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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a potent environ-
mental toxicant. Epidemiological studies have associated TCDD
exposure with the development of chronic obstructive pulmonary
disease, which is manifested by mucous/goblet cell hyperplasia. The
purpose of this research was to elucidate the pathway/mechanisms
that lead to TCDD-induced gene expression in both primary normal
human bronchial epithelial cells and an immortalized cell line, HBE1,
under air-liquid interface conditions. TCDD exposure induced
a time-dependent elevation of MUCSAC mRNA and protein synthe-
sis, and cytochrome p450 1A1 (CYP1AT) expression in these cells.
Treatment with an aryl hydrocarbon receptor antagonist had no
effect on TCDD-induced MUCS5AC expression, but significantly sup-
pressed CYPTA1 induction. However, treatments with inhibitors
of signaling pathways and the expression of dominant negative
mutants of epidermal growth factor receptor (EGFR), extracellular
signal-regulated kinase (ERK) and p38, but not the inhibition of c-Jun
N-terminal kinase pathway, abrogated MUCS5AC induction, but
not that of CYPTAIl. These effects also occurred at the MUC5AC
promoter-reporter level using the chimeric construct for a tran-
sient transfection study. Western blot analysis confirmed the
phosphorylation of activated EGFR, ERK, and p38 signaling mole-
cules, but not the c-Jun N-terminal kinase, in cells after TCDD
exposure. Specificity protein 1 (Sp1) phosphorylation also oc-
curred in cells after TCDD exposure. Both MUC5AC expression
and the promoter activity were inhibited by mithramycin A, an
inhibitor specific to Sp1-based transcription. These results lead to
the conclusion that TCDD induced MUC5AC expression through
a noncanonical aryl hydrocarbon receptor-independent, EGFR/
ERK/p38-mediated signaling pathway-mediated/Sp1-based
transcriptional mechanism.
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2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is one of the most
toxic man-made chemicals, and is ubiquitously present in the
environment. It is a member of the halogenated aromatic
hydrocarbon family that also includes dibenzo-p-dioxins, di-
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CLINICAL RELEVANCE

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is one of the
most toxic man-made chemical that the exposure has caused
the development of lung disease of chronic obstructive
pulmonary diseases (COPD). This study demonstrates that
TCDD can also stimulate airway mucin gene expression.
This effect is consistent with the pathogenesis of COPD
development. A better understanding of the signaling path-
ways and molecular mechanism in the regulation may pro-
vide the therapeutic targets for the clinical intervention of the
lung pathogenesis due to TCDD exposure.

benzofurans, biphenyls, and related compounds (1). TCDD has
been studied extensively, and is known to have many toxico-
logical effects, including tumorigenesis, immunotoxicity, repro-
ductive and developmental toxicity, and wasting syndrome (2).
Epidemiological reports have also associated TCDD exposure
with an increased incidence of chronic obstructive pulmonary
disease (COPD) (3-6). The most comprehensive epidemiolog-
ical study follows the mortality of a large Italian population
after an industrial accident released large amounts of TCDD
into the environment in 1976. This investigation demonstrated
a higher incidence of lymphatic and hematopoietic neoplasms,
in addition to an increase in COPD. One of the major clinical
hallmarks of COPD is mucous/goblet cell hyperplasia in the
airways (6).

Classically, TCDD functions through the aryl hydrocarbon
receptor (AhR) (7-11). According to this model, TCDD binds
to cytoplasmic AhR, which associates with heat shock protein
90 and X-associated protein 2, resulting in nuclear translocation
of the complex. Once in the nucleus, dissociation of heat shock
protein 90 and X-associated protein 2 leads to dimerization of
the AhR nuclear translocator. This heterodimer then recognizes
a specific DNA sequence, the dioxin response element of 5'-
TNGCGTG-3' in the 5’ region of the target gene, which in turn
regulates downstream gene expression (12, 13). An example of
classical AhR-dependent gene regulation is TCDD-induced
cytochrome p450 1A1 (CYPIATI) expression. Although it is less
well characterized, TCDD can also activate epidermal growth
factor receptor (EGFR) and its downstream mitogen-activated
protein kinase (MAPK) pathways (14, 15).

