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Ectodomain shedding of epidermal growth factor receptor (EGFR)
ligands [e.g., transforming growth factor type � (TGF-�)] and EGFR
phosphorylation are implicated in mucin production in airway
epithelial cells. Tumor necrosis factor �-converting enzyme (TACE)
is reported to cleave precursor of TGF-�, with release of soluble
mature TGF-� in various epithelial tissues. We hypothesized that
TACE increases the shedding of TGF-�, resulting in EGFR phosphor-
ylation and inducing mucin production in human airway epithelial
(NCI-H292) cells. To examine this hypothesis, we stimulated NCI-
H292 cells with phorbol 12-myristate 13-acetate (PMA, an activator
of TACE) and pathophysiologic stimuli [lipopolysaccharide (LPS)
and supernatant from the Gram-negative bacterium Pseudomonas
aeruginosa (PA sup)]. PMA, PA sup, and LPS increased MUC5AC
gene expression and mucin protein production, effects that were
prevented by pretreatment with AG1478, a selective inhibitor of
EGFR phosphorylation and by preincubation with an EGFR-neu-
tralizing Ab or with a TGF-�-neutralizing Ab, implicating ligand
(TGF-�)-dependent EGFR phosphorylation in mucin production.
These stimuli induced release of soluble TGF-�, EGFR phosphory-
lation, and MUC5AC expression, which were blocked by the me-
talloprotease inhibitors tumor necrosis factor-� protease inhibi-
tor-1 and tissue inhibitor of metalloprotease-3. We specifically
knocked down the expression of metalloprotease TACE by using
small interfering RNA for TACE. Knockdown of TACE inhibited
PMA-, PA sup-, and LPS-induced TGF-� shedding, EGFR phosphor-
ylation, and mucin production. From these results, we conclude
that TACE plays a critical role in mucin production by airway
epithelial cells by means of a TACE ligand–EGFR cascade in re-
sponse to various stimuli.

Mucus hypersecretion is an important feature of chronic
inflammatory airway diseases (1) and contributes to their

morbidity and mortality. MUC5AC mucin is a major component
of mucus in airway epithelial cells (2) and is regulated by means
of an epidermal growth factor receptor (EGFR)-signaling path-
way (3); ligand-dependent EGFR phosphorylation induces
MUC5AC mucin.

Airway epithelial cells produce EGFR and its ligands (4, 5).
Transforming growth factor type � (TGF-�) plays a critical role
in EGFR phosphorylation, leading to MUC5AC production in
airways. TGF-� is synthesized as transmembrane pro-TGF-�,
which is processed and released (ectodomain shedding) from the
cell surface by metalloproteases (6, 7). Tumor necrosis factor
�-converting enzyme (TACE) has been reported to cleave
pro-TGF-� into mature soluble TGF-� in various epithelial
tissues (8).

TACE is a member of ‘‘a disintegrin and metalloprotease’’
(ADAM) family, a group of zinc-dependent transmembrane
metalloproteases (9, 10). TACE is produced in a latent form (11,
12) and is activated by agents such as phorbol 12-myristate
13-acetate (PMA) (13) and reactive oxygen species (12, 14),
resulting in substrate cleavage. We hypothesized that TACE
activation induces MUC5AC mucin production. The hypothesis
is that airway epithelial cells can cleave EGFR pro-ligand on
their surfaces into mature soluble ligand, which can then bind to

and activate EGFR, resulting in mucin production. We used two
stimuli to induce mucin production. First, we studied the effect
of PMA because PMA is known to activate TACE (13), but it is
not known whether it induces mucin expression. Second, we
studied the effect of Pseudomonas aeruginosa (PA), one of the
most common pathogens in hypersecretory diseases. PA is
known to stimulate mucin production by means of EGFR
phosphorylation (15), but the mechanism by which PA causes
EGFR phosphorylation is unknown.

First, we examined whether activation of TACE by PMA
causes MUC5AC expression in airway epithelial (NCI-H292)
cells and, if so, whether increased shedding of soluble TGF-� and
EGFR phosphorylation are involved in this process. Next, we
examined whether inhibition of TACE activity by application of
metalloprotease inhibitors and more importantly by specific
knockdown of TACE by using small interfering RNA (siRNA)
to silence TACE expression could block PMA-induced TGF-�
release, EGFR phosphorylation, and MUC5AC expression.
Finally, we examined whether TACE is also involved in PA- and
lipopolysaccharide (LPS)-induced TGF-� release, EGFR phos-
phorylation, and mucin production. Here we show that activa-
tion of TACE by these stimuli causes ligand (TGF-�)-dependent
EGFR phosphorylation and up-regulates MUC5AC expression.
Inhibition of TACE or knockdown of TACE prevented ligand
(TGF-�)-dependent EGFR phosphorylation and MUC5AC
expression.

