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Abstract: Etiological evidence demonstrates that there is a significant association between
cigarette smoking and chronic airway inflammatory disease. Abnormal expression of placental
growth factor (PIGF) has been reported in COPD, and its downstream signaling molecules have
been reported to contribute to the pathogenesis of airway epithelial cell apoptosis and emphysema.
However, the signaling mechanisms underlying cigarette smoke extract (CSE)-induced PIGF
expression in airway microenvironment remain unclear. Herein, we investigated the effects of
reactive oxygen species (ROS)-dependent activation of the mitogen-activated protein kinase
(MAPK) (extracellular signal-regulated kinase1/2 [ERK-1/2])/early growth response-1 (Egr-1)
pathway on CSE-induced PIGF upregulation in human bronchial epithelium (HBE). The data
obtained with quantitative reverse transcription polymerase chain reaction, Western blot,
enzyme-linked immunosorbent assay (ELISA) and immunofluorescence staining analyses
showed that CSE-induced Egr-1 activation was mainly mediated through production of ROS
and activation of the MAPK (ERK-1/2) cascade. The binding of Egr-1 to the PIGF promoter
was corroborated by an ELISA-based DNA binding activity assay. These results demonstrate
that ROS activation of the MAPK (ERK-1/2)/Egr-1 pathway is a main player in the regulatory
mechanism for CSE-induced PIGF production and that the use of an antioxidant could partly
abolish these effects. Understanding the mechanisms of PIGF upregulation by CSE in the airway
microenvironment may provide rational therapeutic interventions for cigarette smoking-related
airway inflammatory diseases.

Keywords: cigarette smoke, reactive oxygen species, airway epithelium, placental growth
factor, extracellular signal-regulated kinase1/2, early growth response-1

Introduction

Epidemiologic data link cigarette smoking to many pulmonary disorders such as COPD
and chronic bronchitis.!? Cigarette smoke (CS) contains >4,000 different kinds of
constituents, including a mass of toxic oxidants.** Airway epithelial cells are directly
exposed to CS and serve as a major target of oxidative stress.® Activation of the airway
epithelium by oxidative stress is identified as an important pathologic process linking
to chronic airway inflammatory disease.®’

Placental growth factor (PIGF) is a member of the vascular endothelial growth
factor (VEGF) family, which is composed of VEGF-A, VEGF-B, VEGF-C, VEGF-D
and VEGF-E.® PIGF-deficient mice develop normally, suggesting that PIGF is dis-
pensable for development and health;” however, it has been associated with tissue
ischemia, malignancy, inflammation and multiple other diseases.!*'? In fact, increased
expression of PIGF has been observed in the serum and bronchoalveolar lavage fluid
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(BALF) of patients with COPD.!* Moreover, the overex-
pression of PIGF in the lungs of mice has been shown to
cause emphysema due to type II pneumocyte autophagy
and apoptosis.'* Conversely, knocking-out PIGF protects
mice against elastase-induced pulmonary emphysema.'
These phenotypes suggest a potential role for PIGF in the
development of COPD and emphysema. However, the
mechanism responsible for the CS-induced production and
secretion of PIGF in pulmonary microenvironment remains
to be determined.

In this study, we investigated the molecular mechanisms
by which cigarette smoke extract (CSE) induced PIGF
expression in human bronchial epithelium (HBE). We used
HBE cells as a model and prepared CSE to imitate the situ-
ation of human smoking in the airway. Our data suggested
that CSE-induced Egr-1 activation was mainly mediated
through reactive oxygen species (ROS)-dependent activation
of the mitogen-activated protein kinase (MAPK) (ERK-1/2)
cascade and binding of Egr-1 to PIGF promoter. These results
demonstrate that activation of an ROS, MAPK (ERK-1/2),
Egr-1 cascade is the main player in the regulatory mechanism
for CS-induced PIGF production and that pretreating cells
with N-acetyl-L-cysteine (NAC) could partly abolish this
effect. Our research advances our knowledge about the role
of PIGF, which may be recognized as a therapeutic target in
smoking-related airway inflammatory diseases.