In this study, we demonstrate that TCDD could stimu-
late MUC5AC mRNA and protein expression and CYPIAI
expression, but not MUC5B, in human bronchial epithelial
(HBE) cells and cell line HBE1. Both MUC5AC and MUC5B
are two major gel-forming mucins, which are frequently ele-
vated in various airway diseases (16-18). The regulation of
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these mucin genes in airway epithelial cells has been extensively
studied. These studies have led to the identification of the in-
volvement of EGFR/MAPK signaling pathways and various puta-
tive transcriptional factor-binding sites responsible for cytokine/
mediator-enhanced gene expression. Our recent work has demon-
strated the importance of proximal specificity protein 1 (Spl)
sites at both MUC5AC and MUCS5B promoter regions, and that
they are involved in both the basal and enhanced transcriptions
of these genes (19, 20). Using inhibitors as well as the trans-
fection with dominant negative (dn) mutants of signaling
molecules, we have found that the signaling pathways involved
in TCDD-induced MUC5AC expression differ from that in-
volved in CYPIAI induction. For TCDD-induced MUC5AC, it
occurs via an AhR-independent EGFR/extracellular signal-
regulated kinase (ERK)/p38 signaling pathway-activated/Sp1-
based transcriptional mechanism.

MATERIALS AND METHODS
Cell Culture

Human airway tissues were obtained from National Disease Research
Interchange Inc. (Philadelphia, PA) with informed consent. The pro-
tocol was reviewed and approved periodically by University California
at Davis (Davis, CA) Human Subjects Review Committee. Well
differentiated primary normal HBE (NHBE) cells were prepared from
these airway tissues and cultured under air-liquid interface conditions
as previously described (21-23). An identical culture condition was
performed for an immortalized NHBE cell line, HBE1, obtained from
Dr. Yankaskas at the University of North Carolina (24). For treatments,
TCDD and chemicals were added to air-liquid interface cultures in both
apical and basal media.

Western Blot Analysis

Western blots (50-150 pg protein/lane) were performed as described
previously (19, 20, 23), and probed with monoclonal antibodies specific
for phosphorylated and unphosphorylated c-Jun N-terminal kinase
(JNK), p38, ERK, EGFR, and Spl1 proteins (Cell Signaling, Danvers,
MA), B-tubulin, and MUC5AC (clone 45M1; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Expression was normalized against the loading
control protein B-tubulin and band intensities were quantitatively
measured using a densitometer with multi-gauge software (Fujifilm,
FTPAL, Palo Alto, CA).

Inhibitor and Transfection Studies

Inhibitors used in the study were from Sigma-Aldrich (St. Louis, MO),
and were: mithramycin A, a specific Spl transcription factor inhibitor;
AG1478, a specific EGFR inhibitor; SP600125, a specific JNK inhibitor;
SB203580, a specific p38 inhibitor; and PD98059, a specific inhibitor of
MAPK (also known as ERK) kinase—1. AhR antagonist, CH-223191, was
obtained from Calbiochem (San Diego, CA). These chemicals and control
vehicle were added to cultures 30 minutes before TCDD treatment.

Expression vectors for the dn mutants of JNK1 (APF), JNK2, and p38
(AGF) were kindly provided by Roger Davis (University of Massachusetts,
Worcester, MA), and have been described previously (20, 25). dnERK1
(Lys" — Arg) and dnERK2 (Lys®? — Arg) mutants were generously
provided by Dr. Melanie Cobb (University of Texas Southwestern Medical
Center at Dallas, Dallas, TX). Transfections were performed using fugene
6 (Roche Diagnostics Inc., Indianapolis, IN) in Opti-MEM (Invitrogen
Inc., Carlsbad, CA), as described previously (20, 21).

The MUCS5AC 3.7-kb promoter—firefly luciferase reporter construct
was kindly provided by Dr. J. D. Li at the Department of Microbiology
and Immunology, Rochester University Medical Center (Rochester,
NY) (26, 27). Luciferase promoter studies were performed as described
previously (19, 20).