Materials and Methods
Materials. PMA was obtained from Sigma. AG1478, calphostin C
(CC), Bisindolylmaleimide I, tissue inhibitor of metalloprotease
3 (TIMP-3), tumor necrosis factor � proteinase inhibitor-1
(TAPI-1), EGFR-neutralizing Ab (Ab 3), EGF-neutralizing Ab,
and TGF-�-neutralizing Ab were purchased from Calbiochem.
Anti-human TACE Ab, anti-phosphotyrosine (PY99) Ab, and
anti-human EGFR Ab were obtained from Santa Cruz
Biotechnology.

Cell Culture. NCI-H292 cells, a human pulmonary mucoepider-
moid carcinoma cell line, were plated at 5–6 � 105 cells in 2 ml
in each well of a 6-well plate or at 1–2 � 105 cells in 1 ml in each
well of a 24-well plate (both 6- and 24-well plates were purchased
from BD Biosciences) and were grown in RPMI medium 1640
containing 10% FCS, penicillin (100 units�ml), streptomycin
(100 �g�ml), and Hepes (25 mM) at 37°C in a humidified, 5%
CO2�95% air, water-jacketed incubator. After the cells reached
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confluence, they were serum-starved for 24 h to maintain low
basal levels of MUC5AC expression.

Treatment of Cells with PMA, PA Supernatant (PA Sup), or LPS. After
24 h of serum starvation, cells were treated with stimuli as
indicated in each experiment. For inhibitor studies, serum-
starved cells were pretreated with inhibitors for 30 min before
exposure to stimuli. In studies of PMA, cells were treated with
PMA (10 ng�ml) for 1 h. Then the cells were washed three times
with serum-free medium and cultured for another 24 h in
serum-free medium with the same concentrations of inhibitors
as in the pretreatment period. In studies of PA sup, PA strain
PAO1 was grown in M9 medium, and a cell-free culture super-
natant (PA sup) was obtained (15, 16). Cells were incubated with
PA sup (1:8 dilution in medium containing 10% FCS) or LPS
(from PA; 10 �g�ml in medium containing 10% FCS) for 24 h
with or without inhibitors. After 24 h, cell culture supernatants
and cell lysates were collected to measure MUC5AC expression.

MUC5AC ELISA and Immunocytochemical Staining. Production of
MUC5AC protein in cell lysates and in cell culture supernatants
was measured. The amount of MUC5AC protein in each portion
was normalized to total protein in cell lysate and was expressed
as �g�mg of cell protein. Cells were grown in 24-well plates, and
MUC5AC protein was measured by ELISA (17). For MUC5AC
immunocytochemical staining, cells were grown on eight-well
chamber slides and exposed to stimuli for 24 h. At the end of
experiments, cells were fixed and stained (18).

Analysis of Effect of PMA, PA Sup, and LPS on Cleavage and Release
of Soluble TGF-�. Cells were grown in six-well plates. After
reaching confluence and being serum starved for 24 h, cells were
stimulated with PMA (10 ng�ml), PA sup (1:8 dilution), or LPS
(10 �g�ml), or maintained in serum-free medium alone or in
medium containing 10% FCS alone for 2 h. For inhibitor studies,
cells were pretreated with the inhibitors for 30 min before each
stimulus was added. To prevent soluble TGF-� from binding to
EGFR, an EGFR-neutralizing Ab (Ab-3, 4 �g�ml) was added 30
min before each stimulus was added. Cell supernatants were
collected, and TGF-� was measured by using the TGF-� ELISA
kit (Oncogene Science) according to the manufacturer’s
instructions.

