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Cyclooxygenase-2 (COX-2) is a key enzyme in the production of
prostaglandins and thromboxanes from free arachidonic acid. In-
creasing evidence suggests that COX-2 plays a role in tumorigenesis.
A variety of stimuli induce COX-2 and it is overexpressed in many
tumors, including non-small cell lung cancer (NSCLC). We studied
the regulation of COX-2 expression in immortalized human bron-
chial epithelial cells (HBECs) by transforming growth factor-1 (TGF-
B1) and epidermal growth factor (EGF) because these two growth
factors are present in both the pulmonary milieu of those at risk for
lung cancer as well as in the tumor microenvironment. EGF signifi-
cantly enhanced TGF-B1-mediated induction of COX-2 and corre-
sponding prostaglandin E2 (PGE2) production. TGF-$1 and EGF
induced COX-2 at the transcriptional and post-transcriptional levels.
EGF receptor (EGFR) inhibition, neutralizing antibody against am-
phiregulin, or mitogen-activated protein kinase kinase (MEK)
inhibition blocked TGF-B1-mediated COX-2 induction. COX-2 in-
duction by TGF-B1 depended upon Smad3 signaling and required
the activity of EGFR or its downstream mediators. Autocrine amphir-
egulin signaling maintains EGFR in a constitutively active state in
HBECs, allowing for COX-2 induction by TGF-B1. Thus, EGFR ligands,
which are abundant in the pulmonary microenvironment of those at
risk for lung cancer, potentiate and are required for COX-2 induction
by TGF-B1 in HBEC. These findings emphasize the central role of
EGFR signaling in COX-2 induction by TGF-$1 and suggest that
inhibition of EGFR signaling should be investigated further for lung
cancer prevention.
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Cyclooxygenase (COX) is the rate-limiting enzyme in pro-
duction of prostaglandins and thromboxanes from free arach-
idonic acid. Two isoforms have been identified: COX-1 and
COX-2. COX-1 is constitutively expressed in most tissues,
whereas COX-2 is induced in response to several stimuli, such
as IL-1B, transforming growth factor-B (TGF-B), or TNF-a (1).
COX-2 is expressed at high levels in non-small cell lung cancer
(NSCLC) and many other malignancies. Increasing evidence
suggests that COX-2 plays a role in tumorigenesis involving
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CLINICAL RELEVANCE

Our findings regarding cooperation between transforming
growth factor-B1 and epidermal growth factor receptor
(EGFR) signaling events in COX-2 regulation in human
bronchial epithelial cells are novel and suggest that in-
hibition of EGFR signaling should be investigated further
for lung cancer prevention.

numerous pathways, including enhanced angiogenesis and in-
vasion, decreased immunity, and apoptosis resistance (2-10). In
patients at risk of developing lung cancer, COX-2 expression has
been detected in premalignant pulmonary lesions such as atypical
adenomatous hyperplasia (11). Inbred mouse strains predisposed
to lung cancer display elevated COX-2 in pre-malignant lesions
and in alveolar type II cells, a potential precursor cell of NSCLC
(12). These data suggest an important role for COX-2 in
carcinogenesis, and inhibition of this pathway may be useful in
lung cancer chemopreventive strategies (13). Indeed, the COX-2
inhibitor, celecoxib, is currently under evaluation in clinical trials
in late-stage lung cancer in combination treatment with other
chemotherapeutic agents (14) as well as in chemoprevention
trials in individuals at risk of developing lung cancer (15, 16).

TGF-B (17, 18) and epidermal growth factor (EGF) (19-21)
are two growth factors that influence COX-2 expression. TGF-3
has diverse biological effects which, in part, are dependent upon
cell type (22-24). For example, TGF-B inhibits proliferation in
normal epithelial cells. However, tumor cells often lose this re-
sponse to TGF-B and continue to proliferate despite abundant
production of this cytokine. In the tumor environment, TGF-
can promote tumor growth by increasing angiogenesis and sup-
pressing local and systemic immune responses (22-24).

