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possible mechanisms of EGFR activation in
Oj-exposed HBEC.

EGFR has been shown to be involved in
signaling leading to increased IL-8 production
by human airway epithelial cells in chronic
inflammatory airway diseases (Hamilton et al.
2003; Richter et al. 2002). In the present
study we observed that Src-regulated EGFR
activation was necessary for Os-induced IL-8
expression in HBEC. Additional mechanisms
involved in Ojz-induced EGFR activation
leading to IL-8 remain to be elucidated.
The traditional cytoplasmic EGFR-initiated
route involves transduction of mitogenic
signals through activation of several signaling
cascades, such as phospholipase Cy, protein
kinase C, mitogen-activated protein kinases,
phosphatidylinositol-3-kinase, and signal
transducer and activator of transcription
(STATs) (Bae et al. 1997; Cattaneo et al.
2011; Lo and Hung 2006; Martinez-Carpio
and Trelles 2010). In the nuclear pathway,
activated EGFR undergoes fast nuclear
translocation, where it physically or func-
tionally interacts with other transcription
factors possessing DNA-binding activity and
STAT3, leading to up-regulation of genes
involved in a host of cellular responses that
include IL-8 expression (Lin et al. 2001; Lo
and Hung 2006; Xu et al. 2000).

Conclusion

Our findings indicate that exposure to O;
resulted in Src-dependent EGFR activation
leading to a proinflammatory response that
included IL-8 expression in human airway
epithelial cells. Given that O3 exposure is a
widespread public health concern, charac-
terization of the mechanisms underlying
O3-induced airway inflammation will yield
insights useful in the design of preventive and
therapeutic interventions.

REFERENCES

Afaq F, Zaid MA, Pelle E, Khan N, Syed DN, Matsui MS,
et al. 2009. Aryl hydrocarbon receptor is an
ozone sensor in human skin. J Invest Dermatol
129:2396-2403.

Akhand AA, Pu M, Senga T, Kato M, Suzuki H,
Miyata T, et al. 1999. Nitric oxide controls Src
kinase activity through a sulfhydryl group modifi-
cation-mediated Tyr-527-independent and Tyr-416-
linked mechanism. J Biol Chem 274:25821-25826.

Alexis NE, Becker S, Bromberg PA, Devlin R,
Peden DB. 2004. Circulating CD11b expression
correlates with the neutrophil response and airway
mCD14 expression is enhanced following ozone
exposure in humans. Clin Immunol 111:126-131.

Alexis NE, Lay JC, Haczku A, Gong H, Linn W,
Hazucha MJ, et al. 2008. Fluticasone propionate
protects against ozone-induced airway inflamma-
tion and modified immune cell activation markers
in healthy volunteers. Environ Health Perspect
116:799-805; doi:10.1289/ehp.10981.

Alexis NE, Lay JC, Hazucha M, Harris B, Hernandez ML,
Bromberg PA, et al. 2010. Low-level ozone exposure

Environmental Health Perspectives -

EGFR regulates ozone-induced IL-8 expression

induces airways inflammation and modifies cell
surface phenotypes in healthy humans. Inhal
Toxicol 22:593-600.

Amos S, Martin PM, Polar GA, Parsons SJ, Hussaini IM.
2005. Phorbol 12-myristate 13-acetate induces
epidermal growth factor receptor transactivation
via protein kinase C&/c-Src pathways in glioblas-
toma cells. J Biol Chem 280:7729-7738.

Bae YS, Kang SW, Seo MS, Baines IC, Tekle E,
Chock PB, et al. 1997. Epidermal growth factor (EGF)-
induced generation of hydrogen peroxide. Role in
EGF receptor-mediated tyrosine phosphorylation.
J Biol Chem 272:217-221.

Bayram H, Sapsford RJ, Abdelaziz MM, Khair OA. 2001.
Effect of ozone and nitrogen dioxide on the release
of proinflammatory mediators from bronchial
epithelial cells of nonatopic nonasthmatic subjects
and atopic asthmatic patients in vitro. J Allergy Clin
Immunol 107:287-294.

Biscardi JS, Ishizawar RC, Silva CM, Parsons SJ.
2000. Tyrosine kinase signalling in breast cancer:
epidermal growth factor receptor and c-Src
interactions in breast cancer. Breast Cancer Res
2:203-210.

