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Abstract
Neutrophil elastase (NE), a potent neutrophil inflammatory mediator, increases MUC5AC mucin
gene expression through undefined pathways involving reactive oxygen species. To determine the
source of NE-generated reactive oxygen species, we used pharmacologic inhibitors of
oxidoreductases to test whether they blocked NE-regulated MUC5AC mRNA expression. We found
that dicumarol, an inhibitor of the NADP(H) quinone oxidoreductase 1 (NQO1), inhibited MUC5AC
mRNA expression in A549 lung adenocarcinoma cells and primary normal human bronchial
epithelial (NHBE) cells. We further tested the role of NQO1 in mediating NE-induced MUC5AC
expression by inhibiting NQO1 expression using siRNA. Transfection with short interfering RNA
(siRNA) specific for NQO1 suppressed NQO1 expression and significantly abrogated MUC5AC
mRNA expression. NE treatment caused lipid peroxidation in A549 cells; this effect was inhibited
by pretreatment with dicumarol, suggesting that NQO1 also regulates oxidant stress in A549 cells
following NE exposure. NE exposure increased NQO1 protein and activity levels; NQO1 expression
and activity were limited to the cytosol and did not translocate to the plasma membrane. Our results
indicate that NQO1 has an important role as a key mediator of NE-regulated oxidant stress and
MUC5AC mucin gene expression.
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Introduction
Cystic fibrosis (CF), one of the most common fatal hereditary disorders among Caucasians
[1], and chronic bronchitis (CB) [2], are characterized by chronic mucus obstruction and severe
neutrophilic inflammation in the airways. Expression of MUC5AC, a major secreted, gel-
forming respiratory tract mucin, is closely linked to goblet cell metaplasia and mucus
hypersecretion [3]. Therefore, regulation of MUC5AC is a critical component of the
pathogenesis of mucus overproduction in CF and CB.

Neutrophils release neutrophil elastase (NE), a serine protease present in abnormally high
concentrations in the lungs of patients with CF and CB [4,5]. NE contributes to CF and CB
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pathology by inducing goblet cell metaplasia [6,7], triggering mucin secretion [8-10], and
increasing mucin mRNA and glycoprotein expression [11-13]. Results from this laboratory
have shown that in airway epithelial cells, NE upregulates MUC5AC gene expression by
increasing mRNA stability [11]. In addition, dimethylthiourea, a broad spectrum scavenger of
free radicals, and desferrioxamine, an iron chelator, attenuate NE-induced MUC5AC
expression. [14]. These data suggest that reactive oxygen species (ROS) mediate NE-induced
MUC5AC expression; however, the source of ROS remains unknown.

There are several candidate pro-oxidant enzymes that may be induced by NE. NE is known to
increase the conversion of xanthine dehydrogenase to xanthine oxidase in endothelial cells
[15]. Aoshiba et. al. have also shown in epithelial cells that NE increases production of ROS
via mitochondrial sources [16]. Duox1, a homologue of the gp91phox subunit of NADPH
oxidase, has been shown to be highly expressed in epithelial cells of large airways. In cultured
normal human bronchial epithelial cells (NHBE), Duox1 activity generates hydrogen peroxide
[17], at the apical cell surface. Our report focuses on another oxidoreductase, NAD(P)
H:quinone oxidoreductase 1 (NQO1, EC 1.6.99.2), which is highly expressed in the lung
[18]. NQO1 uses either NADH or NADPH as a reducing cofactor to catalyze the obligate two-
electron reduction of quinones to hydroquinones [19]. Depending on the type of hydroquinone
formed, reduction by NQO1 can result in a more stable product or a redox-labile product that
is able to form ROS [20]. Therefore, NQO1 is a potential source of NE-induced oxidant stress.
Importantly, NQO1 has recently been linked epidemiologically to pulmonary susceptibility to
ozone in healthy individuals [21], and to childhood asthma in Mexico city [22], suggesting that
NQO1 may have important functions in the lung. In this report, we evaluate the role of NQO1
in mediating MUC5AC mRNA expression and oxidant stress in airway epithelial cells.