Materials and methods

Cell lines and drug treatment

The human bronchial epithelial cell line (16-HBE) was
obtained from a cell bank (American Type Culture Collection
[ATCC], Manassas, VA, USA) and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% fetal bovine
serum (FBS) (Thermo Fisher Scientific), 2 mM glutamine,
100 U/mL penicillin and 100 pg/mL streptomycin (Thermo
Fisher Scientific). 16-HBE cells were grown at 37°C, 95%
humidity and 5% CO, condition. Prior to incubation with or
without CSE, the cells were pretreated with 10 uM U0126
(Cell Signaling, Beverly, MA, USA) or 0.1 mM NAC
(Sigma-Aldrich Co., St Louis, MO, USA) for 2 h.

CSE preparation

We prepared fresh CSE before each experiment as previously
described!® with a slight modification. Briefly, one commer-
cial filtered cigarette (Marlboro, each containing 1.3 mg of
nicotine and 15 mg of tar according to the manufacturer’s

report) was bubbled into a flask containing 10 mL of
preheated Roswell Park Memorial Institute-1640 medium;
this medium was defined as 100% CSE, adjusted to pH 7.4
and filtered through a 0.22-um filter. The concentration of
CSE was calculated by measuring the optical density (OD)
at a wavelength of 320 nm using a DU800 Spectrophoto-
meter (Beckman Coulter, Inc., Brea, CA, USA). The pattern
of absorbance among a series of CSE solutions prepared in
this manner revealed few differences, and the mean OD of
the different batches was 1.42+0.13.

Cell viability

Cell viability was evaluated with Cell Counting Kit-8
(CCK-8; Dojindo, Tokyo, Japan) according to the manufac-
turer’s instructions. Briefly, 16-HBE cells were plated in the
96-well plates (5x103 cells per well) and incubated for 24 h.
CSE was introduced to cells with different test concentra-
tions (3%, 6%, 9%, 12% and 15%). Untreated cells served
as the control. After 24 h, 48 h and 72 h treatments, the cells
were washed twice with phosphate-buffered saline (PBS).
In all, 20 uL of CCK-8 solution was added to each well of
the plate and incubated for a further 1 h at 37°C. The OD
of each well at 450 nm was recorded on a microplate reader
(Thermo Fisher Scientific).

Real-time quantitative reverse
transcription polymerase chain reaction
(qQRT-PCR)

Total RNA was isolated with TRIzol (Thermo Fisher
Scientific) according to the manufacturer’s protocol. Reverse
transcription was performed using RT? First Strand Kit
(Qiagen NV, Venlo, the Netherlands) on the Eppendorf
Mastercycler (Eppendorf AG, Hamburg, Germany). Quanti-
tative real-time RT-PCR was performed to quantify the target
genes expression using Ssoadvanced™ SYBR® Green Super-
mix (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
the Roche LightCycler 480 PCR system (Hoffman-La Roche
Ltd., Basel, Switzerland). The following PCR conditions were
used: 95°C for 2 min and then 40 cycles at 95°C for 10 sec
and 60°C for 30 sec. -Actin was used as the housekeeping
gene. The qRT-PCR primer sequences are as follows:!”!3
PIGF forward: 5’-TGTTCAGCCCATCCTGTGTC-3" and
reverse: 5-AGGAGCTGCATGGTGACATT-3’, Egr-1
forward: 5-CCGCAGAGTCTTTTCCTGAC-3" and reverse:
5’-AGCGGCCAGTATAGGTGATG-3’, and B-actin for-
ward: 5-GCAAGAGATGGCCACGGCTG-3’ and reverse:
5’-CCACAGGACTCCATGCCCAG-3".
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Protein extraction and immunoblot
analysis