RNA Isolation and RT-PCR. Total RNA was isolated by using
RNAqueous-4PCR kit (Ambion, Austin, TX), and 2 �g was
primed with oligo(dT) and reverse transcribed by using a
RETROscript kit (Ambion) in a final volume of 20 �l (RT
reaction) according to the manufacturer’s instructions. Two
microliters of the RT reaction was PCR amplified in a 50-�l
reaction by using SuperTaq DNA polymerase (Ambion). Prim-
ers for MUC5AC were (forward) 5�-TCCGGCCTCATCT-
TCTCC-3� and (reverse) 5�-ACTTGGGCACTGGTGCTG-3�.
The expected fragment amplified by PCR was 679 bp. As
quantitative controls, primers for Rig�S15 rRNA, which encodes
a small ribosomal subunit protein, a housekeeping gene that was
constitutively expressed (19), were used. They were 5�-
TTCCGCAAGTTCACCTACC-3� (forward) and 5�-CGGGC-
CGGCCATGCTTTACG-3� (reverse). The PCR mixture was
denatured at 94°C for 5 min, followed by 30 cycles at 94°C for
30 s, 57°C for 45 s, and 72°C for 45 s. After PCR, 10-�l aliquots
were subjected to 1.5% agarose gel electrophoresis and stained
with ethidium bromide.

Cell Lysis, Immunoprecipitation, and Immunoblotting. After various
treatments, cells were lysed on ice in PBS lysis buffer containing
1% Triton X-100, 1% deoxycholic acid, 50 mM NaF, 1 mM
sodium orthovanadate, and proteinase inhibitors (Complete
Mini, Roche). Lysates were precleared by centrifugation at

14,000 rpm in a Denville Micro 260D microcentrifuge (Denville
Scientific, Metuchen, NJ) for 15 min at 4°C. Protein concentra-
tion was determined by using the bicinchoninic acid-based
protein assay kit (Pierce). For immunoprecipitation, aliquots of
cell lysates containing equal amounts of protein were immuno-
precipitated with 4 �g of anti-EGFR Ab and 40 �l of protein
A�G-agarose beads (Santa Cruz Biotechnology) for 16 h at 4°C.
Precipitates were washed three times with 0.5 ml of PBS,
suspended in SDS sample buffer, boiled for 5 min, and subjected
to electrophoresis on an SDS�7.5% polyacrylamide gel. For
Western blotting, 30 �g of protein from each treatment was
subjected to electrophoresis on an SDS�7.5% polyacrylamide gel
and transferred to a poly(vinylidene difluoride) membrane
(Bio-Rad), which was blocked with 5% BSA, probed with
specific primary Abs, washed with PBS, and then probed with
secondary Abs conjugated to horseradish peroxidase. Immuno-
reactive bands were visualized by chemiluminescence with West-
ern blotting luminol reagent (Santa Cruz Biotechnology).

TACE siRNA Preparation and Transfection. To design TACE-specific
siRNA duplexes, we selected sequences of the type AAN19 (N,
any nucleotide) from the ORF of TACE (ADAM 17) mRNA
(GenBank accession no. NM�003183) to obtain 21-nt sense and
antisense strand 5 with a GC content �50%. A selected siRNA
sequence was submitted to a BLAST search against the human
genome sequence to ensure that only the TACE gene of the
human genome was targeted. The selected 21-nt sequences of
TACE are (sense) 5�-AAGCTTGATTCTTTGCTCTCA-3� and
(antisense) 5�-AATGAGAGCAAAGAATCAAGC-3�. As a
nonspecific siRNA control, a sequence targeting firefly (Photi-
nus pyralis) luciferase (luc) gene (X65324) 153–175 was used (20,
21). The 21-nt double-stranded RNAs were prepared in vitro by
Silencer siRNA construction kit (Ambion). siRNA transfection
into NCI-H292 cells was carried out by using the Silencer siRNA
transfection kit (Ambion). Western blotting was used to detect
TACE silencing by siRNA at 48 h after transfection.

Statistical Analysis. Data are presented as mean � SD (n � 3).
ANOVA was used to determine statistically significant differ-
ences (P � 0.01).

Results
PMA Up-Regulates MUC5AC Expression. PMA increased MUC5AC
gene expression in NCI-H292 cells dose-dependently (at 10
ng�ml, PMA increased gene expression 12-fold; Fig. 1A) and
time-dependently (with a peak at 6–12 h after PMA stimulation;
Fig. 1B). PMA also increased MUC5AC protein production
dose-dependently [PMA (10 ng�ml) increased MUC5AC pro-
tein 10-fold; Fig. 1C] and time-dependently (a significant in-
crease was seen at 12–24 h after PMA stimulation; Fig. 1D).
These findings were confirmed by immunocytochemical staining
for MUC5AC (data not shown).