RNA Isolation and Real-Time RT-PCR

RNA isolation and real-time RT-PCR quantification of gene expres-
sion were performed as described previously (19, 20, 23). The primer
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sequences for the genes are: B-actin, forward, 5'-AGTCGGTTGG
AGCGAGCAT-3', and reverse, 5'-AAAGTCCTCGGCCACATTG
T-3'; CYPIAI, forward, 5'- ACCCTCCAGAGACAACAGGTAA-3',
and reverse, 5'-TAAGGACCTCCTAACCCTAGCA-3"; MUCSAC,
forward, 5'-GGAACTGTGGGGACAGCTCTT-3', and reverse, 5'-
GTCACATTCCTCAGCGAGGTC-3' and MUCS5B forward, 5'-GC
TGCTGCTACTCCTGTGAGG-3', and reverse, 5'-AGGTGATGTT
GACCTCGGTCTC-3". The data are presented as fold induction after
normalization to B-actin compared with the control condition.

Statistical Analysis

Data are expressed as mean (=SD). Experiments were conducted in
triplicate, and repeated in at least three independent primary cultures
and different passages. Statistical evaluation of data was performed by
using the two-tailed Student’s ¢ test for unpaired values. Differences
were considered statistically significant at a P value less than 0.05.

RESULTS

AhR-Independent and -Dependent Stimulation of MUC5AC
and CYP1A1 Gene Expression

TCDD (10 nM) stimulated both MUC5AC and CYPIAI
expression in a time-dependent fashion in both primary NHBE
and HBE1 cultures (Figures 1A and 1B, respectively). In the
case of MUC5AC, significant up-regulation was observed at 24
and 48 hours (three- to sevenfold, respectively). This up-
regulation was also observed at the protein level (Figure 1C).
In the case of CYPIAI, maximal stimulation (97- to 254-fold
induction) occurred between 3 and 6 hours. In contrast, TCDD
has no stimulatory effect on MUCS5B expression in these studies
(data not included).

To examine if TCDD-mediated gene expression is through
the classical AhR-dependent mechanism, cells were pretreated
with an AhR antagonist, CH-223191. As shown in Figure 2,
TCDD-induced CYPIAI expression was drastically abrogated
in the presence of the antagonist, whereas MUC5AC expression
was slightly decreased with no statistical significance.

TCDD Induces EGFR and MAPK Signaling Pathway Activation
and Their Role in Induced MUC5AC Expression

To determine if TCDD used a similar EGFR and MAPK
pathways, and Spl-based transcriptional mechanism, as reported
previously (18, 20, 28, 29), NHBE cells were treated for 0.5, 3, 4,
and 6 hours with 10 nM TCDD and Western blots were performed
on resultant cell lysates. As shown in Figure 3, phosphorylation of
EGFR was significantly increased after 0.5-hour TCDD treatment,
whereas phosphorylation of ERK and p38 was observed at later
time points, after 3 hours of TCDD treatment. In contrast to ERK
phosphorylation, p38 phosphorylation was transient, diminishing at
6 hours. Interestingly, TCDD treatment did not induce JNK
phosphorylation. Similar results were obtained with HBE1 cells
treated with TCDD (data not shown).

To address the functional roles of these pathways and Spl
mechanism in TCDD-induced gene expression, an AhR antag-
onist and various inhibitors were used. As shown in Figure 4,
TCDD-induced MUC5AC gene expression was significantly de-
creased with AG1478 (an EGFR inhibitor; Figure 4A), PD98059
(a MAPK inhibitor; Figure 4B), and SB203580 (a p38 inhibitor;
Figure 4C) pretreatment, but not with SP600125 (a JNK in-
hibitor; Figure 4D) pretreatment, as compared with noninhibitor
control. In contrast, pretreatments with inhibitors of EGFR,
ERK, and p38 had no effect on TCDD-induced CYPIAI
message. For PD98059, there was a small but statistically
significant increase in CYPIAI expression without TCDD
treatment. This may reflect the weak activation of AhR
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Time course-dependent, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-induced MUC5AC and cytochrome p450 1A1 (CYP1AT) gene