Total protein from 16-HBE cells was extracted using ice-cold
radioimmunoprecipitation assay buffer supplemented with
1 mM phenylmethanesulfony! fluoride (PMSF) (Thermo Fisher
Scientific) or phosphatase inhibitor cocktail (Calbiochem, La
Jolla, CA, USA) for phosphoprotein. Cell lysates containing
equal amounts of protein (50 Lg) were separated by 10%
sodium dodecyl sulfate polyacrylamide gels and transferred
onto nitrocellulose membrane (Amersham, GE Healthcare,
Milano, Italy) using a Mini-Protean 2 electrophoresis system
(Bio-Rad Laboratories, Inc.). The membranes were blocked in
phosphate-buffered saline plus 0.1% Tween 20 (PBST; Sigma-
Aldrich Co.) containing 5% non-fat milk for 1 h and then incu-
bated with respective primary antibodies at 4°C overnight. The
antibodies used were rabbit monoclonal antibodies to Egr-1
(1:1,000; Abcam, San Diego, CA, USA), rabbit polyclonal anti-
bodies to PIGF (1:1,000; Abcam), rabbit polyclonal antibodies
to phospho- and total-p44/42 MAPK (ERK-1/2) (1:2,000;
Cell Signaling Technologies [CST], Danvers, MA, USA) and
rabbit polyclonal antibodies to glyceraldehyde 3-phosphate
dehydrogenase (1:10,000; Sigma-Aldrich Co.), followed by
incubation with horseradish peroxidase-conjugated anti-rabbit
(1:2,000; CST). After washing again with Tris buffered saline
with Tween (TBST), target bands were visualized using Immo-
bilon Western Chemiluminescent horse radish peroxidase
(HRP) Substrate (EMD Millipore, Billerica, MA, USA) and
detected using the GeneGnome Imaging System (Syngene,
Frederick, MD, USA). Band densities were quantified using
densitometry (Bio-Rad Laboratories, Inc.). All immunoblots
were repeated in triplicate.

Enzyme-linked immunosorbent assay
(ELISA)

The cells were treated with CSE at the previously described
doses for 2 h, followed by changing the media and a 4- to 24-h
recovery. Cellular supernatants were analyzed using a Human
PIGF Quantikine ELISA Kit (R&D Systems, Inc., Minneapo-
lis, MN, USA) according to the manufacturer’s protocols.

Immunofluorescent staining and confocal

microscopy

16-HBE cells were cultured on Lab-Tek-II chamber slides
(four or eight well; Thermo Fisher Scientific) and treated with
CSE, fixed with 4% paraformaldehyde in PBS for 20 min at
4°C and incubated with rabbit anti-Egr-1 or phospho-ERK-1/2
antibody (Abcam) at 4°C overnight, followed by Alexa Fluor

488 goat anti-rabbit IgG antibody (Thermo Fisher Scientific).
Fluorescence was detected with a Leica-TCS-SP confocal
microscope (Leica Microsystems, Wetzlar, Germany) and the
accompanying software Leica v2.6.1 (Leica Microsystems).

RNA interference

Two independent siRNAs for knockdown of Egr-1 and a
negative control siRNA (scRNA) were designed and syn-
thesized by Shanghai GenePharma Co., Ltd. (Shanghai,
China) and used in this experiment. Nucleotide sequences
for siRNAs used were as follows: Egr-1 siRNA-I,
5’-CAGUAUCAUCUCCAUCAUA-3’; Egr-1 siRNA-2,
5-GGUUACUACCUCUUAUCCA-3’ and negative control
siRNA, 5-CCUACGCCACCAAUUUCGU-3’. For transient
transfection of siRNA, 16-HBE cells were seeded in six-well
tissue culture plates and grown to 60%—70% confluence;
either Egr-1 siRNA or scRNA was transfected to cells using
lipofectamine RNAIMAX (Thermo Fisher Scientific), accord-
ing to the manufacturer’s protocols with the following minor
modifications. Briefly, scRNA or Egr-1 siRNA (150 nM) was
incubated with 8 UL of lipofectamine RNAiMAX reagent in
200 uL Opti-MEM (Thermo Fisher Scientific) for 20 min. The
siRNA mixtures were added to the 16-HBE cells in serum-
free medium and cultured at 37°C in a CO, incubator. After
24 h, the medium was replaced with growth medium and the
cells were used for CSE exposure experiments.

Egr-1 transcriptional activity assay

16-HBE cells were treated with CSE for 4 h and then the
NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit
(Thermo Fisher Scientific) was used to prepare nuclear
extracts. The BD Mercury TransFactor Kit (BD Biosciences,
San Jose, CA, USA) was used to measure Egr-1 transcrip-
tional activity following manufacturer’s protocols. In brief,
nuclear extracts (50 pg/mL) were added to incubation wells
precoated with the PIGF DNA binding sequences. After
incubating at room temperature for 1 h, blocking buffer was
used to wash redundant samples; bound transcription factors
in the wells were detected by rabbit anti-Egr-1 antibody
and then a HRP conjugated secondary antibody was added
to generate a color reaction. The enzymatic product was
measured on a microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA).