Materials and Methods
Reagents

A549 cells (CCL-185) were obtained from ATCC (Rockville, MD). Ham's F-12 and F12K
media, minimal essential medium (MEM), phenol red-free Dulbecco's modified eagle medium
(DMEM), Opti-MEM, non-essential amino acids, sodium pyruvate, fetal bovine serum (FBS),
penicillin, streptomycin, trypsin-EDTA, phosphate buffered saline (PBS), bovine serum
albumin (BSA), and Trizol were from Gibco/Invitrogen (Carlsbad, CA). 6-well Transwell clear
chambers (24 mm diameter) were from Corning Costar (Corning, NY). Neutrophil elastase
(875 U/mg protein) was from Elastin Products, Co. (Owensville, MO). Nylon filter (Nytran
plus) was from Schleicher and Schuell (Keene, NH). X-Omat AR film was purchased from
Kodak (Rochester, NY). [α-32P]dCTP, [γ-32P]ATP, horseradish peroxidase-conjugated sheep
anti-mouse IgG secondary antibody, and the enhanced chemiluminescence (ECL) developing
reagent ECL Plus were from Amersham Biosciences/GE Health Care (Piscataway, NJ).
Biospin columns, sodium dodecyl sulfate, DC Protein Assay Kit, 12% Tris-HCL ready gels,
Mini-PROTEAN 3 system, Precision Plus Kaleidoscope ladder and nitrocellulose membrane
were from Bio-Rad Laboratories (Hercules, CA) and cesium chloride from ICN/MP
Biomedicals (Costa Mesa, CA). Monoclonal mouse anti-E-cadherin IgG was from BD
Biosciences (San Jose, CA). Polyclonal goat anti-NQO1 antibody and horseradish peroxidase-
conjugated bovine anti-goat secondary antibody used for A549 westerns were from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal goat anti-NQO1 antibody and horseradish
peroxidase-conjugated rabbit anti-goat secondary antibody used for primary normal human
bronchial epithelial (NHBE) cell westerns were from Abcam (Cambridge, MA). Monoclonal
anti-β-actin antibody was from Sigma Chemical Co. (St. Louis, MO). TaqMan gene expression
assays for MUC5AC, NQO1 and 18s ribosomal RNA control, 2X universal PCR master mix,
RNase inhibitor and MultiScribe reverse transcriptase were from Applied Biosystem (Foster
City, CA). Lactate dehydrogenase assay was from Promega Corp. (Madison, WI). siPort Amine
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was from Ambion Inc. (Austin, TX). Short interfering RNA (siRNA) smartpool for NQO1 and
negative control siRNA were from Dharmacon, Inc. (Lafayette, CO). Tris, and glycine were
from EM Science (Kansas City, MO). NaCl and methanol were from Mallinckrodt
(Hazelwood, MO). Prime-It Kit was from Stratagene (La Jolla, CA) and thymidine kinase end-
labeling kit was from Gibco/Invitrogen (Carlsbad, CA). Statistical software package, Statistix
8.0 was from Analytical Software (Tallahassee FL). Dicumarol and all other chemicals were
from Sigma Chemical Co. (St. Louis, MO).

Cell Culture
A549, a lung adenocarcinoma cell line, was cultured in Ham's F-12K medium supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Cells were
grown at 37°C in a humidified 5% CO2 atmosphere to 90-100% confluence, and then changed
to serum-free medium for experiments. Primary normal human bronchial epithelial (NHBE)
cells were harvested from human tracheobronchial tissues from 3 donors obtained from the
National Disease Research Interchange or from the Dept. of Pathology, Duke University
Medical Center. The protocol was approved by the Institutional Review Board for Clinical
Investigations, Duke University Medical Center. After initial harvest and expansion, cells were
plated on a 6-well Transwell Clear chambers (24 mm diameter) at 1–2 × 104 cells/cm2, in a
Ham's F12:DMEM (1:1) supplemented with eight factors: insulin (5 μg/ml), transferrin (5 μg/
ml), epidermal growth factor (10 ng/ml), dexamethasone (0.1 μM), cholera toxin (10 ng/ml),
bovine hypothalamus extract (15 μg/ml), BSA (0.5 mg/ml), and all-trans-retinoic acid (RA)
(30 nM). The RA was added fresh at each media change. After 4-7 days in immersed culture
condition, cultured cells were shifted to an air–liquid interface culture condition (ALI). During
ALI, 200 μl of media was on the apical surface to simulate normal mucociliary clearance.
Experiments were performed at Day 10 after the change of the culture condition from immersed
to ALI. NHBE cells were starved in media supplemented with only two factors, BSA and RA,
for 24h before NE treatment [23]. Cells were preincubated with dicumarol (4-30 μM) or the
equivalent volume of control vehicle (0.1 M sodium hydroxide) and then coincubated with NE
or the equivalent volume of control vehicle (50:50, glycerol: 0.02 M sodium acetate, pH 5.0)
for 1-6h. Lactate dehydrogenase assay was used to determine cytotoxicity under all treatment
conditions [14].