expression. Primary normal human bronchial epithelial (NHBE) cells (A) and HBE1 cell line (B) were treated with 10 nM TCDD, and RNA was isolated
at the various time points, as indicated, followed by the quantitative real-time RT-PCR analysis. Filled and shaded bars indicate relative MUC5AC and
CYP1A1 messages after normalization with B-actin, respectively. (C) Western blot analysis of MUC5AC glycoprotein in cell extracts of NHBE cells
after TCDD (10 nM) treatment. After normalization with B-tubulin band, the relative intensity of MUC5AC protein band is expressed in the graph
below the Western blot. Values are expressed as the mean (+SD) from triplicate samples from one representative experiment. *P < 0.05, compared
with the control condition (DMSO) for MUC5AC expression; #P < 0.05, compared with the control condition (DMSO) for CYPTAT expression.

signaling by dioxin-like chemical structure of PD98059. These
results demonstrate the dependence on EGFR, ERK, and p38
signaling, and the independence of AhR for TCDD-induced
MUCS5AC expression.

TCDD-Induced MUC5AC Promoter—Reporter Gene Expression

To confirm a direct transcriptional regulation of MUC5AC, pGL3-
MUCSAC promoter-luciferase chimeric construct-transfected
HBEL cells were treated with either 10 nM TCDD or DMSO
for 3, 6, or 12 hours. As shown in Figure 5A, MUC5AC
transcriptional promoter activity was stimulated by TCDD in
a time-dependent manner, with maximum stimulation occurring
at 6-12 hours. Furthermore, the induced promoter activity is
sensitive to mithramycin A treatment (Figure 5B). Mithramycin
A is a potent inhibitor of Spl-based transcriptional mechanism
(19, 20). We had previously used this chemical to demonstrate
phorbol 12-myristate 13-acetate (PMA)-mediated Sp1-dependent
MUCS5AC transcription at these doses without causing cellular
cytotoxicity (determined by trypan blue dye exclusion) (20).
In support of a role for this transcriptional mechanism, TCDD
treatment was able to enhance the phosphorylation of nuclear
Spl protein at 4-6 hours after the treatment (Figure 5C). These
results suggest a direct transcriptional regulation of MUC5AC
by TCDD.

TCDD-Induced MUC5AC Promoter Activity Is Regulated
by EGFR and MAPK Signaling Pathways

Inhibitor studies further confirm the significant roles of EGFR,
ERK, and p38, but not JNK, in the regulation of MUC5AC
promoter activity in response to TCDD (Figure 6A). A similar
conclusion could be reached by transfecting cells with dn
mutants of the various MAPKs. As shown in Figure 6B,
TCDD-induced MUC5AC promoter activity was significantly
inhibited by the presence of dnERK1, dnERK?2, and dn-p38,
but not with dnJNK1 or dnJNK2, compared with TCDD
treatment plus control vector transfection. These results further
confirm that MUC5AC induction by TCDD is transcriptionally
mediated by EGFR, ERK, and p38.

DISCUSSION

Many studies have linked environmental contaminants, includ-
ing cigarette smoke and acreolin, with enhanced expression and

Relative mRNA abundance/B-actin
o [ N w -3
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I

TCDD + CH-223191 (uM)