Measurement of intracellular ROS
Intracellular ROS levels were measured in intact 16-HBE cells
by the 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein
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diacetate (CM-H2DCFDA) assay using acetyl-ester (Molecular
Probes, Carlsbad, CA, USA) according to the manufacturer’s
instructions. In brief, cells were treated with NAC (10 mmol/L)
for 2 h, followed by addition of CSE (60 min); H,O, served
as a positive control. Then, cells were treated with 10 pmol/L
CM-H2DCFDA for 30 min at 37°C in darkness. The excess
probe was washed out. Fluorescence of chloromethyl-2’,7’-
dichlorodihydrofluorescein (CM-DCF; excitation/emission:
495/530 nm) was recorded by a microplate reader (BioTek
Instruments, Inc.). A superoxide dismutase (SOD) assay kit
(Cell Biolabs, Inc., San Diego, CA, USA) was also used to
detect the activity of SOD in intact 16-HBE cells according
to the manufacturer’s instructions.

Statistical analysis

Data were presented as mean = standard error of the mean
from triplicate independent experiments. An unpaired Stu-
dent’s t-test or Mann—Whitney U test was used for two-group
comparisons and one-way analysis of variance (ANOVA)

>

Relative expression
of PIGF

CTL 6% CSE 9% CSE 12% CSE

CSE CTL 6% 9% 12%

GAPDH

PIGF/GAPDH
(fold change)

12% CSE

CTL 6% CSE

9% CSE

Figure | (Continued)

was used for multiple-group comparisons. Statistical analyses
were performed using GraphPad Prism version 5.0 (GraphPad
Software, Inc., La Jolla, CA, USA). A P-value <0.05 was
considered as statistically significant.

Results
CSE induces PIGF mRNA, protein
expression and release from human

bronchial epithelial cells

Like other growth factors of the VEGF family, PIGF is syn-
thesized and released to activate target cells.'” To explore the
impact of CSE on PIGF expression, 16-HBE cells were stimu-
lated by the indicated concentrations of CSE. Subsequently,
the media samples and cells were collected, and the mRNA,
protein and secretion of PIGF were assessed by quantitative
polymerase chain reaction (QPCR), Western blot and ELISA,
respectively (Figure 1A, C and E). The results from these
experiments demonstrated that CSE increased PIGF expres-
sion in a dose-dependent manner. When cells were exposed
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Figure | CSE increases PIGF expression and secretion in |6-HBE cells.

Notes: Cells were treated with or without CSE at the designed concentrations and time intervals. Media samples and cells were collected and the mRNA, protein and
secretion of PIGF was assessed by qPCR (A and B), Western blot (C and D) and ELISA (E and F). Cell viability was assessed by CCK-8 assay (G). All experiments were

repeated in triplicate. *P<0.05.

Abbreviations: CSE, cigarette smoke extract; PIGF, placental growth factor; HBE, human bronchial epithelium; qPCR, quantitative polymerase chain reaction; ELISA, enzyme-
linked immunosorbent assay; CCK, Cell Counting Kit-8; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CTL, control.

to low concentration (6%) of CSE, PIGF upregulated slightly,
while high concentration (12%) of CSE increased PIGF
expression significantly compared to the control. A time-
dependent effect of PIGF production was also observed after
CSE stimulation (Figure 1B, D and F). ELISA assay showed
that PIGF release significantly increased when 16-HBE cells
were exposed to CSE (12%) for 8 h (Figure 1C). At this
time, we examined the cell viability by CCK-8 assay, and the
absorbance had no significant difference from 16-HBE cells
after exposure for 8 h to 12% CSE (1.09£0.04), compared
with untreated cells (1.19+0.06). However, we observed a
significant decrease in absorbance at a higher concentration
(15%) of CSE (0.71£0.06; Figure 1G).

