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Previously, we found that bombesin receptor subtype 3 (BRS-
3) significantly increased in an ozone-stressed airway hyperres-
ponsiveness animal model and resulted in induced wound repair
and protection from acute lung injury. In the present study, we
determined molecular mechanisms of BRS-3 regulation in human
BECs (bronchial epithelial cells) in response to ozone stress. Ten
oligonucleotide probes corresponding to various regions of the
BRS-3 promoter were used in EMSA (electrophoretic mobility-
shift assays). Four were found to have an enhanced mobility shift
with extracts from ozone-stressed cells. On the basis of the assay
of mutated probes binding with extracts and antibody supershift,
they were verified as MTF-1 (metal-regulatory-element-bind-
ing transcription factor-1), PPARα (peroxisome-proliferator-
activated receptor α), AP-2α (activator protein 2α) and HSF-1
(heat-shock factor 1). Next, ChIP (chromatin immunoprecipi-
tation) assay, site-directed mutagenesis technology and antisense
oligonucleotide technology were used to observe these

transcription factors associated with the BRS-3 promoter. Only
AP-2α and PPARα increased ozone-inducible DNA binding on
the BRS-3 promoter and BRS-3 expression. The time courses of
AP-2α and PPARα activation, followed by BRS-3 expression,
were also examined. It was shown that ozone-inducible BRS-3
expression and AP-2α- and PPARα-binding activity correlated
over a 48 h period. The translocation of PPARα was observed by
immunofluorescence assay, which showed that PPARα nuclear
translocation increased after ozone exposure. Our data suggest
that AP-2α and PPARα may be especially involved in this ozone-
inducible up-regulation mechanism of BRS-3 expression.

Key words: activator protein 2α (AP-2α), airway hyperrespons-
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INTRODUCTION

Bombesin is a 14 amino acid peptide first isolated from frog skin in
1971 [1]. With the use of antibodies against amphibian bombesin,
BLP (bombesin-like peptide) immunoreactivity was identified
in mammalian brain, gut and lung [2]. The highest BLP levels
were observed in human fetal lung, localized to the pulmonary
neuroendocrine cells [3]. Two major pulmonary BLPs were sub-
sequently determined to be GRP (gastrin-releasing peptide) and
NMB (neuromedin B), which contribute to diverse biological
functions in the central nervous system and peripheral tissues,
including thermoregulation, satiety, control of circadian rhythm,
stimulation of gastrointestinal hormone release and macrophage
activation, which are important developmental effects and potent
growth effects [4–7]. To date, three mammalian bombesin-like
receptors have been cloned: GRP/bombesin-preferring receptor,
NMB receptor and the orphan bombesin receptor subtype-3
(BRS-3). These receptors are seven-transmembrane-spanning, G-
protein-coupled receptors primarily leading to the activation of
multiple cell signalling pathways [8–10].

Unlike GRP and NMB receptors, which have a widespread
distribution in the central nervous system and peripheral tissues,
the distribution of BRS-3 is more limited, having been identified in
secondary spermatocytes, pregnant uterus, certain brain regions,
human lung tissues, adipose tissue and epidermal cancer cell lines

[11–15]. Its expression level in the majority of normal tissues is
extremely low, whereas in the developing lung [4,16] and certain
lung carcinomas, it is high [17]. Although in a recent study, BRS-
3-deficient mice were reported to develop obesity and impaired
glucose metabolism [18], suggesting a role for BRS-3 in the
regulation of energy metabolism, there is very little known about
the biological function of BRS-3 activation. This is in great part
because the natural ligand of BRS-3 has not yet been identified.

In contrast, there is accumulating evidence that BLPs and their
receptors play an important role in pathological conditions of the
lung, including chronic inflammatory lung disease, lung cancer,
bronchopulmonary dysplasia and acute lung injury [19–21].
Furthermore, results from our previous experiments demonstrated
that the expression of BRS-3 mRNA was significantly up-regu-
lated in an ozone-stressed AHR (airway hyperresponsiveness)
animal model and resulted in wound repair and protection
from lung injury [22]. Thus these novel insights linked BRS-3
expression with mediating recovery from acute lung injury in
the AHR model, an important mechanism that is believed to be
significant in the pathophysiology of bronchial asthma.