MUC5AC mRNA expression by Northern Analysis
Following pretreatment with dicumarol (30 μM, 1h) or control vehicle and then coincubation
with NE (100 nM, 6h) or control vehicle, RNA was isolated from A549 cells as previously
described [11] by the guanidinium thiocynanate/cesium chloride method. Total RNA (10μg)
was separated by electrophoresis on a 1.2% agarose-formaldehyde gel and transferred by
capillary blot to a nylon filter in 1M ammonium acetate. After UV crosslinking, the filters were
hybridized at 62°C with 32P- labeled probes for MUC5AC and 28s rRNA. Radiolabeled cDNA
probes for MUC5AC were prepared using Prime-It Kit according to manufacturer's instructions
using a 340bp template for MUC5AC [11]. Radiolabeled probes for 28s rRNA [24] were
prepared by end-labeling using thymidine kinase according to manufacturer's instructions.
Filters were washed twice with 2× saline sodium citrate (SSC; 0.3M NaCl, 0.03M sodium
citrate) and 0.1% sodium dodecyl sulfate at room temperature for 30 min, and then with 0.1×
SSC and 0.1% SDS at 62°C for 15 min. Filters were exposed for autoradiography at −80°C.
Band density on autoradiographs was determined by digitalization with Fotolook and
Photoshop softwares and quantitation using NIH image software and ImageQuant TL
(Amersham Biosciences/GE Health care, Piscataway, NJ).
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siRNA Transfections
A549 cells (6 well plate) were transfected with Opti-MEM (1 ml) containing siPort Amine
(9μl) and NQO1 siRNA (20 nM) or negative control siRNA (20 nM) at 37 °C, 4 h, and then
OptiMEM (1 ml) was added to each well for an additional 18h incubation. After a total of 22h,
transfected A549 cells were treated with NE (100 nM) or control vehicle for 6h, and total RNA
was isolated using Trizol reagent. Suppression of NQO1 expression was evaluated at the
mRNA and protein level at 24 h by real-time RT-PCR and western analysis. The effect of
NQO1 knockdown on NE-induced MUC5AC expression was evaluated by real-time RT-PCR.
Each condition was performed in triplicate wells and transfection reagent master mix was made
for each condition to minimize well-to-well variation.

Real-Time Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) for NQO1, MUC5AC,
and 18s rRNA

NHBE cells were preincubated with dicumarol (4 or 10μM, 1hr) or dicumarol solvent (0.1M
NaOH) at both the apical (total volume 350 μl) and basolateral compartments. NE (500 nM)
[14] or control vehicle were then added to both the apical and basolateral compartments, and
incubated for 1hr. A549 were preincubated with dicumarol (4-30 μM, 1 h) or control vehicle
and then coincubated with NE (100 nM, 6 h) or control vehicle. Following cell treatments with
NE, dicumarol, or control vehicles, RNA was isolated using Trizol reagent per the
manufacturer's instructions. After RNA quantitation, one-step real-time RT-PCR was
performed on an SDS 7300 machine (Applied Biosystems) in a 25μl reaction which contained
25-150 ng total RNA, 1X universal PCR master mix, RNase inhibitor (0.4U/μl), 1× TaqMan
gene expression assay (mixture of PCR primer set and a FAM dye-labeled TaqMan MGB
probe) and Multiscribe reverse transcriptase (5U/μl), using universal amplification conditions:
50°C for 30 min, followed by 95°C for 2 min, and then 40 cycles of 95°C, 15 sec followed by
60°C, 1 min. Amplification reaction of 18s rRNA control contained 25ng total RNA, 1X
universal PCR master mix, RNase inhibitor (0.4U/μl), 0.2μM forward primer, 0.2μM reverse
primer, 0.8μM VIC dye-labeled probe and Multiscribe reverse transcriptase (5U/μl). Each
sample was amplified in duplicate reactions for both the gene of interest and 18s rRNA control.
The relative gene expression level was calculated by the ∆∆Ct method which represents the
fold difference in gene expression corrected for 18s rRNA control expression and normalized
to the control treated sample [7].

Western Analysis
A549 or NHBE lysates (10 or 30 μg) were separated by electrophoresis on a 12% SDS-
polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane, and stained with
Ponceau S to evaluate total protein levels. Ponceau S staining was imaged and bands were
quantitated using ImageQuant TL. The nitrocellulose membrane was then blocked with 5%
non-fat milk in 15 mM Tris, 150 mM NaCl, 0.1% Tween 20 (4°C, overnight or 1h, room
temperature). Membranes were incubated with polyclonal goat anti-NQO1 antibodies (1:200
dilution for Santa Cruz antibody, 1:4000 for Abcam antibody, room temperature, 1h), followed
by horseradish peroxidase (HRP)-conjugated anti-goat IgG (1:5000 for Santa Cruz antibody,
1:20,000 for Abcam antibody, room temperature, 1h). A monoclonal mouse anti-E-cadherin
antibody (1:250, room temperature, 1h), followed by HRP-conjugated sheep anti-mouse IgG
(1:5000, room temperature, 1h) was used as a positive control for the membrane fraction.
Antigen-antibody complexes were visualized by enhanced chemiluminescence (ECL). Non-
immune goat IgG was used as a negative control in place of primary NQO1 antibody.