Bosson J, Stenfors N, Bucht A, Helleday R, Pourazar J,
Holgate ST, et al. 2003. Ozone-induced bronchial
epithelial cytokine expression differs between
healthy and asthmatic subjects. Clin Exp Allergy
33(6):777-782.

Carpenter G. 1999. Employment of the epidermal growth
factor receptor in growth factor-independent
signaling pathways. J Cell Biol 146:697-702.

Cattaneo F, laccio A, Guerra G, Montagnani S,
Ammendola R. 2011. NADPH-oxidase-dependent
reactive oxygen species mediate EGFR trans-
activation by FPRLT in WKYMVm-stimulated
human lung cancer cells. Free Radic Biol Med
51:1126-1136.

Daub H, Wallasch C, Lankenau A, Herrlich A,
Ullrich A. 1997. Signal characteristics of G protein-
transactivated EGF receptor. EMBO J 16:7032-7044.

Dent P, Reardon DB, Park JS, Bowers G, Logsdon C,
Valerie K, et al. 1999. Radiation-induced release
of transforming growth factor o activates the
epidermal growth factor receptor and mitogen-
activated protein kinase pathway in carcinoma
cells, leading to increased proliferation and protec-
tion from radiation-induced cell death. Mol Biol
Cell 10:2493-2506.

Dethlefsen SM, Raab G, Moses MA, Adam RM,
Klagsbrun M, Freeman MR. 1998. Extracellular
calcium influx stimulates metalloproteinase
cleavage and secretion of heparin-binding EGF-like
growth factor independently of protein kinase C.
J Cell Biochem 69:143-153.

Devlin RB, McKinnon KP, Noah T, Becker S, Koren HS.
1994. Ozone-induced release of cytokines and
fibronectin by alveolar macrophages and airway
epithelial cells. Am J Physiol 266:L612—L619.

Dorsam RT, Kim S, Murugappan S, Rachoor S,
Shankar H, Jin J, et al. 2005. Differential require-
ments for calcium and Src family kinases in platelet
GPlIb/Illa activation and thromboxane generation
downstream of different G-protein pathways. Blood
105:2749-2756.

Downward J, Parker P, Waterfield MD. 1984,
Autophosphorylation sites on the epidermal
growth factor receptor. Nature 311:483—485.

Driscoll KE, Simpson L, Carter J, Hassenbein D,
Leikauf GD. 1993. Ozone inhalation stimulates
expression of a neutrophil chemotactic protein,
macrophage inflammatory protein 2. Toxicol Appl
Pharmacol 119:306-309.

Filosto S, Khan EM, Tognon E, Becker C, Ashfag M,
Ravid T, et al. 2011. EGF receptor exposed to

VOLUME 123 | NUmBER 3 | March 2015

oxidative stress acquires abnormal phosphorylation
and aberrant activated conformation that impairs
canonical dimerization. PLoS One 6:23240;
doi:10.1371/journal.pone.0023240.

Giannoni E, Buricchi F, Raugei G, Ramponi G, Chiarugi P.
2005. Intracellular reactive oxygen species activate
Src tyrosine kinase during cell adhesion and
anchorage-dependent cell growth. Mol Cell Biol
25:6391-6403.

Gschwind A, Zwick E, Prenzel N, Leserer M, Ullrich A.
2001. Cell communication networks: epidermal
growth factor receptor transactivation as the
paradigm for interreceptor signal transmission.
Oncogene 20:1594-1600.

Hamilton LM, Torres-Lozano C, Puddicombe SM,
Richter A, Kimber I, Dearman RJ, et al. 2003. The
role of the epidermal growth factor receptor in
sustaining neutrophil inflammation in severe
asthma. Clin Exp Allergy 33:233-240.

Hernandez ML, Harris B, Lay JC, Bromberg PA, Diaz-
Sanchez D, Devlin RB, et al. 2010. Comparative
airway inflammatory response of normal volun-
teers to ozone and lipopolysaccharide challenge.
Inhal Toxicol 22:648-656.

Hiltermann TJ, Peters EA, Alberts B, Kwikkers K,
Borggreven PA, Hiemstra PS, et al. 1998. Ozone-
induced airway hyperresponsiveness in patients
with asthma: role of neutrophil-derived serine
proteinases. Free Radic Biol Med 24:952-958.