We therefore felt prompted to gain further insight into the
regulation of BRS-3 gene expression in human BECs (bronchial
epithelial cells). Ten oligonucleotide probes covering all potential
nuclear-factor-binding sites were designed according to the
BRS-3 promoter and the nuclear factors involved in induced
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expression of BRS-3 in response to ozone were screened using
EMSA (electrophoretic mobility-shift assay), which were verified
by ChIP (chromatin immunoprecipitation). Further experiments
determined that PPARα (peroxisome-proliferator-activated
receptor α) and AP-2α (activator protein 2α) ASOs (antisense
oligonucleotides) or site-directed mutagenesis of PPARα- and
AP-2α-binding sites down-regulated ozone-induced BRS-3 over-
expression. Our data suggest that the effects of BRS-3 on the
recovery from acute lung injury in the AHR model are mediated,
at least in part, through transcription factor PPARα and AP-2α
recruitment.

MATERIALS AND METHODS

Chemicals

All chemicals were purchased from Sigma unless stated other-
wise. Modifying enzymes were from New England Biolabs.

Cell culture

Human BECs (derived from normal humans) and HLFs
(human lung fibroblasts) were incubated in DMEM (Dulbecco’s
modified Eagle’s medium)/Ham’s F12 (1:1) containing 100 IU/ml
penicillin, 100 µg/ml streptomycin and 10% (v/v) heat-inactiv-
ated FBS (fetal bovine serum) at 37 ◦C in an atmosphere con-
taining 5% CO2.

EMSA and supershift assay

After exposing cells to 1.5 p.p.m. ozone for 30 min under culture
conditions, nuclear extracts were prepared on ice with ice-cold re-
agents. The oligonucleotide probes used in EMSAs were designed
according to a computer-based search with the software Tran-
scription Element Search System (http://www.cbil.upenn.edu/cgi-
bin/tess/tess) encompassing putative binding sites in the BRS-3
promoter. Nuclear-extract-binding reactions were performed at
4 ◦C for 15 min using 10 µg of the extract and 1 µl of biotin-
labelled oligonucleotide (TaKaRa) in 20 µl of binding buffer.
Protein–oligonucleotide probe complexes were resolved using
native 5% polyacrylamide gels and run in 0.5× TBE (Tris/borate/
EDTA) buffer for 1 h, then transferred on to nitrocellulose mem-
branes. Protein–oligonucleotide probe complexes were detected
by Chemiluminescent Nucleic Acid Detection Module (Pierce).
For competition experiments, unlabelled competitor oligonu-
cleotides were pre-incubated at 100-fold excess with the labelled
probe. The nuclear factors in the retarded bands were verified
using the assay of mutated probes binding with extracts and
antibody supershift analysis.

Chromatin immunoprecipitation

Cells were formaldehyde-cross-linked for 10 min as described
previously [23]. For every 2 mg of protein extract processed for
ChIP, 10 µg of mouse IgG bound to Protein A–Sepharose (GE
Healthcare) was used to pre-clear for 1 h with rocking at 4 ◦C. The
extracts were immunoprecipitated with 1 µg of specific antibodies
or mouse IgG (Santa Cruz Biotechnology) by rocking overnight at
4 ◦C. Immunocomplexes were washed eight times as described in
[23], and the protein was degraded in digestion buffer at 56 ◦C
overnight and then incubated at 65 ◦C for 30 min. The DNA
was phenol/chloroform-extracted, and ethanol-precipitated. The
nuclear-factor-binding sites of BRS-3 were amplified by PCR
with the primers 5′-ACTTTGGGAGGCTGAGG-3′ (forward;
nucleotides −970 to −953) and 5′-TTCGGGTTCACTGG-
AC-3′ (reverse; nucleotides −625 to −609) (362 bp pro-
duct) for MTF-1 (metal-regulatory-element-binding transcription

factor-1) and PPARα sites of BRS-3; 5′-GGTCCCAAGATTCCC-
3′ (forward; nucleotides −320 to −305) and 5′-ATCCGT-
AACCTGCACT-3′ (reverse; nucleotides −74 to −58) (263 bp
product) for AP-2α and HSF-1 (heat-shock factor 1) sites of
BRS-3.