EGFR Activation and EGFR Ligand TGF-� Mediate MUC5AC Expression
by PMA. Pretreatment of cells with AG1478, a selective inhibitor
of EGFR phosphorylation (22), or with an EGFR-neutralizing
Ab, which blocks ligand binding sites on EGFR and inhibits
subsequent EGFR phosphorylation, prevented MUC5AC gene
expression (Fig. 2A) and protein production (Fig. 2B) by PMA
(10 ng�ml), implicating ligand-dependent EGFR phosphoryla-
tion in PMA-induced mucin expression. PMA increased release
of soluble TGF-� dose-dependently [PMA (10 ng�ml) increased
the release 8-fold; Fig. 2C]. The increases of MUC5AC gene
expression and protein production by PMA were inhibited by
pretreatment of cells with a TGF-�-neutralizing Ab (Fig. 2 D and
E) but not by pretreatment with an EGF-neutralizing Ab (data
not shown), implicating TGF-� in PMA-induced mucin produc-
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tion. Findings of protein production were confirmed by immu-
nocytochemistry (data not shown).

Inhibition of Metalloprotease Activation Prevents PMA-Induced TGF-�
Shedding, EGFR Phosphorylation, and MUC5AC Expression. PMA-
induced release of soluble TGF-� was inhibited by two metal-

loprotease inhibitors, TAPI-1 (12) and TIMP-3 (23, 24) (Fig.
3A), but not by cysteine protease inhibitor (leupeptin, 50 �M;
data not shown) or serine protease inhibitor (aprotinin, 10
�g�ml; data not shown), implicating metalloprotease activation
in PMA-induced release of soluble TGF-�. PKC inhibitors CC
and Bisindolylmaleimide I also inhibited PMA-induced shedding
of soluble TGF-�, indicating the involvement of PKC in metal-
loprotease activation (Fig. 3A).

Pretreatment with TAPI-1 or TIMP-3 inhibited PMA-induced
EGFR phosphorylation (Fig. 3B). However, pretreatment with
TAPI-1 or TIMP-3 did not inhibit EGFR phosphorylation by
PMA when exogenous TGF-� (20 ng�ml) was added (Fig. 3B).
These results implicate metalloprotease activation and TGF-�
release in PMA-induced EGFR phosphorylation.

Pretreatment of cells with TAPI-1 or TIMP-3 inhibited PMA-
induced MUC5AC gene expression (Fig. 3C) and protein pro-
duction (Fig. 3D). A PKC inhibitor (CC) had similar inhibitory
effects on mucin production (Fig. 3D). Immunocytochemistry
confirmed these results (data not shown).

Metalloprotease TACE Mediates PMA-Induced EGFR Phosphorylation
and MUC5AC Expression. Metalloprotease TACE is reported to
cleave pro-TGF-� (8). To examine whether TACE is involved in
PMA-induced TGF-� release, EGFR phosphorylation, and mu-
cin expression, we knocked down TACE expression �90% in
NCI-H292 cells by transfection of TACE siRNA (Fig. 4A).
TACE siRNA inhibited PMA-induced TGF-� shedding (Fig.
4B), EGFR phosphorylation (Fig. 4C), MUC5AC mRNA ex-
pression (Fig. 4D), and mucin protein production evaluated by
ELISA (Fig. 4E). luc siRNA (nonspecific control) was without
effect (Fig. 4). These results strongly implicate TACE in TGF-�

Fig. 1. Effect of PMA on MUC5AC expression. NCI-H292 cells were treated
with vehicle or PMA at various concentrations and times. Total RNA was
prepared and subjected to RT-PCR; Rig�S15 was used as an internal marker. (A)
Effect of increasing concentrations of PMA given for 6 h on RT-PCR-amplified
MUC5AC mRNA expression. (B) Effect of PMA (10 ng�ml) given for various
times on RT-PCR-amplified MUC5AC mRNA expression. (C) Effect of increasing
concentrations of PMA on total MUC5AC protein production during 24 h by
ELISA. (D) Effect of PMA (10 ng�ml) given for various times on total MUC5AC
protein production by ELISA. Mucins were measured in the cell lysate (shaded
areas) and in the supernatant (unshaded areas). Data in C and D are expressed
as mean � SD. *, P � 0.01, compared with vehicle alone.