Holz 0, Jérres RA, Timm P, Miicke M, Richter K,
Koschyk S, et al. 1999. Ozone-induced airway
inflammatory changes differ between individuals
and are reproducible. Am J Respir Crit Care Med
159:776-784.

Hulo S, Tiesset H, Lancel S, Edmé JL, Viollet B,
Sobaszek A, et al. 2011. AMP-activated protein
kinase deficiency reduces ozone-induced lung
injury and oxidative stress in mice. Respir Res
12:64; doi:10.1186/1465-9921-12-64.

Jorres RA, Holz 0, Zachgo W, Timm P, Koschyk S,
Miiller B, et al. 2000. The effect of repeated ozone
exposures on inflammatory markers in broncho-
alveolar lavage fluid and mucosal biopsies. Am J
Respir Crit Care Med 161:1855-1861.

Khabar KS. 2010. Post-transcriptional control during
chronic inflammation and cancer: a focus on
AU-rich elements. Cell Mol Life Sci 67(17):2937—2955.

Kleeberger SR, Hudak BB. 1992. Acute ozone-induced
change in airway permeability: role of infiltrating
leukocytes. J Appl Physiol 72:670-676.

Krishna MT, Madden J, Teran LM, Biscione GL,
Lau LC, Withers NJ, et al. 1998. Effects of 0.2 ppm
ozone on hiomarkers of inflammation in broncho-
alveolar lavage fluid and bronchial mucosa of
healthy subjects. Eur Respir J 11:1294-1300.

Kunkel SL, Standiford T, Kasahara K, Strieter RM. 1991.
Interleukin-8 (IL-8): the major neutrophil chemo-
tactic factor in the lung. Exp Lung Res 17:17-23.

Lin SY, Makino K, Xia W, Matin A, Wen Y, Kwong KY,
et al. 2001. Nuclear localization of EGF receptor
and its potential new role as a transcription factor.
Nat Cell Biol 3:802—-808.

Lo HW, Hung MC. 2006. Nuclear EGFR signalling
network in cancers: linking EGFR pathway to cell
cycle progression, nitric oxide pathway and patient
survival. Br J Cancer 94:184-188.

Margolis BL, Lax I, Kris R, Dombalagian M,
Honegger AM, Howk R, et al. 1989. All autophos-
phorylation sites of epidermal growth factor
(EGF) receptor and HER2/neu are located in their
carboxyl-terminal tails. Identification of a novel site
in EGF receptor. J Biol Chem 264(18):10667—10671.

Martinez-Carpio PA, Trelles MA. 2010. Cutaneous
epidermal growth factor receptor system following
ultraviolet irradiation: exploring the role of molecular

235



Wu et al.

mechanisms. Photodermatol Photoimmunol
Photomed 26:250-256.

McKinnon K, Noah T, Madden M, Koren H, Devlin R.
1992. Cultured human bronchial epithelial cells
release cytokines, fibronectin, and lipids in
response to ozone exposure. Chest 101(3 suppl):22S;
doi:10.1378/chest.101.3_Supplement.22S.

Mueller KL, Hunter LA, Ethier SP, Boerner JL. 2008.
Met and c-Src cooperate to compensate for
loss of epidermal growth factor receptor kinase
activity in breast cancer cells. Cancer Res
68(9):3314-3322.

Polosa R, Sapsford RJ, Dokic D, Cacciola RR,
Prosperini G, Devalia JL, et al. 2004. Induction
of the epidermal growth factor receptor and its
ligands in nasal epithelium by ozone. J Allergy Clin
Immunol 113:120-126.

Reddel RR, Ke Y, Gerwin BI, McMenamin MG,
Lechner JF, Su RT, et al. 1988. Transformation
of human bronchial epithelial cells by infection
with SV40 or adenovirus-12 SV40 hybrid virus, or
transfection via strontium phosphate coprecipita-
tion with a plasmid containing SV40 early region
genes. Cancer Res 48:1904-1909.

Richter A, 0'Donnell RA, Powell RM, Sanders MW,
Holgate ST, Djukanovic R, et al. 2002. Autocrine
ligands for the epidermal growth factor receptor
mediate interleukin-8 release from bronchial
epithelial cells in response to cigarette smoke.
Am J Respir Cell Mol Biol 27:85-90.