ASO design

Four ASOs were designed according to mRNA sequences of
MTF-1 (5′-GTCTGGACTGTGTTCCCCCAT-3′ against nucleo-
tides 1–21), PPARα (5′-TAACGGGCTCTCTAGATCGCC-3′

against nucleotides 19–39), AP-2α (5′-CAGCTGGGGCAACC-
GTGCCGT-3′ against nucleotides 55–72) and HSF-1 (5′-GGG-
GCCCACGGGCAGATCCAT-3′ against nucleotides 1–21). The
sequence of the nonsense oligonucleotide was 5′-TCTGGACT-
GTCCCCCATTTCT-3′ and all ASOs were synthesized (TaKaRa)
as 21-base phosphorothioate oligonucleotides. BECs were
transfected with an ASO and Lipofectin (Invitrogen) mixture for
4 h in serum-free DMEM, and then cultured in normal growth
media for 40 h. The effects of the ASOs were measured by EMSA
and Western blotting after ozone exposure for 30 min and further
culture for 4 h.

Western blotting

Samples of 50 µg of whole-cell lysates were used per lane for
Western blot analysis. Anti-AP-2α and anti-PPARα monoclonal
antibodies (Santa Cruz Biotechnology) were diluted at 1:500.
Horseradish-peroxidase-conjugated affinity-purified secondary
antibody (Boster) was used at a 1:2000 dilution.

Real-time PCR

RNA was extracted from BECs using TRIzol® reagent and reverse
transcription was performed with AMV (avian myelobastosis
virus) reverse transcriptase (Qiagen). PCR was then carried out
by using primers and Taqman probes, which were labelled at their
5′-end with the reporter dye FAM (5-carboxyfluorescein) and at
their 3′-end with the quencher TAMRA (6-carboxytetramethyl
rhodamine) (TaKaRa): 5′-GGCTCAAAGGCAGCCTCACT-3′

(forward; nucleotides 152–171), 5′-AGTCTTCAGGATGGCA-
TTGG-3′ (reverse; nucleotides 622–641) and 5′-FAM-TGCCA-
GTGGATGCAACTCAC-TAMRA-3′ for BRS-3, and 5′-CCAC-
TCCTCCACCTTTGAC-3′, 5′-ACCCTGTTGCTGTAGCCA-3′

and 5′-FAM-TTGCCCTCAACGACCACTTGTC-TAMRA-3′ for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Briefly,
2 µl (out of 20 µl) of the reverse-transcribed reaction mixture
was added to 50 µl of PCR mixture for 50 cycles. Each cycle
consisted of 94 ◦C for 10 s, 53 ◦C for 30 s and 72 ◦C for 40 s
using Taq polymerase. Negative controls consisted of an equal
volume of water substituted for the volume of RNA in the reverse
transcription reaction. Normalization of mRNA expression data
was achieved by comparing the copy numbers of target mRNAs
with that of human GAPDH mRNA for each run.