Figure 2. Effects of aryl hydrocarbon receptor (AhR) antagonist in
TCDD-induced gene expression. Primary NHBE cells were pretreated
with the AhR antagonist, CH-223191, at different concentrations (uM)
30 minutes before TCDD (10 nM) treatment. RNAs were harvested 24
hours later, followed by quantitative RT-PCR. Filled and shaded bars are
relative message levels of MUC5AC and CYPTAT, respectively. Values are
expressed as the means (£SD) from triplicate samples from one
representative experiment. *P < 0.05, compared with the control
condition (DMSO) for MUC5AC messages; #P < 0.05, compared with
the control condition (DMSO) for CYPTAT messages; ##P < 0.05
between antagonist-treated and untreated conditions for TCDD-
induced CYPTAT expression.
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overproduction of MUCS5AC by airway epithelial cells (29, 30).
A recent study demonstrated TCDD induction of MUC5AC in
the human adenocarcinoma cell line, NCI-H441 in vitro, and in
C57/BL6 mice in-vivo (31). However, the effect of TCDD on
MUCS5AC expression in normal human airway epithelial cells is
unknown, as is the signal transduction pathway involved in this
effect. Epidemiological studies have associated TCDD exposure
with an increased incidence of COPD (3-6). Given that goblet
cell hyperplasia is a cardinal feature of COPD, we hypothesized
that TCDD treatment of human airway epithelial cells would
increase MUCS5AC expression. Our results demonstrate that
TCDD-mediated MUC5AC up-regulation is independent of the
conventional AhR pathway, and instead requires activation of
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Figure 3. Western blot analysis of
cell extracts from TCDD-treated
NHBE cultures. Cell extracts were
prepared from cultures after O,
0.5, 3, and 6 hours after TCDD
addition. (A) Antibodies specific
to epidermal growth factor recep-
tor (EGFR), phosphorylated EGFR
(p-EGFR) and p-p38. (B) Densi-
tometry analysis of these p-EGFR
* and p-p38 bands after normaliza-
tion, with total EGFR band in the
blot. (C) Antibodies specific to p—
extracellular signal-regulated kinase
(ERK), p—c-Jun N-terminal kinase
(JNK), and B-tubulin. (D) Densi-
tometry analysis of p-ERK and p-
JNK protein bands normalized
with B-tubulin. Experiments were
repeated independently twice, with
different primary NHBE cultures,
as well as from HBE1 (data not
included), with similar results.
*P < 0.05, compared with 0-hour
control.
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EGFR, ERK, p38, and the transcription factor, Sp1 (Figure 7).
Interestingly, TCDD did not alter MUCS5B up-regulation,
showing a selective effect of TCDD-induced mucin gene
expression.

Classically, TCDD functions through the AhR. However,
several recent studies have demonstrated that TCDD can also
activate the EGFR, leading to the activation of MAPK signal-
ing pathways. The exact mechanism of this pathway remains
undefined (14, 15, 32). Likewise, studies using cigarette smoke
and PMA have shown that MUC5A C up-regulation involves the
EGFR/RAS/RAF/ERK/SP1 pathway (20, 28-30). Therefore,
we focused our study on the role of the EGF/MAPK pathway
on in TCDD mediated up-regulation of MUC5AC (Figure 7).

Figure 4. Effects of EGFR and
mitogen-activated protein kinase

(MAPK) pathway inhibitors. Pri-

# mary NHBE cells were treated
*L with the inhibitors (A) AG1478
N (EGFR inhibitor), (B) PD98058 (a
MAPK  kinase inhibitor), (C)

RN $B203580 (a p38 inhibitor), and
- (D) SP600125 (a INK inhibitor) 30
| minutes before TCDD (10 nM)
treatment. RNAs were harvested

C+SB TCDD TCDD+SB

& o 24 hours later, followed by quan-
titative RT-PCR. Relative message
abundances of MUCSAC (filled

bars) and CYP1A1 (shaded bars)
were normalized with B-actin
message level. Values are ex-
pressed as the means (=SD) from
triplicate samples from one repre-
sentative experiment. *P < 0.05,
compared with the control condi-
tion (DMSO) with no TCDD and

C+JNK1 TCDD  TCDD+JNKI

inhibitor treatment for MUC5AC message; **P < 0.05 between inhibitor-treated and untreated conditions for TCDD-induced MUC5AC expression; #P <
0.05, compared with the control condition (DMSO) with no TCDD and inhibitor treatment for CYPTAT message.
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Our results demonstrate that TCDD activates EGFR within 30
minutes, and activates ERK and p38 within 3-4 hours, followed
by enhanced Spl phosphorylation at 4-6 hours. TCDD treat-
ment did not lead to JNK activation. Consistent with these
results, chemical inhibitors of EGFR, ERKs, p38, and Spl
attenuated TCDD-induced MUC5AC promoter activity and
MUC5AC mRNA expression. In contrast, JNK inhibitors had
no effect. Furthermore, an AhR antagonist (33) did not attenuate
TCDD-induced MUC5AC gene expression, despite its ability to
attenuate AhR-dependent CYPIAI expression. These results
further demonstrate that MUC5AC induction is independent of
the AhR signaling.