Fig. 2. Ligand (TGF-�)-dependent EGFR activation mediates MUC5AC ex-
pression by PMA. (A and B) Cells were treated with vehicle alone, PMA alone,
PMA after 30-min pretreatment with AG1478 (10 �M), or PMA plus an
EGFR-neutralizing Ab (4 ng�ml) for 6 h (A) or 24 h (B). MUC5AC mRNA
expression was examined by RT-PCR (A), and mucin production was measured
by ELISA (B). *, P � 0.01, compared with PMA alone. (C) Cells were pretreated
with an anti-EGFR-neutralizing Ab for 30 min to block EGFR-ligand-binding
sites, and then the cells were stimulated with vehicle or PMA at different
concentrations for 2 h. Soluble TGF-� in the supernatant was measured by
ELISA. *, P � 0.01, compared with vehicle alone. (D) Cells were treated with
vehicle alone, PMA alone, or PMA plus a TGF-�-neutralizing Ab (4 ng�ml) for
6 h. MUC5AC mRNA expression was examined by RT-PCR. Results in three
separate experiments were similar. (E) Cells were treated with vehicle alone
(left), PMA alone (center), or PMA plus a TGF-�-neutralizing Ab (4 ng�ml)
(right) for 24 h in the absence or presence of a TGF-�-neutralizing Ab. MUC5AC
mucin protein production was examined by ELISA. Mucins were measured in
the cell lysate (shaded areas) and in the supernatant (unshaded areas). Data in
B, C, and E are expressed as mean � SD. *, P � 0.01, compared with PMA alone.

Fig. 3. Effect of inhibitors of metalloprotease and PKC on TGF-� shedding,
EGFR phosphorylation, and mucin expression. (A) Cells were pretreated with
an anti-EGFR neutralizing Ab for 30 min to block EGFR-ligand-binding sites
and then with TAPI-1 (30 �M) or TIMP-3 (10 �g�ml), or with PKC inhibitors [CC
and Bisindolylmaleimide I (200 nM), respectively] for 30 min, and then stim-
ulated with PMA (10 ng�ml) for 2 h. Supernatants were collected for mea-
surement of soluble TGF-� by ELISA. *, P � 0.01, compared with PMA alone. (B)
Cells were cultured to confluence. After pretreatment with or without inhib-
itors as shown [TAPI-1 (30 �M), TIMP-3 (10 �g�ml)], cells were stimulated with
PMA (10 ng�ml) for various times or with PMA (10 ng�ml) and TGF-� (20
ng�ml) for 5 min. After lysis, EGFR was immunoprecipitated with anti-EGFR
mAb and then immunoblotted with anti-phosphotyrosine Ab (PY99, Upper)
and reprobed with polyclonal anti-EGFR Ab (Lower). (C) Cells were pretreated
with TAPI-1 (10 or 30 �M) or TIMP-3 (10 �g�ml) for 30 min and then treated
with PMA (10 ng�ml) for 6 h. MUC5AC gene expression was measured by
RT-PCR. (D) Cells were pretreated with inhibitors for 30 min and then stimu-
lated with PMA (10 ng�ml) for 24 h in the presence of the respective inhibitors.
MUC5AC mucin production in the cell lysate (shaded areas) and in the super-
natant (unshaded areas) was analyzed by ELISA. *, P � 0.01, compared with
PMA alone.
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shedding, EGFR phosphorylation, and up-regulation of
MUC5AC expression in human airway epithelial cells.

TACE Mediates PA- and LPS-Induced MUC5AC Expression by Means of
Ligand (TGF-�)-Dependent EGFR Phosphorylation. MUC5AC protein
production by PA sup and by LPS was inhibited by pretreatment
with AG1478, by an EGFR-neutralizing Ab, or by a TGF-�-
neutralizing Ab (Fig. 5A), implicating ligand (TGF-�)-
dependent EGFR phosphorylation in PA sup- and LPS-induced
mucin production. TAPI-1 pretreatment or knockdown of
TACE by TACE siRNA inhibited PA sup- and LPS-induced
TGF-� release (Fig. 5B), prevented PA sup-induced (Fig. 5C
Upper) and LPS-induced (Fig. 5C Lower) EGFR phosphoryla-
tion, MUC5AC mRNA expression (Fig. 5D), and mucin protein
production (Fig. 5 E and F). Addition of exogenous TGF-� (20
ng�ml) reversed the inhibitory effects of TAPI-1 and TACE
siRNA on PA sup-induced EGFR phosphorylation (Fig. 5C,
three right lanes in Upper), MUC5AC mRNA expression (Fig.
5D, two right lanes in Upper), and protein production (data not
shown). luc siRNA was without effect (Fig. 5 B–F). PKC
inhibitors (CC and Bisindolylmaleimide I) also blocked PA sup-
and LPS-induced TGF-� release, EGFR phosphorylation,
MUC5AC mRNA expression, and mucin production (data not
shown).