Site-directed mutagenesis

Genomic DNA was isolated from BECs and 1261 bp of the
5′-FR (flanking region) of BRS-3 was amplified by PCR with
the primers 5′-GGGGTACCCCAATGATGATTTTCATTCTT-
AAAAGTTCTTT-3 (forward; nucleotides –1261 to −1232; KpnI
site is underlined) and 5′-CTAGCTCGTTCTTCTGAAGACTGT-
GTCTTTAATATTTC-3′ (reverse; nucleotides –1 to −31; SacI
site is underlined). The PCR product was digested with KpnI and
SacI and ligated into the KpnI/SacI sites of plasmid pGL3-Basic
(Promega) resulting in the human BRS-3 promoter–luciferase
reporter pGL3/FR/luc. The authentic plasmid was verified by
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restriction enzyme mapping and direct DNA sequencing. Next,
mutants of four transcription-factor-binding sites were generated
in the luciferase reporter plasmid pGL3/FR/luc using mutated
primers and muta-directTM enzyme following the recommend-
ations of the manufacturer (TaKaRa). Mutants were selected by
mutazymeTM enzyme (TaKaRa) and the correct DNA sequence
was verified by direct DNA sequencing. Cells were transfected
using a mixture of Lipofectin, plasmid DNA and control plasmid
pSV-β-Gal (Promega), following the manufacturer’s instructions,
for 4 h in serum-free DMEM, and then cultured in normal growth
medium for 40 h. The cells were stressed by ozone for 30 min and
cultured for an additional 4 h before harvesting for measurement
of luciferase and β-gal (β-galactosidase) enzyme activities. Data
are expressed as luciferase activity normalized to β-gal expression
to standardize variations in transfection efficiency.

Immunofluorescence

The translocation of PPARα was assayed by immunofluorescence.
Cells were fixed for 1 h with 4% (w/v) formaldehyde in PBS
and permeabilized for 1 h with 4 % (w/v) formaldehyde/0.2%
(v/v) Tween 20 in PBS at room temperature (25 ◦C). Cells were
briefly rehydrated with 0.2% (v/v) Tween 20 in PBS before
blocking overnight in a solution containing 50% (v/v) FBS, 6%
(w/v) dried skimmed milk powder, 3% (w/v) BSA, 0.2% (v/v)
Tween 20 and 0.02% (w/v) sodium azide. Cells were incubated
with primary antibodies (Santa Cruz Biotechnology) overnight at
4 ◦C, and washed extensively with 0.2 % (v/v) Tween 20 in PBS
before and after incubation with secondary antibodies for 30 min
to 1 h at room temperature. Cells were mounted in 30% (v/v)
glycerol in PBS and analysed by fluorescence microscopy.

Statistical analyses

Numerical data were analysed using an unpaired Student’s t test.
Results are expressed as means +− S.D. P < 0.05 was considered
to be statistically significant.

RESULTS

Identification of transcription factors binding to the human
BRS-3 promoter region

Ten oligonucleotides were designed corresponding to putative cis-
regulatory binding sites in the BRS-3 promoter (Figure 1A) and
were used in EMSAs to determine transcription factor binding
in BECs. EMSAs with primers 1, 4, 8 and 10 that included
competition with 100-fold excess of unlabelled primers revealed
DNA–protein binding complexes as shown in Figure 1(B).

Therefore we analysed further the nature of protein binding to
these genomic DNA sequences represented in primers 1, 4, 8 and
10 by inducing specific mutations (Figure 1A) followed by EMSA
to investigate protein–DNA binding. Mutation A within the MTF-
1 consensus site in primer 1, but not mutation B, resulted in the
loss of the specific band (Figure 1C). Mutations C and D within
the putative RXRα (retinoid X receptor α) and RXRα/PPARα/
COUP (chicken ovalbumin upstream promoter)/T3R (tri-
iodothyronine receptor)-binding sites also resulted in the loss of
the specific band (Figure 1C), suggesting that the binding protein
complex may be RXRα or a RXRα–PPARα dimer. Of mutations
E, F and G in primer 8, only the mutation in the putative AP-
2α-binding site resulted in the loss of the specific retarded band
(Figure 1C). Of mutations H and I in primer 10, affecting the
consensus binding sites for c-Ets-2 and HSF-1 respectively, loss of
the specific band was detected only using mutation I (Figure 1C).