Assessment of Oxidative Injury
In serum-free medium, A549 cells were pre-incubated with dicumarol (10μM) or 0.1M NaOH
(control vehicle for dicumarol) for 1h and then co-incubated with NE (100 nM) or an equivalent

Zheng et al. Page 4

Free Radic Biol Med. Author manuscript; available in PMC 2007 July 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



volume of control vehicle (50% glycerol: 50% 0.02 M sodium acetate, pH 5.0) for 2h. At the
end of the treatment protocol, cell lysates were collected for lipid carbonyl analysis by HPLC
as a measure of lipid peroxidation [25]. In detail, the cells were washed twice with Dulbecco's
Phosphate Buffered Saline (DPBS) and scraped and collected in DPBS: 2,4-
dinitrophenylhydrazine in acetonitrile (5:1). Cells were lysed and then analyzed for carbonyl
content as an end product of lipid peroxidation after separation from protein and nucleic acids
using a 2690 Separation Module HPLC as previously described. Briefly, separations were
performed on a Waters' Xterra C18 column (2.1 × 15 mm; 3.5 μM). Carbonyl analysis was
performed using a 2487 dual wavelength absorbance detector (at 365 nm) and a ZMD mass
spectrometer (Waters' Associates, Milford, MA). The mass spectrometry was run in
electrospray ionization negative mode with a capillary voltage of 2 kV, cone voltage of −18V,
extractor voltage of −3V, source block temperature of 150°C, desolvation temperature of 350°
C, and radio frequency lens of 0.3. The DNPH derivative of cis-11-hexadecenal (m/z 417;
Aldrich Chemical) was added as an internal standard. Data was analyzed using Waters'
MassLynx software (version 3.2).

Whole Cell Lysate Preparation
Following treatment with NE or control vehicle, A549 or NHBE cells were lysed in buffer
containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1% TX-100, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF, 1× protease inhibitor and 1× phosphatase inhibitor. Following sonication and
incubation in lysis buffer (4°C, 1h), the lysate was clarified by centrifugation (16,000×g, 4°C,
15 min). The resulting supernatant corresponded to the whole cell lysate, and was quantitated
using the DC Protein Assay following the manufacturer's instructions.

Cell fractionation
Following treatment with NE (100 nM, 1h) or control vehicle, A549 cells were lysed in buffer
containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 1×
protease inhibitor and 1× phosphatase inhibitor. Following cell lysis by sonication and a low-
speed centrifugation to remove nuclei (512×g, 5 min, 4° C), the supernatant was clarified by
centrifugation (16,000×g, 30 min, 4° C). The resulting supernatant constituted the cytosolic
fraction. The pellet remaining was resuspended in the above lysis buffer plus 1% TX-100,
sonicated, incubated in lysis buffer (4°C, 1 h), and then centrifuged at 16,000×g, 30 min, 4°C.
The resulting supernatant constituted the soluble plasma membrane fraction. The DC Protein
Assay was used to quantitate protein concentrations for the cytosolic and soluble plasma
membrane fractions.

NQO1 Activity Assay [19]
Cell lysate protein (15-30 μg) was added to Tris-HCl buffer, pH 7.76 containing 0.2%
Tween-20, 2,6-Dichlorophenolindophenol (DCPIP, 80 μM), 0.075% BSA, NADPH (200 μM),
in the presence or absence of dicumarol (10 μM), with a total reaction volume of 1 mL. An
additional 0.05% TX-100 was added to the cytosolic fractions so that the final concentration
of TX-100 would be equivalent to that of the soluble plasma membrane fractions and the whole
cell lysate samples. Enzyme activity was determined by spectrophotometric assay of the
dicumarolinhibitable reduction of DCPIP at 600 nm over time (20 sec), and was corrected for
protein concentration. Activity in the presence of dicumarol was approximately 10% of total
activity, demonstrating that the assay system predominantly reflected NQO1 activity.

Statistical Analysis
NQO1 protein concentrations and activity in NE- versus control-treated samples were
compared with the Wilcoxon rank sum test. All other data was analyzed using the Kruskal-
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Wallis one-way nonparametric analysis of variance and post hoc comparisons by the Wilcoxon
rank sum test [26] using Statistix Software. Differences were considered significant at P<0.05.

Results
NQO1 is required for NE-induced MUC5AC expression

To determine whether NQO1 is involved in NE-regulated MUC5AC expression, we used
dicumarol, a pharmacologic inhibitor of NQO1. Dicumarol is a coumarin derivative that acts
as a competitive inhibitor of NQO1 by binding reversibly to the NADH or NADPH binding
site [27]. Dicumarol significantly inhibited NE-induced MUC5AC mRNA expression in a
concentration-dependent manner in A549 cells (Figure 1), and in primary NHBE cells (Figure
2). Neither the inhibitor alone nor its solvent affected levels of MUC5AC expression. Treatment
conditions did not cause cytotoxicity by LDH assay (data not shown).