Treatment of cells with the Gram-positive bacterial product
(lipoteichoic acid from Staphylococcus aureus, 10–50 �g�ml for
24 h) did not induce significant MUC5AC mRNA expression
when examined by RT-PCR or mucin protein production eval-
uated by ELISA and by immunohistochemistry (data not
shown).

Discussion
Here we show that PMA, supernatant from the Gram-negative
bacterium PA, and LPS increase MUC5AC expression in cul-
tured human airway epithelial cells by activation of metal-
loprotease TACE. These data are based on the discovery that
PMA-, PA sup-, and LPS-induced mucin production are blocked
by metalloprotease inhibitors (TAPI-1 and TIMP-3) and by
specific knockdown of TACE expression. Activation of TACE by
these stimuli increases the shedding of soluble TGF-�, which
binds to and activates EGFR, resulting in increased MUC5AC
expression.

EGFR phosphorylation is recognized as a critical event in
MUC5AC mucin production in response to stimuli (e.g., PA sup,
LPS, and neutrophil elastase) in human airway epithelial cells
(15, 25). However, the mechanism by which these stimuli cause
EGFR phosphorylation was unknown. To investigate this mech-
anism, we used PMA, a widely used stimulus known to increase
ectodomain shedding of various cell surface molecules, [e.g.,
TNF-�, TGF-� (26), p75TNF receptor (12), L-selectin (12), and
�-amyloid precursor protein (27)] and to cause EGFR phos-
phorylation. We show that PMA increases MUC5AC expression
dose- and time-dependently (Fig. 1).

To investigate the role EGFR phosphorylation in PMA-
induced mucin expression, we pretreated cells with AG1478
before PMA treatment to block EGFR phosphorylation or with
an EGFR-neutralizing Ab before PMA treatment to block
EGFR-ligand-binding sites on the cell surface. These pretreat-
ments inhibited the mucin production by PMA (Fig. 2 A and B),
implicating ligand-dependent EGFR phosphorylation in PMA-
induced mucin production. We further show that PMA causes
rapid shedding of soluble TGF-� (Fig. 2C).

To explore the role of TGF-� in PMA-induced MUC5AC
expression, we pretreated the cells with a TGF-�-neutralizing
Ab, which inhibited mucin production by PMA (Fig. 2 D and E),
implicating TGF-� shedding in PMA-induced MUC5AC mucin
production. Although it is possible that other EGFR ligands
(e.g., EGF, heparin-binding EGF-like growth factor, and am-
phiregulin) could also be involved in PMA-induced mucin
production, the fact that a TGF-�-neutralizing Ab prevented
�90% of the effect (Fig. 2 D and E) suggests that TGF-� plays
a major role in the response.

TGF-� is synthesized as a 20- to 22-kDa transmembrane
precursor, pro-TGF-� (28–30). Newly synthesized pro-TGF-� is
cleaved twice by metalloproteases at the Ala-39–Val-40 and
Ala-89–Val-90 sequences, releasing 6-kDa soluble TGF-� (6).
TACE, a member of the ADAM family proteases, which belongs
to the metzincin superfamily, has recently been reported to be
responsible for the ectodomain shedding of TGF-� in various
epithelial tissues (8, 12). To examine a possible role for metal-
loprotease TACE in ectodomain shedding of TGF-� in airway
epithelial cells, we used metalloprotease inhibitors [TAPI-1 (12,
31) and TIMP-3 (23, 24)]. Both TAPI-1 and TIMP-3 inhibit
ectodomain shedding of TNF-�, p55 TNF-� receptor, and
L-selectin, which are known substrates of TACE. TAPI-1 and
TIMP-3 blocked TGF-� release (Fig. 3A), EGFR phosphoryla-
tion (Fig. 3B), MUC5AC gene expression (Fig. 3C), and protein
production (Fig. 3D) by PMA, suggesting a possible role of
TACE in PMA-induced MUC5AC expression. Because inhibi-
tors such as TAPI-1 and TIMP-3 are not highly selective, we
verified the involvement of TACE in PMA-induced TGF-�
release, EGFR phosphorylation, and mucin expression by
knocking down TACE protein expression specifically by using
TACE siRNA (Fig. 4A). siRNA has been reported to be the most
specific and potent means for silencing gene expression and
protein production (20, 21). Knockdown of TACE expression
inhibited PMA-induced TGF-� shedding, EGFR phosphoryla-
tion, and mucin expression, indicating that TACE, activated by