In additional supershift experiments with specific antibodies and
control antibody against those transcription factors identified in
EMSAs and mutational analysis, the four DNA-binding proteins
were characterized independently as zinc-finger MTF-1, RXRα–
PPARα (using an anti-PPARα antibody), AP-2α and HSF-1, as
demonstrated by supershifted specific DNA–protein complexes
(Figure 1C). Next, we investigated the four nuclear factors that
bound to BRS-3 promoters in vivo, with or without ozone stress,
using ChIP, which suggests an interaction between PPARα or
AP-2α and BRS-3 (Figure 2).

Inhibition of transcription factors and human BRS-3 expression
subsequent to ASO treatment

ASOs targeting the four transcription factors of interest were
designed, and treatment efficiency was assessed by EMSAs and
Western blotting. The results showed that all four ASOs caused
substantial reduction in protein expression levels and their DNA-
binding ability in ozone-stressed BECs, while the nonsense oligo-
nucleotide had no effect (Figure 3A).

Moreover, we determined human BRS-3 mRNA expression by
real-time PCR in BECs after ASO treatment. Results showed
that BRS-3 mRNA expression was significantly up-regulated
(approx. 50-fold) in ozone-stressed BEC (Figure 3B), whereas
pre-treatment with ASOs targeting PPARα and AP-2α yielded
significant reduction of ozone-stress-induced BRS-3 expression
(Figure 3B). Pre-treatment with ASOs targeting MTF-1 and HSF-
1 had no effect on BRS-3 expression in ozone-stressed BECs
and human BRS-3 expression under resting conditions was not
affected by pre-treatment with ASOs (Figure 3B).

Transcriptional regulation of human BRS-3 in BECs and HLFs

To test the biological effect of transcription factors MTF-1,
PPARα, AP-2α and HSF-1 binding to the human BRS-3 promoter
region, we cloned a 1261 bp fragment of the human BRS-3 5′-FR
(−1261/−1) into plasmid pGL3-Basic, yielding the human BRS-
3 promoter–luciferase reporter pGL3/FR/luc. By site-directed
mutagenesis of putative transcription-factor-binding sites within
pGL3/FR/luc, we generated mutants BM (mutation from G to A
at −758 of MTF-1 sites), BP (mutation from G to A at −615 of
PPARα sites), BA (mutation from C to T at −305 and −269
of AP-2α sites) and BH (mutation from T to G at −108 of
HSF-1 sites). Mutant BP + BA refers to plasmid pGL3/FR/luc in
which both PPARα and AP-2α sites were mutated. Under resting
conditions in transient transfection experiments, none of the tran-
scription-factor-binding site mutants in pGL3/FR/luc resulted in
any significant changes when compared with the plasmid harbour-
ing the wild-type genomic sequence (Figure 4). Results from
similar transfection experiments under ozone-stressed condi-
tions demonstrated robust 4-fold activation (P < 0.01) of the
human BRS-3 promoter–luciferase reporter in both BECs and
HLFs (Figure 4). Furthermore, using reporter plasmid mutants of
the AP-2α sites or PPARα sites (BA and BP) in BECs under ozone
stress a reduction in human BRS-3 promoter activity of almost
90% and 33% were detected when compared with promoter
activity under ozone stress respectively (P < 0.01; Figure 4A).
Plasmid BP + BA containing mutants of both AP-2α and
PPARα sites completely blocked the ozone-induced human BRS-
3 promoter activation, while reporter plasmid mutants of the
MTF-1 or HSF-1 sites (BM and BH) did not alter on the ozone-
stress-induced response (Figure 4). Similar experiments in HLFs
showed very similar results compared with BECs, albeit the
magnitude of reduction in ozone-stress-induced activation was
not as pronounced (Figure 4B).
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Figure 1 Screen of transcription factors binding to the human BRS-3 promoter region

(A) Depicted is the 781 bp DNA sequence of the human BRS-3 5′-FR. The translation start codon ATG is in bold and underlined. Probes 1–10 used for EMSA are indicated by underlined sequences.
Transverse lines represent possible nuclear-factor-binding sites in corresponding probes. The shaded residues represent the mutated sites in different mutated probes, which are listed alphabetically.
(B) Specific DNA–protein complex binding to the human BRS-3 promoter was demonstrated using probes 1, 4, 8 and 10 as competition with unlabelled primer significantly reduced binding intensity.
(C) Transcription factors MTF-1, PPARα, AP-2α and HSF-1 were identified as binding proteins to these four specific DNA sequences with EMSAs and supershift assays.