To impede or delay the development of cancer, studies are
now underway targeting molecules crucial for cancer cell pro-
liferation and survival. One such target, epidermal growth fac-
tor receptor (EGFR), is a transmembrane glycoprotein with
intrinsic tyrosine kinase activity that regulates cell growth in
response to ligand binding. Overexpression of EGFR has been
observed in several cancers, including NSCLC, prostate, breast,
and colon cancer (25). EGFR has been shown to affect apoptosis,
angiogenesis, and metastasis, encouraging tumor progression (25).
Two drugs targeting EGFR, gefitinib and erlotinib, have recently
been approved for lung cancer treatment (26-29), and these have
shown promise in the clinic. It has been suggested that EGFR
inhibition could also be used in lung cancer prevention (30).

Smoking increases lung concentrations of TGF-B and EGF
(31-33), and the high levels of these growth factors may con-
tribute to chronic obstructive pulmonary disease (COPD) and
pulmonary fibrosis, both of which are risk factors for subsequent
lung cancer development (31, 34-36). EGFR mutations are also
detected in the histologically normal respiratory epithelium of
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patients with lung cancer, suggesting a role for EGFR mutation
in the early events of lung cancer development in some patients
(37). Therefore, to study the involvement of TGF-B and EGF
in COX-2 regulation in early stages of lung carcinogenesis, we
evaluated COX-2 expression after treatment with TGF- and
EGF in immortalized human bronchial epithelial cells (HBECs).
We report here that EGF potentiates TGF-B1-mediated COX-2
induction at the transcriptional and post-transcriptional levels in
HBEC:s. Importantly, EGFR-dependent signaling is required for
the induction of COX-2 by TGF-B1. These findings emphasize
the central role of EGFR signaling in COX-2 induction by TGF-
B1 and suggest that inhibition of EGFR signaling should be
investigated further for lung cancer prevention.

MATERIALS AND METHODS

Cell Culture

Immortalized HBECs derived from different individuals (HBEC3 and
HBEC4, normal HBECs transduced with telomerase and CDK4) were
used for these studies (38). COX-2 induction by TGF-g1 and EGF was
observed in both HBEC3 and HBEC4 cells, and subsequent studies
were carried out with HBEC3 cells. HBECs were maintained in kera-
tinocyte serum-free medium (K-SFM; Invitrogen, Carlsbad, CA) con-
taining 0.2 ng/ml recombinant human EGF and 30 pg/ml bovine
pituitary extract (KSFM complete medium). Twenty-four hours before
and throughout the conduct of each experiment, the cells were cultured
in growth factor-free K-SFM. Recombinant human TGF-B1 and EGF
were purchased from Peprotech Inc (Rocky Hill, NJ) and Invitrogen,
respectively.

Prostaglandin E2 Release

HBECs were cultured on 6-well plates. Immediately before collecting
the sample, the cells were incubated in medium containing 15 pM
arachidonic acid (Cayman Chemical Co., Ann Arbor, MI) for 1 hour,
then supernatant from each well was collected and prostaglandin E2
(PGE2) was measured by specific enzyme immunoassay (EIA) (Cayman
Chemical Co.). PGE2 concentration was normalized to total cellular
protein and expressed as pg/ug protein.

COX-2 Expression

HBECs were cultured on 6-well plates. Cells were lysed in lysis buffer
(50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% NP-40, 0.25% sodium
deoxycholate, 1 mM EDTA, 1 mM phenylmethylsulfonylfluoride, and
complete mini protease inhibitor cocktail) and total protein was
quantified using the BCA protein assay kit (Pierce Biotechnology,
Philadelphia, PA). COX-2 expression was determined by specific
enzyme-linked immunosorbent assay (ELISA) (Assay Designs, Inc.,
Ann Arbor, MI). The cross reactivity of the COX-2 ELISA to human
COX-1is less than 0.1%. COX-2 concentration was normalized to total
cellular protein and expressed as pg/pg protein.