CSE increases Egr-1 expression, nuclear
translocation and transcriptional activity
in 16-HBE cells

Subconfluent, quiescent 16-HBE cells were first treated with
increasing concentrations (3%—12%) of CSE. Exposure to
CSE dose dependently increased Egr-1 mRNA and total

protein levels (Figure 2A and C). Time-course analysis
demonstrated that 12% CSE increases Egr-1 expression on
both mRNA and protein levels (Figure 2B and D) within 4 h,
which gradually declined to baseline after 8 h. Consistent
with this, nuclear localization of Egr-1 was detectable within
15 min (Figure 1E) in CSE-treated cells. These results dem-
onstrate that CSE induces Egr-1 upregulation and increases
its nuclear translocation. At the same time, we measured the
PIGF promoter binding activity of Egr-1 using the nuclear
extracts prepared from CSE-treated 16-HBE cells. Compared
with untreated control 16-HBE cells, CSE significantly
increases Egr-1 binding to its consensus oligonucleotide
sequence in a dose-dependent manner (Figure 2F).

Egr-1 siRNA inhibits CS-stimulated PIGF

production

Next, we use two independent small-interfering RNAs
(Egr-1 siRNAs) to examine the role of Egr-1 in CS-
mediated PIGF induction in 16-HBE cells. In our findings,
Egr-1 siRNAs significantly silence Egr-1 expression at the
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Figure 2 CSE increases of Egr-1 expression, nuclear accumulation and transcriptional activity in 16-HBE cells.

Notes: Cells were treated with or without CSE at the designed concentrations (3%, 6%, 9%, 12%) and time intervals (I h, 2 h, 4 h, 8 h, 16 h). Total RNA or whole
cell lysates were collected, and the expression of Egr-|1 was assessed by qPCR (A and B) and Western blot (C and D). Nuclear localization of Egr-1 was examined by
immunofluorescence staining (E). Dose—response of the transcriptional activity of Egr-1 was assayed with nuclear extracts using the BD Mercury TransFactor kit (F). All
experiments were repeated in triplicate. *P<<0.05.

Abbreviations: CSE, cigarette smoke extract; Egr-1, early growth response-I; HBE, human bronchial epithelium; qPCR, quantitative polymerase chain reaction;

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CTL, control.

mRNA level (Figure 3A) and protein level (Figure 3B) in
16-HBE cells, compared with scRNA, in response to the
12% CSE treatment. Furthermore, upon exposure to 12%
CSE, 16-HBE cells transfected with Egr-1 siRNA exhibited

reduced PIGF mRNA (Figure 3C) and protein (Figure 3D)
expression. The maximum (60%) decline in PIGF levels was
detected in 16-HBE cells transfected with 150 nM Egr-1
siRNA-2 (Figure 3C and D). Importantly, the inhibitory
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showed a significant downregulation in Egr-| mRNA (A), Egr-1 protein (B), PIGF mRNA (C) and PIGF protein (D). All experiments were repeated in triplicate. *P<<0.05.
Abbreviations: Egr-1, early growth response-|; CSE, cigarette smoke extract; PIGF, placental growth factor; HBE, human bronchial epithelium; GAPDH, glyceraldehyde

3-phosphate dehydrogenase; CTL, control.

effect of sScRNA was not been observed on CSE-induced
PIGF expression.

ERK-1/2 contributes to CSE-induced

Egr-1 and PIGF expression

MAPKSs, such as ERK-1/2, are involved in growth and
survival and can be activated by growth factors or oxidative
stress.'”? Therefore, the impact of CSE on phosphorylation
of this protein was first measured. CSE rapidly induced
phosphorylation of ERK-1/2 within 5 min, which declined to
basal levels by 120 min (Figure 4A). Nucleus accumulation of
phospho-ERK-1/2 was found within 5 min and sustained up
to 120 min later (Figure 4B and C). U0126, an inhibitor of the
ERK-1/2, inhibited not only CSE-induced Egr-1 upregulation
but also PIGF expression (Figure 4D). Collectively, these
data demonstrate that ERK-1/2 contributes to CSE-induced
Egr-1 and PIGF expression.