Time course of AP-2α, PPARα and human BRS-3 expression and
PPARα nuclear translocation

To delineate further the potential role of PPARα and AP-2α in
BRS-3 regulation in BECs, a 48 h time course of PPARα and AP-
2α DNA-binding activity and BRS-3 expression was examined
after 30 min of ozone stress using EMSA (with probes 1 and 4
respectively) and real-time PCR respectively. Nuclear transloca-
tion of PPARα was detected by immunofluorescence microscopy.
The results showed that the ozone-induced activation of PPARα
and AP-2α exhibited a biphasic pattern over a 48 h period
(Figure 5A). The first activation of AP-2α occurred within 30 min
of ozone exposure and had decreased at 4 h. The second activation
was observed 16 h after ozone exposure followed by decreased
activation at 48 h after exposure. A virtually identical PPARα
DNA-binding activation pattern, albeit slightly lagging behind the
one of AP-2α, was observed after ozone exposure (Figure 5A).

Meanwhile, BRS-3 mRNA expression as measured by real-time
PCR also followed precisely this biphasic pattern of PPARα and
AP-2α activation. A gradual increase of human BRS-3 expression
occurred until it reached a first peak of an approx. 50-fold
increase over resting conditions at 2 h, and the second peak of
approx. 70-fold increase was detectable 24 h after ozone exposure
(Figure 5B). Using a PPARα-specific antibody, we demonstrated
further that PPARα nuclear translocation occurred as early as
30 min after ozone exposure in BECs and HLFs (Figure 5C). The
translocation effects induced by ozone can be blocked by PPARα
ASO, indicating independently its activation via ozone exposure.

DISCUSSION

There is a growing body of experimental and clinical evidence
that BLPs play an important role in normal lung development and
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Figure 2 ChIP of four nuclear factors bound to the human BRS-3 gene

Cross-linked chromatin prepared from resting BECs or ozone-stressed BECs was
immunoprecipitated with four kinds of specific antibodies or non-immune IgG as indicated.

Figure 3 Inhibition of transcription factors and human BRS-3 expression
subsequent to ASO treatment

(A) The protein expression levels of MTF-1, PPARα, AP-2α and HSF-1 in ozone-stressed
BECs were assessed by Western blotting (left-hand panel) and the DNA-binding activity by
EMSA (right-hand panel) with and without ASO treatment. NSO, nonsense oligonucleotide.
(B) Human BRS-3 mRNA expression was significantly induced by ozone exposure. The inducible
expression was substantially reduced after ASO treatment specifically targeting PPARα and
AP-2α. Results are means +− S.D. for four experiments. **P < 0.01 compared with resting BEC
group; ##P < 0.01 compared with ozone-stressed BEC group without ASO treatment.

Figure 4 Transcriptional activation of the human BRS-3 promoter–
luciferase reporter in BECs (A) and HLFs (B)

Results are means +− S.D. relative luciferase activities (normalized to β-gal) from at least five
independent transient transfection experiments each performed in triplicate. Mutations BA,
BP and BP + BA, but not BM and BH, of the pGL3/FR/luc reporter resulted in reduction of
ozone-induced BRS-3 promoter activation (**P < 0.01 compared with pGL3/FR/luc under
resting conditions; ##P < 0.01 compared with wild-type pGL3/FR/luc under ozone-stressed
conditions).

in several pathological conditions in the lung, and the results of
our previous experiments showed that the expression of BRS-3
mRNA resulted in wound repair and protection from lung injury
[22], so there is significant academic value and clinical application
prospects to determine the regulation and control mechanisms of
BRS-3 gene expression.