Knock-down of NQO1Expression inhibits NE-increased MUC5AC expression
To confirm that NQO1 activity is required for NE regulation of MUC5AC expression, siRNA
transfection was used to specifically decrease NQO1 mRNA and protein expression in A549
cells. NQO1-specific siRNA decreased mRNA expression by 80% (Figure 3A), and protein
levels by 50% of control siRNA transfected levels (Figure 3B and C). Importantly, following
suppression of NQO1 expression, NE regulation of MUC5AC expression was significantly
inhibited compared to control siRNA treated cells (Figure 4). These results correlate with the
results using dicumarol, a pharmacologic inhibitor of NQO1, implicating NQO1 as a key
regulator of NE-mediated MUC5AC expression.

NE-induced oxidative injury is inhibited by dicumarol
We have previously shown that NE increases MUC5AC expression in A549 cells and primary
airway epithelial cells via a pathway involving reactive oxygen species (ROS) [14]. To
determine the source of NE induced ROS in A549 cells, cells were treated with NE (100 nM,
2 h) or control vehicle, with or without pre-incubation with dicumarol (30 μM, 1h). Cell lysates
were then collected to evaluate for lipid peroxidation as an indicator of reactive oxygen species.
NE significantly increased A549 cell lipid peroxidation compared to control-treated samples
(Figure 5). Importantly, dicumarol inhibited NE-induced lipid peroxidation (Figure 5). These
results suggest that NQO1 plays a role in NE-mediated oxidant stress in epithelial cells, and
further link the processes of intracellular oxidant stress and regulation of MUC5AC expression.

NE Regulation of NQO1
To determine whether NE regulates NQO1 expression as part of the mechanism of activation,
we evaluated NQO1 mRNA expression by real-time RT-PCR and protein levels by Western
analysis following NE treatment. Quantitative real-time RT-PCR revealed that in A549 cells,
NQO1 mRNA expression increased 20% following NE exposure (30 min) compared to control
treated cells. In NHBE cells, NQO1 mRNA expression did not change following NE exposure
(1h) compared to control treated cells. On western analysis, NQO1 was detected as a single
band at the expected size of 35 kD. NE treatment increased NQO1 protein levels in A549 whole
cell lysates by 45 ± 10 % compared to control-treated cells (Figure 6A and B), and increased
NQO1 protein levels in NHBE whole cell lysates by 400 ±79% (Figure 7A and B). There were
no bands detected when non-immune goat IgG was used in place of primary antibody (data
not shown). NE also increased NQO1 activity by 33.4 ± 9 % in A549 cells (Figure 6C) and by
22.5 ± 5% in NHBE cells (Figure 7C) as measured by dicumarol-inhibitable DCPIP reduction.
The increase in activity correlated with the increase in NQO1 protein levels. Thus NE increased
NQO1 protein levels resulting in increased NQO1 activity as part of the mechanism of
MUC5AC mRNA regulation.

Zheng et al. Page 6

Free Radic Biol Med. Author manuscript; available in PMC 2007 July 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Previous studies in vivo in rat liver following oxidant stress, have demonstrated that NQO1
translocates to the plasma membrane as part of the mechanism of activation [28,29] . We
performed cell fractionation studies to investigate whether NE caused a similar translocation
of NQO1 from the cytosol to the membrane. NQO1 protein was predominantly restricted to
the cytosolic compartment, with no change in localization to the plasma membrane following
NE treatment (Figure 8A). E-cadherin protein was only detected in the plasma membrane
fraction and not the cytosolic fraction; this immunoblot serves as a positive control for detection
of proteins in the plasma membrane fraction (Figure 8B). Consistent with western and activity
data from whole cell lysates, following NE treatment, NQO1 protein expression significantly
increased in the cytosolic fraction by 120 ± 38 % (Figure 8C). The NE-induced increase in
NQO1 expression in the cytosol correlated with the 50 ± 3 % increase in NQO1 oxidoreductase
activity in the cytosolic fractions (Figure 8D). In contrast, the plasma membrane fraction had
no dicumarol-inhibitable NQO1 activity and no increase in activity after NE treatment (data
not shown). These data reveal that NE did not activate NQO1 by altering cellular localization,
but instead NE increased NQO1 activity by increasing NQO1 protein expression in at least
two separate respiratory epithelial cell culture systems.