Phospho-EGFR Detection

Phospho-EGFR (p-EGFR) level in the cell lysate was determined by
specific ELISA (R&D Systems, Minneapolis, MN) per manufacturer’s
instructions. Total protein was quantified using the BCA protein assay
kit, and p-EGFR concentration was normalized to total cellular protein
and expressed as pg/pg protein.

Kinase Inhibitor and Neutralizing Antibody Assays

HBECs were cultured to 60% confluence in 6-well plates and pre-
treated with small molecule inhibitors or neutralizing antibodies for
1 hour. TGF-B1 and /or EGF were then added to the culture and co-
incubated with the inhibitors or the neutralizing antibodies for 24
hours. The cell lysates were collected and COX-2 protein levels were
determined by specific ELISA or Western analysis. The mitogen-
activated protein kinase kinase (MEK) inhibitor (PD98059), extracel-
lular signal-regulated kinase (ERK) inhibitor II (FR180204), and
EGFR tyrosine kinase inhibitors (PD153035, AG1478) were obtained
from Calbiochem (La Jolla, CA). Human neutralizing antibodies against

amphiregulin (catalog number: AF262), TGF-a (catalog number: AF-
239-NA), EGF (catalog number: AF236), and HB-EGF (catalog number:
AF-259-NA) were purchased from R&D Systems. Human neutralizing
antibodies against EGFR (catalog number: 05-101) were purchased from
Upstate (Lake Placid, NY).

Transient Transfection and Luciferase Assay

HBECs were cultured in 24-well plates. A DNA construct containing
the human COX-2 promoter driving a luciferase reporter gene (hCOX-
2 [—1437/+127]-Luc, kindly provided by Dr. Natarajan at Beckman
Research Institute of the City of Hope, Duarte, CA [39]) was tran-
siently introduced into HBECs using Effectene Transfection Reagent
(Qiagen, Valencia, CA). Six hours later, transfection media was replen-
ished with fresh KSFM and cells were cultured for 18 hours. Cells were
then treated with TGF-B1 and/or EGF, and lysates collected over
a 48-hour time course. COX-2 promoter activity was measured with the
Dual Luciferase Assay Kit (Promega Corp., Madison, WI).

Transfection of siRNA

Cells in 6-well plates, at 40% confluence, were incubated with the
siRNA transfection solution at 37°C for 6 hours, washed twice with
PBS, and then incubated in KSFM complete medium for 48 hours. The
medium was then changed to fresh KSFM, and TGF-B1 was added to
the culture for 16 hours. Total RNA was collected using Rneasy Kit
from Qiagen (Valencia, CA). siRNA for Smad2 (SMARTpool), Smad3
(SMARTpool and Upgrade), and nontargeting siRNA control were
purchased from Dharmacon (Chicago, IL). The TransMessenger Trans-
fection reagent was from Qiagen. Two of the siRNA sequences of
Smad3 SMARTpool were used to verify the Smad3 SMARTpool re-
sults. These two siRNA sequences are: (I): sense, 5'-GAGUUCGC
CUUCAAUAUGAUU-3’; antisense, 5'-UCAUAUUGAAGGCGA
ACUCUU-3; (2) sense, 5'-UCAAGAGCCUGGUCAAGAAUU-3';
antisense, 5'-UUCUUGACCAGGCUCUUGAUU-3'.