The human BRS-3 gene is located at Xq26-q28 and contains
a 1.261 kb 5′-FR and three exons. Transcription factors tightly
regulate gene expression in response to intra- and extra-cellular
stimuli, and they often play a central role in determining the cell
fate. In the present study, ten oligonucleotide probes correspond-
ing to various regions of the BRS-3 promoter were designed,
and the spectrum of potential nuclear factors involved in induced
expression of BRS-3 in response to ozone were screened using
EMSA. The ChIP assay, ASO assay and promoter-reporter assay
demonstrated that AP-2α and PPARα are involved in the ozone-
inducible BRS-3 transcriptional regulation in BECs. Similar
experiments in HLFs showed very similar results compared with
those in BECs, indicating these findings are not limited to BECs.

AP-2 consists of a family of five isoforms designated AP-
2α, AP-2β, AP-2γ , AP-2δ and AP-2ζ , with a unique modular
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Figure 5 Time course of human BRS-3 mRNA expression and DNA–protein
binding activities of AP-2α and PPARα

(A) The time course of AP-2α and PPARα DNA binding to BRS-3 promoter sequence under
ozone stress was determined by EMSA. (B) Expression of human BRS-3 mRNA was assayed
by real-time PCR. Results are means +− S.D. for four independent experiments. (C) Nuclear
translocation of PPARα after ozone exposure in BECs was demonstrated by immunofluorescence.
Magnification ×400.

structure consisting of an N-terminal proline- and glutamine-rich
transactivational domain and a complex helix–span–helix motif
which is necessary and sufficient for dimerization and site-specific
DNA binding [24–26]. AP-2 mediates transcriptional activation
in response to two signal transduction pathways: the phorbol
ester/diacylglycerol-inducible protein kinase C pathway and the
cAMP-dependent protein kinase A pathway [25]. The expression
of AP-2α is associated with the embryonic differentiation and
cancer [27,28]. Also, AP-2α has been shown to regulate neuro-
peptide receptors [29,30] and neuropeptide genes [31,32]. How-
ever, the activation and translocation of AP-2α remained unclear.
PPAR is a ligand-activated transcription factor and a member of
the nuclear hormone receptor superfamily [33]. PPAR modulates

target gene expression in response to ligand activation after hetero-
dimerization with retinoid X receptor and binding to peroxisome-
proliferator-responsive elements [33]. Three different PPAR
isoforms, each encoded by distinct genes, have been identified
and designated PPARα, PPARβ and PPARγ [33]. The functional
activity of PPAR and its translocation from plasma into the
nucleus were modulated by phosphorylation [34]. Accumulating
evidence supports a link between PPARα and diabetes, obesity,
dyslipidaemia and inflammation [35,36]. In the present study,
we observed that PPARα translocation increased after 30 min
of ozone exposure, indicating that PPARα may modulate BRS-3
expression under ozone stress. Through further studies, we found
that ozone-inducible AP-2α and PPARα activation exhibited
a biphasic pattern during a 48 h observation period and the
expression of BRS-3 mRNA was consistent with PPARα and
AP-2α activation, indicating that AP-2α and PPARα jointly
regulate the expression of BRS-3 in response to ozone. However,
how the early signals are transmitted to AP-2α and PPARα
and how the early signal molecules assemble with AP-2α and
PPARα in response to ozone require further studies.

In conclusion, the present study demonstrates that robust tran-
scriptional BRS-3 up-regulation occurs during acute ozone-
induced AHR and is mediated at least in part by ozone-induced
recruitment of PPARα and AP-2α to the human BRS-3 promoter,
thereby ameliorating the effects of acute lung injury.

This work was supported by grant #30470755 from National Natural Science Foundation
of China and grant #04JJ3095 from Hunan Natural Science Foundation.
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