CSE-induced cellular ROS causes ERK-1/2

activation and Egr-1 upregulation
CSE has been reported to be a potent inducer of oxidative
stress.? Therefore, a CM-H2DCFDA assay was used to examine

the impact of CSE on cellular ROS contents in 16-HBE cells.
CM-H2DCFDA is non-fluorescent, but in the presence of ROS,
when this reagent is oxidized, it becomes green fluorescent and
could act as an indicator of oxidative stress levels. When CSE
was added to cells, the DCF fluorescence surged immediately
and continued linearly for at least 1 h (Figure 5A). At 60 min,
the DCF fluorescence induced by CSE had increased ~12-fold
over baseline, whereas the fluorescence intensity was only
6.5-fold for cells treated with a known inducer of oxidative
stress, H,O, (100 umol/L).”" Similar results were obtained
from an SOD assay. Pretreatment of cells with the antioxidant
NAC significantly reduced the CSE-induced increase in DCF
fluorescence (Figure 5A). NAC also partly inhibited CSE-
induced ERK-1/2 phosphorylation as well as the induction of
Egr-1 and PIGF mRNA (Figure 5B and C). Taken together,
our results demonstrate that CSE induces a surge in cellular
ROS levels, and the ensuing oxidative stress increases Egr-1
and PIGF expression via activation of ERK-1/2.

Discussion
Our study is the first to demonstrate that ROS-dependent
activation of the MAPK (ERK-1/2)/Egr-1 pathway positively
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Figure 4 CSE increases the phosphorylation and nuclear translocation of the ERK-1/2 in 16-HBE cells.

Notes: Cells were exposed to CSE (0-240 min), and cell lysates was subjected to Western blot analysis for ERK-1/2 phosphorylation measurement (A and B). Nuclear
accumulation of phospho-ERK-1/2 in CSE-treated cells (0-60 min) was detected by immunofluorescence staining (C). Cells were pretreated with U0126 (10 umol/L, | h) and
then CSE was added (4 h). Egr-1 and PIGF levels were examined by Western blot analysis (D). All experiments were repeated in triplicate. *P<<0.05 compared with normal
control; #P<<0.05 compared with CSE treated control.

Abbreviations: CSE, cigarette smoke extract; ERK-1/2, extracellular signal-regulated kinasel/2; HBE, human bronchial epithelium; Egr-1, early growth response-I;
PIGF, placental growth factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CTL, control.
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control.

regulates CSE-induced PIGF production and secretion in
airway epithelia. We demonstrated that CSE specifically
induced Egr-1 protein activation and nuclear translocation in
16-HBE cells and that by specifically inhibiting Egr-1, using
siRNA or ERK, with the chemical inhibitor U0126, we could
significantly inhibit CSE-induced PIGF mRNA and protein
production. We also showed that the antioxidant NAC could
partly abolish the ERK-1/2 and Egr-1 mediated activation of
CSE-induced PIGF production.

CS contains >4,000 different chemical components,
including oxidant compounds, and it is the main etiological
factor contributing to COPD.?? Inhalation of CS is thought
to lead to widespread oxidative damage that is capable of

extending through the airways and lung parenchyma.”?
Correlative studies have demonstrated that the expression
of both VEGF and its receptor is decreased in lung tissue
of patients with COPD.?* Moreover, CS is known to
disrupt components of VEGF and its receptor VEGFR2/
FLK1, which results in the expression levels of VEGF and
VEGFR2/FLK1 decrease significantly in the lungs of rats
and human beings.*

In this article, we investigated the role of PIGF in
cigarette-related disease development. Previously, PIGF was
implicated in tissue ischemia, inflammation, malignancy,
eclampsia and multiple other diseases,?® but its role in
cigarette-related diseases is not well known. For example,
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one study found that PIGF levels significantly elevate in
serum and BALF of COPD patients and negatively relate
with forced expiratory volume in 1 sec.! In a separate study
from the same group, it was discussed that the neutrophil’s
elastic protease (pig pancreas) could increase the expression
of PIGF and induce lung epithelial cell apoptosis.?” However,
neither study addressed whether CS could directly stimulate
PIGF overproduction in human airway epithelial cells. In
our findings, CSE directly increased PIGF (both mRNA
and protein levels) expression and secretion from bronchial
epithelial cells in a dose- and time-dependent manner. This
observation is consistent with a report from Li et al®® that
CS induced oxidative stress, autophagy, apoptosis and
emphysema-related PIGF in the rats. Our data suggest that
overproduction of PIGF induced by CS may play a poten-
tial role in the development of cigarette smoking-related
pulmonary diseases.