Discussion
We [14] and others [30] have previously described oxidant stress as a mechanism for NE-
induced MUC5AC expression. In this report, we have focused on the role of NQO1 to mediate
intracellular oxidant signaling required for MUC5AC regulation. We demonstrate that
treatment with dicumarol blocks both NE-induced MUC5AC expression and lipid peroxidation.
Although dicumarol has several other pharmacologic functions including inhibition of ATP
phosphoribosyltransferase (at >50 μM concentration) [31], microtubule stabilization (at 0.1-10
μM concentration) [32], inhibition of UDP glucuronosyltransferase (IC50 1 μM ) [33], and
inhibition of mouse glutathione transferases and glutathione peroxidase II (IC50 ∼10 μM)
[34], our results suggest that the effect of dicumarol on inhibition of NE-regulated MUC5AC
expression is due to its inhibition of NQO1. First, in the presence of dicumarol, there was little
residual NQO1 activity by a specific spectrophotometric assay (≤10% residual activity).
Further, dicumarol blocked NE-induced lipid peroxidation (Figure 5); dicumarol inhibition of
glutathione transferase or peroxidase should increase oxidant stress which is inconsistent with
our results. We further support the hypothesis that NQO1 mediates NE-regulated MUC5AC
expression by demonstrating that suppression of NQO1 by siRNA inhibited NE-induced
MUC5AC expression, indicating that NQO1 is required for this process. Thus, we propose a
novel role for NQO1 as an important signaling molecule in the NE-triggered regulation of
MUC5AC expression.

NQO1 is highly expressed in normal human respiratory epithelium, particularly in ciliated
columnar epithelial cells and lung cancers [18]. NQO1 expression and activity are increased
by hyperoxia [35], and oxidative stress induced by vitamin depletion [28] via activation of
oxidant-sensitive promoter elements in the 5' flanking region of the gene. There are two
regulatory elements in the promoter of the NQO1 gene: the antioxidant response element
(ARE) and the xenobiotic response element [36]. The ARE sequence is similar to the AP-1
binding site, thus several transcription factors that recognize both elements including AP-1 and
other basic leucine zipper proteins may regulate NQO1 expression. One of these factors, NF-
E2-related factor 2 is activated by oxidant stress and upregulates NQO1 expression following
hyperoxic lung injury [37], cigarette smoke [38], or diesel particle exposure [39]. Extracellular
signal regulated protein kinase has been reported to participate in NQO1 ARE activation
[36]. Given that NE increases oxidant stress in epithelial cells by several different mechanisms,
it is possible that NE regulation of NQO1 expression in A549 cells may be secondary to
generation of reactive oxygen species via another mechanism.
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In addition to transcriptional regulation, we conclude that NE regulates NQO1 at the
translational level in A549 cells based on the discrepancy between a 20% increase in NQO1
mRNA compared to a much greater increase (120%) in NQO1 protein in the cytosol following
NE exposure. Interestingly, in NHBE, NE does not alter NQO1 mRNA expression, but instead
significantly increases NQO1 protein levels suggesting a regulatory mechanism involving
translation or post-translational stability. The mechanism(s) regulating NQO1 expression as
well as the differential regulation between cancer-derived and primary airway epithelial cells
have not yet been clearly delineated. To our knowledge, this is the first report of NQO1
translational or post-translational regulation and future studies will focus on the molecular
mechanisms required for up-regulation following NE exposure.

We propose a new function for NQO1, as a central regulator of intracellular oxidant signaling
resulting in MUC5AC gene regulation. Most of the literature on NQO1 to date focuses on its
role as a detoxification and an antioxidant enzyme [36]. NQO1 has also been a target for
enzyme-directed anticancer pharmacotherapy due to its high level of expression in many
human solid tumors [40]; NQO1 detoxifies carcinogens and stabilizes the tumor suppressor
p53 [36]. However, some of the hydroquinones produced by NQO1 reduction are less stable
than their quinone precursors. These less stable products are prone to both auto-oxidation with
resulting ROS production, and rearrangements that lead to the production of alkylating or
arylating species [27,41,42]. In airway epithelial cells, the prooxidant function of NQO1 may
be beneficial or harmful. Although increased mucin production may initially augment host
defenses, subsequent mucin overproduction and the resulting airway obstruction may impair
pulmonary function.

There is an increasing body of epidemiologic literature which suggests a linkage between wild
type NQO1 and susceptibility to pollution-induced pulmonary disease. When subjects with the
genotype of wild-type NQO1 plus Glutathione-S-Transferase M1 (GSTM1)-null are exposed
to ozone during exercise, they have decreased pulmonary function including FEV1, MEF50
and MEF 75 [21], or increased biomarkers of inflammation including 8-isoprostane,
thiobarbituric reactive substances, and leukotriene B4 [43]. Furthermore, in a GSTM1-null
population, the presence of an inactive NQO1 polymorphism (Pro187Ser) has been shown to
have a protective effect against the development of asthma in children with high lifetime ozone
exposure [22]. This work lends support to our concept of NQO1 as a source of oxidant stress,
and may help to explain the pulmonary morbidity associated with air pollution.