Surprisingly, we found that TCDD induced p38 activation,
which was important for MUC5AC up-regulation. A role for
p38 activation in MUC5AC expression by other environmental
contaminants has not been previously described. The require-
ment of p38 MAPK for up-regulation of MUC5AC expression
is consistent with a past publication that showed a p38-
dependent MUC5AC induction in human HelLa and HM3 cell
lines by nontypeable Haemophilus influenzae (34). A subse-
quent study in NCIH292 cell line has also demonstrated the
requirement of p38 MAPK activation for IL-18— and TNF-
a-induced MUC5AC expression (35). Fujisawa and colleagues
(36) have recently demonstrated the involvement of p38 MAPK
pathway in IL-13-induced mouse MucSac expression in the
mouse cell system. Despite these findings, the authors are
unable to determine the downstream transcriptional factor(s)
affected by p38 MAPK. We have shown previously that PMA-
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Figure 5. Transcriptional regulation of MUC5AC
promoter-reporter gene activity by TCDD and
specificity protein 1 (Sp1). (A) Effects of TCDD on
the MUCSAC promoter-reporter gene expression
activity. HBET cells were transiently transfected with
the MUC5AC-pGL3 construct. After 24 hours, the
cells were treated with 10 nM of TCDD for 3, 6, or
12 hours. The relative luciferase activity was nor-
malized with B-gal to control for transfection effi-
ciency. The values are expressed as the means
(£SD) of triplicate samples from one representative
6 experiment. *P < 0.05 compared with control.
(B) Effects of mithramycin A on TCDD-induced
MUCS5AC promoter—reporter gene activity. Different
amounts of mithramycin A (uM) were added to
transfect cultures 30 minutes before TCDD treat-
ment. At 6 hours after 10-nM TCDD treatment, cells
were harvested for the reporter gene assays. The
relative luciferase activity was normalized with B-gal
to control for transfection efficiency, and the results
are expressed as fold changes in activation relative
to the control condition with no TCDD and mithra-
mycin A treatments. The values are expressed as the
means (+SD) of triplicate samples from one repre-
sentative experiment. *P < 0.05 compared with
control; #P < 0.05 for mithramycin A-treated condi-
tions as compared with the TCDD-induced MUC5AC
transcription. (C) HBE1 cells were treated with 10 nM
TCDD for 0.5, 1, 2, 4, or 6 hours, and protein was
isolated. A total of 500 ng of protein was immuno-
precipitated with an agarose-conjugated anti-phos-
phoserine antibody overnight. A membrane was
6 probed with total SP1 antibody. Total SP1 from the
same cell lysate was also determined to assure equal
expression in each condition. (D) Densitometry anal-
ysis of p-SP1 with total SP1 protein in the blot. *P <
0.05, compared with 0 hour control.

induced JNK and p38 kinases activations are required for Sp1-
based MUCS5B gene expression (19). A similar mechanism may
exist in TCDD-induced MUC5AC expression. A possible
explanation for this discrepancy is that p38 activation by TCDD
could be independent of the EGFR pathway. In an article by
Weiss and coworkers (37), TCDD induced c-Jun expression
through a nonclassical p38-MAPK pathway that was indepen-
dent of AhR. Thus, we speculate that the TCDD-activated
EGFR is only associated with downstream activation of ERK,
and not with p38 or JNK. Activation of both p38 and JNK is
needed for MUCS5B up-regulation (19, 20). That TCDD fails to
mediate JNK activation may explain the lack of MUC5B
induction in this study. This result is consistent with the notion
that both mucin genes, MUC5AC and MUCS5B, are regulated
by EGFR-dependent and -independent mechanisms, respec-
tively (19, 20).