Rusznak C, Devalia JL, Sapsford RJ, Davies RJ. 1996.
Ozone-induced mediator release from human bron-
chial epithelial cells in vitro and the influence of
nedocromil sodium. Eur Respir J 9(11):2298-2305.

Samet JM, Dewar BJ, Wu W, Graves LM. 2003.
Mechanisms of Zn?*-induced signal initiation

through the epidermal growth factor receptor.
Toxicol Appl Pharmacol 191:86-93.

Seltzer J, Bigby BG, Stulbarg M, Holtzman MJ, Nadel JA,
Ueki IF, et al. 1986. Os-induced change in bronchial
reactivity to methacholine and airway inflammation
in humans. J Appl Physiol 60:1321-1326.

Standiford TJ, Kunkel SL, Strieter RM. 1993.
Interleukin-8: a major mediator of acute pulmonary
inflammation. Reg Immunol 5:134-141.

Takeyama K, Fahy JV, Nadel JA. 2001. Relationship of
epidermal growth factor receptors to goblet cell
production in human bronchi. Am J Respir Crit
Care Med 163:511-516.

Tal TL, Bromberg PA, Kim Y, Samet JM. 2008. Epidermal
growth factor receptor activation by diesel particles
is mediated by tyrosine phosphatase inhibition.
Toxicol Appl Pharmacol 233:382-388.

Tal TL, Graves LM, Silbajoris R, Bromberg PA, Wu W,
Samet JM. 2006. Inhibition of protein tyrosine
phosphatase activity mediates epidermal growth
factor receptor signaling in human airway epithe-
lial cells exposed to Zn?*. Toxicol Appl Pharmacol
214:16-23.

Tice DA, Biscardi JS, Nickles AL, Parsons SJ. 1999.
Mechanism of biological synergy between cellular
Src and epidermal growth factor receptor. Proc
Natl Acad Sci USA 96:1415-1420.

Wells A. 1999. EGF receptor. Int J Biochem Cell Biol
31:637-643.

World Bank Group. 1999. Pollution Prevention and
Abatement Handbook 1998: Toward Cleaner
Production. Available: http://www-wds.worldbank.
org/external/default/WDSContentServer/WDSP/
1B/1999/06/03/000094946_99040905052283/Rendered/
PDF/multiOpage.pdf [accessed 3 February 2015].

World Health Organization. 1979. Photochemical

Oxidants. Environmental Health Criteria 7.
Geneva:World Health Organization. Available: http://
www.inchem.org/documents/ehc/ehc/ehc007.htm
[accessed 3 February 2015].

Wu W, Doreswamy V, Diaz-Sanchez D, Samet JM,
Kesic M, Dailey L, et al. 2011. GSTM1 modulation of
IL-8 expression in human bronchial epithelial cells
exposed to ozone. Free Radic Biol Med 51:522-529.

Wu W, Graves LM, Gill GN, Parsons SJ, Samet JM.
2002. Src-dependent phosphorylation of the
epidermal growth factor receptor on tyrosine 845
is required for zinc-induced Ras activation. J Biol
Chem 277:24252-24257.

Wu W, Silbajoris RA, Whang YE, Graves LM,
Bromberg PA, Samet JM. 2005. p38 and EGF
receptor kinase-mediated activation of the phos-
phatidylinositol 3-kinase/Akt pathway is required for
Zn*-induced cyclooxygenase-2 expression. Am J
Physiol Lung Cell Mol Physiol 289(5):L883-L889.

Xia L, Wang L, Chung AS, Ivanov SS, Ling MY,
Dragoi AM, et al. 2002. Identification of both
positive and negative domains within the epidermal
growth factor receptor COOH-terminal region for
signal transducer and activator of transcription
(STAT) activation. J Biol Chem 277:30716-30723.

Xu 'Y, Voorhees JJ, Fisher GJ. 2006. Epidermal growth
factor receptor is a critical mediator of ultraviolet
B irradiation-induced signal transduction in
immortalized human keratinocyte HaCaT cells.
Am J Pathol 169:823-830.

Zhao Q, Simpson LG, Driscoll KE, Leikauf GD. 1998.
Chemokine regulation of ozone-induced neutrophil
and monocyte inflammation. Am J Physiol 274(1 Pt
1):L39-L46.

236

VOLUME 123 | NumBER 3 | March 2015 - Environmental Health Perspectives