Given the epidemiologic data linking wild-type NQO1 genotype with asthma and pulmonary
susceptibility to ozone, we speculate that NQO1 may be activated/ upregulated in response to
air pollutants, leading to airway obstruction by increasing the expression and secretion of
mucins. There are several published reports that residual oil fly ash [44], and tobacco smoke,
in the absence [45,46] or presence [47] of inflammatory mediators, activate intracellular ROS
and induce mucin expression. Residual oil fly ash [48] and other sources of reactive oxygen
and reactive nitrogen species [49] also increase mucin secretion. The link between endogenous
ROS and mucin gene regulation is further strengthened by the observation that antioxidants
block the pollutant-induced regulation of mucin expression. There is limited information to
date in these model systems firmly establishing the source of oxidant stress responsible for
regulation of mucin expression. We speculate that NQO1 would be an important airway
epithelial target to evaluate following air pollutant exposures.

Oxidant stress may regulate gene expression at both the transcriptional and post-transcriptional
level. Oxidant stress regulates MUC5AC mRNA expression via activation of the epidermal
growth factor receptor [12,50] and by an alternative mechanism, post-transcriptional regulation
[11]. Several mammalian genes are post-transcriptionally regulated by oxidant stress.
Expression of vascular endothelial growth factor [51], nitric oxide synthase [52], macrophage
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inflammatory protein 2 [53], and p21waf1/cip1 [54] are all increased as a result of oxidant-
induced stabilization of mRNA. The mechanisms of oxidant-regulated mRNA stability are not
well understood but may involve post-translational modification of RNA-binding proteins
[55] or altered interaction of RNA-binding proteins with mRNA stability domains [56]. These
reports emphasize that intracellular oxidant signals regulate airway gene expression at multiple
levels. Particularly in the case of MUC5AC, oxidant signaling may result in activation of
several regulatory pathways and a greatly augmented effect on gene expression.