Real-Time PCR

Total RNA was isolated using RNeasy Mini Kit (Qiagen). For quan-
titative real-time PCR (QPCR) analysis, RNA was extracted and
cDNA prepared with a kit (Invitrogen) according to the manufac-
turer’s instructions. Gene expression was quantified using the SYBR
Green quantitative PCR kit in the iCycler (Bio-Rad, Hercules, CA)
and normalized with human B-actin or human GAPDH housekeeping
control amplifications. Amplification was carried out in a total volume
of 25 ul for 40 cycles of 30 seconds at 95°C, 30 seconds at 60°C (57°C for
Smad2), and 30 seconds at 72°C. Samples were run in duplicate and
their relative expression was determined by normalizing expression of
each target to human B-actin or human GAPDH and then comparing
this normalized value to the normalized expression in a reference
sample to calculate a fold change value. Primers were designed so that
amplicons spanned intron/exon boundaries to minimize amplication of
genomic DNA. A melting curve analysis was run at the end of the PCR
to ensure a lack of primer-dimers. Primer sequences were as follows:
human B-actin—forward, 5'-GATGAGATTGGCATGGCTTT -3’ and
reverse, 5'-CACCTTCACCGTTCCAGTTT -3'; hCOX-2—forward,
5'-TCCTATTATACTAGAGCCCTTCCT-3' and reverse, 5'-TTCCA
CAATCTCATTTGAATCAGG-3'; hSmad2—forward, 5'-GGACTG
AGTACACCAAATACG-3' and reverse, 5'-GCAATATATAACA
TGTGGCAATC-3" (40); hSmad3—forward, 5'-CCCCAGAGCAAT
ATTCCAGA-3' and reverse, 5'-GACATCGGATTCGGGGATAG-3’
(41); human amphiregulin—forward, 5'-GGCTCAGGCCATTATGC-3’
and reverse, 5'-ACCTGTTCAACTCTGACTGA-3’ (42); and human
GAPDH—forward, 5'-TGCACCACCAACTGCTTAGC-3' and reverse,
5'-GGCATGGACTGTGGTCATGAG-3’ (43).

Western Analysis

The cell lysate was collected using lysis buffer containing 1 mM sodium
orthovanadate and total protein was quantified using the BCA protein
assay. 10% SDS-PAGE electrophoresis was performed. Protein was
then transferred to PVDF membrane (Millipore, Bedford, MA). After
incubation with the horseradish peroxidase—conjugated antibody, the
signal was detected with an ECL Kit from Pierce. Phospho-Smad3
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Figure 1. Epidermal growth factor (EGF) potentiates transforming growth factor (TGF)-B1-mediated cyclooxygenase (COX)-2 induction in human
bronchial epithelial cells (HBECs). HBEC3 cells were cultured in 6-well plates and treated with TGF-1 and/or EGF. Cell lysates were collected and
COX-2 protein was measured by specific enzyme-linked immunosorbent assay (ELISA). In A, B, and C, COX-2 concentrations were determined after
24-hour exposure to growth factors. (A) TGF-1 induced COX-2 in a dose-dependent manner. (B) EGF induced COX-2 in a dose-dependent
manner. (C) EGF potentiated TGF-B1-mediated COX-2 induction. (D) TGF-B1 (5 ng/ml) and EGF (50 ng/ml) induced COX-2 in a time-dependent
manner. (E) TGF-B1 (5 ng/ml) and/or EGF (50 ng/ml) induced COX-2 mRNA expression. Cells were treated for 8 hours and total RNA was extracted.
COX-2 mRNA level was determined by quantitative real-time PCR. (F) EGF potentiated TGF-B1-mediated PGE2 induction. HBEC3 cells were treated
with TGF-B1 (5 ng/ml), EGF (50 ng/ml), and/or celecoxib (5 uM) for 24 hours (celecoxib was added 1 hour before the growth factors). Right before
collecting the sample, cells were incubated with 15 wM arachidonic acid for 1 hour. PGE2 in the supernatant from each well was measured by
specific enzyme immunoassay (EIA). One representative experiment out of three is shown. *P < 0.05, **P < 0.01.