Fig. 4. Effect of knockdown of TACE on PMA-induced TGF-� release, EGFR
phosphorylation, and MUC5AC expression. (A) Western blot of NCI-H292 cells
treated with siPORT Lipid (transfection agent for siRNA; Ambion) alone (left)
or transfected with TACE siRNA (10 nM, center) or luc siRNA (10 nM, right, as
negative control) by using anti-TACE mAb. (B) Cells were treated with siPORT
Lipid, or transfected with TACE siRNA (10 nM) or luc siRNA (10 nM). Later (48
h), cells were stimulated with PMA (10 ng�ml) for 2 h as described for Fig. 2C.
Soluble TGF-� in the supernatant was measured by ELISA. *, P � 0.01, com-
pared with cells treated with siPORT Lipid and transfected with luc siRNA.
(C–E) Cells were treated with siPORT Lipid or transfected with TACE siRNA or
luc siRNA. Forty-eight hours later, cells were treated with vehicle or PMA (10
ng�ml) for 5 min to examine the effect of knockdown of TACE on EGFR
phosphorylation (C) (as described for Fig. 3B), or treated with vehicle or PMA
(10 ng�ml) for 6 h to examine MUC5AC mRNA expression (D) or for 24 h to
measure mucin protein production by ELISA (E). MUC5AC mucin production in
the cell lysate (shaded areas) and in the supernatant (unshaded areas) was
analyzed by ELISA. Data in B and E are expressed as mean � SD. *, P � 0.01,
compared with corresponding controls.
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PMA, is responsible for TGF-� shedding, EGFR phosphoryla-
tion, and mucin production by PMA in NCI-H292 cells.

TACE is synthesized in a latent form, which contains an
inhibitory prodomain, a catalytic metalloprotease domain, a
disintegrin domain, a cysteine-rich domain, a transmembrane
domain, and a cytoplasmic domain (9, 32, 33). A thiol group
from a cysteine residue in the prodomain interacts with zinc in
the catalytic domain and thereby inactivates TACE (11, 12).
Disruption of this cysteine-zinc bond results in a conforma-
tional change and the generation of activated TACE (11, 12).
Among the proposed mechanisms of TACE activation are the
following:

(i) PKC activation by stimuli (e.g., PMA) causes a conforma-
tional change in the extracellular domain of TACE, thereby
exposing its catalytic domain. However, the mechanism of
TACE activation by PKC is unclear. It is suggested that PKC
causes serine phosphorylation in the cytoplasmic domain of
TACE, leading to a conformational change, which breaks the
cysteine-zinc bond, unmasking the catalytic site, which binds to
and cleaves substrates of TACE. Our results showing that PKC
inhibitors inhibit PMA-induced TGF-� shedding (Fig. 3A) and
MUC5AC protein production (Fig. 3D) support the involvement
of a PKC-signaling pathway in TACE activation by PMA.

(ii) Cysteine oxidation in the prodomain unmasks the catalytic
site of TACE. It has been reported that reactive oxygen species
or nitric oxide can attack the cysteine sulfhydryl moiety in the
prodomain of TACE and release it from coordination with the

catalytic zinc, thereby activating latent TACE (12, 14). The fact
that H2O2 mimics PMA in increasing the shedding of TACE
substrates supports this explanation (12). Our observation that
reactive oxygen species scavengers inhibit PMA-induced mucin
production partially (data not shown) also supports this oxida-
tion theory. Indeed, the involvement of a PKC-signaling pathway
and the oxidation theory are not contradictory because PKC
activation has been reported to generate reactive oxygen species
(34, 35).