In summary, our results demonstrate that NQO1 is a source for the ROS responsible for NE-
induced MUC5AC expression and suggest a new role for NQO1 in airway epithelium in the
pathophysiology of chronic lung diseases and susceptibility to air pollutants such as ozone.
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Figure 1.
Dicumarol blocks the NE-induced increase in MUC5AC mRNA expression in A549
cells. A549 cells were treated with dicumarol (4-30 μM) 1h prior to and then during NE (100
nM, 6h) or control vehicle treatment. RNA was isolated using Trizol reagent as per the
manufacturer's instructions, or by the GTC/CsCl method, and used for quantitative real-time
RT-PCR (A) or for Northern analyses (10 μg) (B). MUC5AC mRNA expression determined
by real-time RT-PCR was normalized to 18s ribosomal RNA and expressed relative to control
treated cells using the ΔΔCt method (n=4-8, 3 separate experiments, *, significantly different
from control, p=0.0002: #, significantly different from NE alone, p=0.014,A). A representative
northern analysis for MUC5AC mRNA expression is shown [C, Control; D, 30μM dicumarol ;
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NE, 100nM neutrophil elastase; ND, neutrophil elastase and dicumarol] (B). The filter was
stripped and reprobed for 28s rRNA. Molecular markers (9.5 & 4.4 kb) are shown with arrows.
The graph summarizes the northern densitometry data of MUC5AC mRNA levels normalized
to 28s rRNA levels and expressed as a percentage of control (C). Data are presented as mean
±SEM (n=6, 3 separate experiments). The dashed line at 100% represents control levels. *,
significantly different from control (P < 0.05). #, significantly different from NE alone (P <
0.05).
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Figure 2.
Dicumarol blocks the NE-induced increase in MUC5AC mRNA expression in NHBE
cells. NHBE cells grown on Transwell clear chambers (10 days at ALI) were starved in media
supplemented with only two factors, BSA and RA, for 24h and treated with dicumarol (4 or
10 μM) or vehicle 1h prior to and then during NE (500 nM, 1h) or control vehicle treatment.
Total RNA was collected by Trizol. MUC5AC mRNA expression was evaluated by
quantitative real-time RT-PCR. The relative MUC5AC mRNA level was normalized to 18S
rRNA and expressed as percent of control treated cells. Data are presented as mean ± SEM (3
separate experiments with total n of 4-6). The dashed line at 100% represents control levels in
the absence of dicumarol and NE.*, significantly different from control treated cells (P=0.002).
#, significantly different from NE alone (P = 0.041).
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Figure 3.
Knockdown of NQO1 expression by NQO1 siRNA. A549 (70% confluent) were transfected
with siRNA for NQO1 (siNQO1, 20 nM), or control siRNA (siControl, 20 nM). 24 h post-
transfection, total RNA was collected by Trizol. NQO1 mRNA expression was evaluated by
quantitative real-time RT-PCR. The relative NQO1 mRNA level was normalized to 18S rRNA
and expressed as percent of control siRNA (siControl) transfected cells. Data are presented as
mean ± SEM (n=9, 3 separate experiments). *, significantly different from siControl
transfected cells (P<0.0001) (A). Another set of cells with the same treatment were used to
collect cell lysate and NQO1 protein expression was evaluated by Western blot (B). The graph
summarizes the densitometry data of NQO1 protein level normalized to β-actin and expressed
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as a percentage of siControl (C). Data are presented as mean ±SEM (n=4, 2 separate
experiments). *, significantly different from siControl (P < 0.03).
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Figure 4.
NQO1-knockdown by siRNA transfection abrogates the NE-induced upregulation of
MUC5AC mRNA expression. A549 cells (70% confluent) were transfected with siRNA for
NQO1 (siNQO1, 20 nM), or control siRNA (siControl, 20 nM). 22h post-transfection, cells
were treated with NE (100nM) or control vehicle for 6h and total RNA was collected by Trizol.
MUC5AC mRNA expression was evaluated by quantitative real-time RT-PCR and normalized
to 18s rRNA expression. The relative MUC5AC mRNA levels from NE-treated cells were
expressed as a percentage of their corresponding control-treated cells. Data are presented as
mean ± SEM (n=9, 3 separate experiments). The dashed line at 100% represents control levels.
*, significantly different from siControl transfected cells (P<0.04).
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Figure 5.
Dicumarol inhibited NE-induced lipid peroxidation in A549 cells. A549 cells were
preincubated with dicumarol (30μM, 1h) or 0.1M NaOH and then treated with NE (100nM)
or control vehicle for 2h. Cell lysate was collected and evaluated for lipid peroxidation by
HPLC. Results are expressed as percent of control. D, dicumarol; NE, neutrophil elastase; NE
+D, neutrophil elastase plus dicumarol. Data are presented as mean ± SEM (n=10, 2 separate
experiments). The dashed line at 100% represents control levels. *, significantly different from
control, P<0.006. #, significantly different from NE (P=0.021).
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Figure 6.
NE increased NQO1 protein and activity level in A549 whole cell lysates. Whole cell lysates
of A549 cells following treatment with NE (100nM, 1h) or control vehicle (C) were evaluated
for NQO1 protein levels by western blot (A). The graph summarizes the densitometry data of
NQO1 protein level normalized to Ponceau S staining. Results are expressed as a percent of
control, mean ± SEM (n=10, 4 separate experiments). *, significantly different from control
(P= 0.0002) (B). NQO1 activity in whole cell lysate was evaluated using a spectrophotometric
assay measuring the reduction of DCPIP at 600 nm. Relative NQO1 activity was expressed as
a percent of control, mean ± SEM (n=10, 4 separate experiments). *, significantly different
from control (P = 0.0022) (C).
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Figure 7.
NE increased NQO1 protein and activity levels in NHBE whole cell lysates. Whole cell
lysates of NHBE following treatment with NE (500 nM, 1 h) or control vehicle (Ctrl) were
evaluated for NQO1 protein levels by western analysis (A). The graph summarizes the
densitometry data of NQO1 protein levels normalized to β-actin. Results are expressed as a
percent of control (C), mean ± SEM (n=9-12, 4 separate experiments). *, significantly different
from control, (p=0.0006) (B). NQO1 activity in the whole cell lysate was evaluated using a
spectrophotometric assay measuring the reduction of DCPIP at 600 nm in the presence or
absence of dicumarol. Relative NQO1 activity was expressed as a percent of control, mean
±SEM (n=5, 2 separate experiments). *, significantly different from control (P = 0.016) (C).
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Figure 8.
NE increased NQO1 protein and activity level in the cytosolic fraction, not in the
membrane fraction. Cytosolic and membrane fractions of A549 cells treated with NE
(100nM, 1h) or control vehicle (C) were evaluated for NQO1 protein level by western blot (A).
E-cadherin was used as a positive control for the plasma membrane fraction (B). The graph
summarizes the densitometry data of NQO1 protein level in the cytosol normalized to Ponceau
S staining. Results are expressed as a percent of control, mean ±SEM (n=6, 4 separate
experiments). *, significantly different from control (P= 0.01) (C). NQO1 activity in the
cytosolic fraction was evaluated using a spectrophotometric assay measuring the reduction of
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DCPIP at 600 nm. Relative NQO1 activity was expressed as a percent of control, mean ±SEM
(n=6, 4 separate experiments). *, significantly different from control (P = 0.002)(D).
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