A question arises as to how TCDD activates EGFR. Accord-
ing to Vogel and coworkers (38), TCDD increases the level of
cellular src, which subsequently increases the production of
transforming growth factor (TGF)-a and activates EGFR.
However, we did not detect a significant increase in either
cellular src or TGF-a gene expression after TCDD treatment
(data not shown). Alternatively, previous reports demonst-
rate that TCDD generates reactive oxygen species (ROS) by
inducing the CYP1 enzymes (39, 40). In turn, a different study
shows that ROS can activate TNF-a—converting enzyme, which
cleaves pro-TGF-a and activates EGFR (41). This cleavage may
occur only at the membrane level, and results in no TGF-a
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Figure 6. Effects of EGFR and MAPK inhibitors and dominant negative
(dn) mutants on TCDD-induced MUC5AC promoter-reporter gene
activity. (A) Effects of inhibitors. HBE1 cells were transiently transfected
with the MUC5AC promoter—reporter construct, as described in Figure
5. After 24 hours, cells were pretreated with various inhibitors 30
minutes before 10-nM TCDD treatment. (B) Effects of dn mutant
overexpression. HBE1 cells were cotransfected with MUC5AC promoter—
reporter construct, and these dn mutant constructs or corresponding
empty vector constructs. After 24 hours, cells were treated with 10 nM
TCDD. Cells were harvested for reporter gene assays 6 hours later. For
each transfection, relative luciferase activities were normalized with B-gal
activities, which were then compared to controls with no inhibitor and
empty vector transfection (2nd column). The values are expressed as the
means (=SD) of triplicate samples from one representative experiment.
*P < 0.05, compared with control; **P < 0.05, compared with TCDD
treatment alone with no inhibitor (4) or transfection with the control
vector (B).

release to the medium. Thus, we speculate that TCDD activates
EGFR through the generation of ROS, which in turn activates
TNF-a—converting enzyme and cleaves pro-TGF-a. Further
examination into this pathway is needed.

In this study, we have concurrently measured CYPIAI gene
expression as a positive control and compared activation of the
AhR pathway with TCDD-induced MUC5AC gene expression.
As expected, TCDD induced up-regulation of CYPIAI gene
expression in human airway epithelial cells. However, there was
no correlation between CYPIAI and MUC5AC gene expres-
sion in regard to sensitivity to chemical inhibitors. For example,
PD98059 up-regulated CYPIAI, whereas SP600125 attenuated
its expression. Previous studies have demonstrated that PD98059
and SP600125 are antagonists for AhR (42, 43). Thus, whereas
attenuation of CYPIAI by SP600125 was expected, the up-
regulation by PD98059 was not. However, previous studies have
shown that flavonoids, such as PD98059, can have both antago-
nistic and agonistic effects on the AhR (44, 45). Therefore, we
speculate that PD98059 operates more consistently as an AhR
agonist rather than as an antagonist in airway epithelial cells.

In summary, we have shown that TCDD induces MUC5AC
and CYPIAI gene expression, but not MUCS5B, in both primary
NHBE cells and in the HBE cell line, HBE1. Second, MUC5AC
protein is also elevated in TCDD-treated primary NHBE cells.
Third, we demonstrate that TCDD mediates MUC5AC up-
regulation independent of the conventional AhR pathway, and
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Figure 7. Schematic diagrams of the signal transduction in TCDD-
induced MUC5AC gene expression and the conventional AhR pathway
in the activation of CYPTAT expression. The shaded region indicates the
signaling pathway of TCDD-induced MUC5AC gene expression. ARNT,
AhR nuclear translocator; DRE, dioxin response element; HSP, heat
shock protein; MEK, MAPK kinase.

uses the activation of EGFR, MAPK kinase, ERK, p38, and
the transcription factor, Spl. Finally, we demonstrate that
TCDD-induced MUC5AC gene expression is potentially reg-
ulated at the promoter level. Detailed studies, including
TCDD activation of EGFR and the association between
AhR and p38 in airway epithelial cells, will be the subject of
future investigations.
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