Egr-1 is a zinc finger containing transcription factor and is
known as an immediate early response protein that is rapidly
induced in multiple cells by a broad spectrum of extracellular
stimuli and environmental signals.?” Once activated, Egr-1
will translocate to the nucleus and activate the expression
of its downstream genes, which participate in all sorts of
biological processes, such as proliferation, differentiation,
apoptosis and survival.’*® Notably, Egr-1 has been found to
upregulate in the lung tissues of COPD patients who were
smokers.>! However, the specific role of Egr-1 in smoking-
related diseases is not well illuminated. A conserved Egr-1
binding site is found near the PIGF promoters of mouse and
human genomes.*** Hou et al?’ reported that neutrophil
elastase induced PIGF expression through promoting Egr-1
transcriptional activity. Our results demonstrate that CSE
can induce Egr-1 expression, nuclear translocation and
transcriptional activity in 16-HBE cells. Moreover, PIGF
expression was significantly inhibited by Egr-1 siRNA. Our
results forcefully suggested that Egr-1 is activated by CS to
promote the transcription of PIGF.

It has been reported that MAPK is activated in the
pathological process of chronic airway inflammatory disease,
such as inflammatory factor and matrix metalloproteinases
expression, mucus overproduction and airway remodeling.*
The MAPK (ERK-1/2) pathway has also been implicated
in Egr-1-mediated transcriptional events that are associated
with tumor angiogenesis.’ The present study reveals that
CSE-induced PIGF expression is mainly mediated by the
MAPK (ERK-1/2) pathway based on our following find-
ings: first, CSE rapidly induced ERK-1/2 phosphorylation
and increased its nuclear ingression (Figure 4A and B) and

Airway epithelial cell

(Rost)

(ERK-1/21)

Nucleus — — —_
PIGF Promoter

Figure 6 A schematic representation depicting the ROS/ERK/Egr-1 axis involved in
CSE-induced PIGF expression in airway epithelial cells.

Abbreviations: ROS, reactive oxygen species; ERK, extracellular signal-regulated
kinase; Egr-1, early growth response-|; CSE, cigarette smoke extract; PIGF, placental
growth factor; HBE, human bronchial epithelium; NAC, N-acetyl-L-cysteine.

second, ERK-1/2 inhibitor U0126 inhibited CSE-induced
Egr-1 and PIGF upregulation (Figure 4C).

CS can generate toxic ROS, and ROS-mediated oxidative
stress and inflammation have been increasingly implicated in
chronic airway inflammatory diseases, including COPD.?’
In the present study, CSE induced intracellular ROS levels’
surge immediately, and the antioxidant NAC can inhibit this
ROS surge (Figure 5A and B). Consistent with this, CSE
increased ERK-1/2 phosphorylation as well as Egr-1 and PIGF
expression, were also partly abolished by NAC (Figure 5C
and D), indicating that ROS mediated the CSE-induced PIGF
expression. In this context, our results suggest that chronic
exposure to CS may destroy the intracellular balance of oxi-
dation and antioxidation and result in upregulation of many
mediators, including PIGF; increased airway inflammation;
cell apoptosis and emphysema development.

Conclusion

We showed that CSE stimulates nuclear translocation and
transcriptional activity of Egr-1 via ROS-dependent activa-
tion of the ERK-1/2 cascades, leading to an increase in PIGF
production. Based on our findings and previous observations,
we propose the following model for the molecular mechanisms
underlying CSE-induced PIGF expression in 16-HBE cells
(Figure 6). Collectively, these findings imply that ROS, ERK-
1/2, Egr-1 and PIGF might play a potential role in amplifying
airway inflammation and cigarette smoking-related diseases.
Pharmacological approaches that target the ROS/MAPK (ERK-
1/2)/Egr-1 system and their downstream signaling components
could yield useful therapeutic targets for these diseases.
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