Having elucidated the mechanism that PMA induces
MUC5AC expression by means of TACE activation, which
leads to TGF-� release and EGFR phosphorylation, we ex-
amined whether this mechanism could also be extended to
pathophysiological stimuli that induce mucin production. PA
infection in airways is a major cause of mucin overproduction.
PA sup and its major component, LPS, have been reported to
cause MUC5AC expression in airway epithelial cells by means
of EGFR phosphorylation (15, 16). However, the mechanism
by which PA sup and LPS cause EGFR activation was previ-
ously unknown. Here we show that PA sup and LPS increase
MUC5AC mucin production by means of ligand (TGF-�)-
dependent EGFR phosphorylation (Fig. 5A). Then we show
that metalloprotease TACE mediates soluble TGF-� release
(Fig. 5B) and TGF-�-dependent EGFR phosphorylation by
PA sup and by LPS (Fig. 5C). Finally, we show that TACE is
responsible for PA sup- and LPS-induced MUC5AC gene
expression and mucin production in airway epithelial (NCI-

Fig. 5. Role of TACE in PA sup- and LPS-induced EGFR phosphorylation and MUC5AC production. (A) Cells were pretreated with or without EGFR inhibitor,
AG1478 (10 �M), or an EGFR-neutralizing Ab (4 ng�ml), or a TGF-�-neutralizing Ab (4 ng�ml) for 30 min, and then were treated with PA sup (1:8 dilution) or LPS
(10 �g�ml) for 24 h in the presence or absence of the individual inhibitor or Abs. Mucin protein production was examined by ELISA. *, P � 0.01, compared with
PA sup alone or LPS alone. (B) Cells were treated with siPORT Lipid or transfected with TACE siRNA (10 nM) or luc siRNA (10 nM) and incubated for 48 h, or cells
were pretreated with TAPI-1 (30 �M) for 30 min. Then the cells were stimulated with PMA (10 ng�ml) for 2 h (as described for Fig. 2C). Soluble TGF-� in the
supernatant was measured by ELISA. *, P � 0.01, compared with cells treated with siPORT Lipid and transfected with luc siRNA. (C–F) Cells were pretreated with
vehicle or siPORT Lipid, or were transfected with TACE siRNA (10 nM) or luc siRNA (10 nM) and incubated for 48 h, or cells were pretreated with TAPI-1 (30 �M)
for 30 min. Then the cells were treated with PA sup (1:8 dilution), PA sup (1:8 dilution) plus TGF-� (20 ng�ml), or with LPS (10 �g�ml) for 30 min to examine EGFR
phosphorylation (C) (as described for Fig. 3B). The cells were treated with PA sup (1:8 dilution) or with PA sup plus TGF-2 (20 ng�ml) for 10 h to analyze MUC5AC
mRNA expression by RT-PCR (D). The cells were treated with PA sup (1:8 dilution) or with LPS (10 �g�ml) for 24 h to measure mucin protein production by ELISA
(E and F). Data in A, B, E, and F are expressed as mean � SD. *, P � 0.01, compared with corresponding controls.
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H292) cells (Fig. 5 D–F). These results were from studies
performed in a cancer cell line (NCI-H292 cells), which may
express different phenotypes from those expressed in primary
cultures of airway epithelia. Even primary cell cultures may
differ from the in vivo situation.

The Gram-positive bacterium Staphylococcus aureus and its
product, lipoteichoic acid, have been reported to increase MUC2
gene transcription (36) in colon tumor cell line (HM3 cells) by
an ADAM 10-dependent EGFR phosphorylation. However,
lipoteichoic acid from S. aureus (10–50 �g�ml for 24 h) did not
cause a significant MUC5AC protein production in NCI-H292
cells under the same cell culture conditions as studied for
MUC5AC expression by PA sup or LPS.

In summary, we show that stimulation of NCI-H292 cells with
PMA, PA sup, and LPS results in TACE activation, which cleaves
pro-TGF-� into soluble mature TGF-� that is free to bind to
EGFR. The subsequent ligand-dependent EGFR phosphoryla-
tion results in mucin production in airway epithelial cells. These
findings are especially important because PA infections are
implicated in mucus hypersecretion associated with respiratory
diseases. Our results showing that TACE-induced cleavage of
EGFR ligand results in EGFR activation and subsequent mucin
production suggest novel mechanisms for therapeutic interven-
tion in hypersecretory diseases.
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