(Ser433/435) (catalog number: 9514) and phospho-p44/42 MAPK
(Thr202/Tyr204) (catalog number: 9106) antibodies were purchased
from Cell Signaling (Danvers, MA). COX-2 antibody (catalog number:
160112) was purchased from Cayman Chemical Co.

Statistical Analysis

For each study group, the outcome measurements were summarized
using mean and SD. Statistical significance of data was determined by
the two-tailed Student’s ¢ test. P values less than 0.05 were considered
significant.

RESULTS

EGF Potentiates the TGF-B1-Mediated Increase in COX-2
Expression and PGE2 Production in HBECs

TGF-B has been reported to induce COX-2 in several cell types
(17, 18). To investigate the effect of TGF-B on COX-2 ex-
pression in immortalized HBEC, cells were treated with sev-
eral concentrations of TGF-B1 for 24 hours and COX-2 levels in
the cell lysates were determined by specific ELISA. TGF-B1
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caused a dose-dependent induction of COX-2 protein that was
maximal (5-8 fold) at 5-10 ng/ml (Figure 1A). The COX-2
protein induction in response to TGF-B1 occurred as early as 8
hours and peaks between 16 and 24 hours (Figure 1D). Twenty-
four hours was then chosen for most of the following studies,
since it corresponded to the highest COX-2 induction by TGF-B1.
Next we sought to determine if COX-2 expression could be
augmented by EGF in HBEC. To evaluate the effects of EGF
on COX-2 expression, HBEC3 cells were treated with doses
spanning 0 to 100 ng/ml EGF, and COX-2 levels were de-
termined by ELISA. EGF caused a 2-fold increase in COX-2
production, with maximal induction occurring at 10 to 100 ng/ml
(Figure 1B). Interestingly, EGF strongly potentiated TGF-B1-
induced COX-2 production (Figures 1C and 1D). Similar results
were also obtained in HBEC4 cells (data not shown). COX-2
mRNA expression after each treatment was also assessed by
quantitative real-time PCR. Exposure to either growth factor
individually elevated COX-2 mRNA (Figure 1E), and combined
treatment resulted in a greater increase in COX-2 mRNA than
seen with either growth factor alone (Figure 1E). TGF-B1 also
significantly induced PGE2 production as determined by ELISA,
and this was also potentiated by EGF. Elevated COX-2 levels
appeared to be responsible for the augmented PGE2 production
from cells treated with TGF-B1 and EGF, as indicated by the
capacity of celecoxib to prevent this increase (Figure 1F).

TGF-B1 and EGF Induce COX-2 at the Transcriptional and
Post-Transcriptional Levels

Possible mechanisms for COX-2 mRNA induction by TGF-B1
and EGF were evaluated. COX-2 transcription was assessed
using a firefly luciferase reporter construct containing the COX-
2 promoter region (—1437/+127)-Luc. HBEC3 cells were tran-
siently transfected with pCOX-2 promoter-Luc and pRL-TK
(renilla luiferase construct for the normalization of transfection
efficiency), or the empty vector, pGL3-Luc. TGF-B1 caused
a 2.8-fold increase of COX-2 promoter activity in HBEC3 cells
at 24 hours, while EGF increased COX-2 transcription by 1.6-
fold (Figure 2A). In combination, TGF-B1 and EGF induced
COX-2 transcription to a greater extent than TGF-B or EGF
alone. The empty vector had no effect (data not shown).

To determine whether TGF-B1 and EGF influence COX-2
mRNA stability, HBEC3 cells were pre-treated with TGF-p1
(5 ng/ml) and/or EGF (50 ng/ml) for 22 hours and followed by
inhibition of transcription by actinomycin D treatment. Two
hours following actinomycin D treatment, COX-2 mRNA decay
was monitored by quantitative real-time PCR. EGF treatment
alone or in combination with TGF-B1 increased COX-2 mRNA
half-life (Figure 2B); however, TGF-f1 treatment alone had little
effect (Figure 2B).

COX-2 Induction by TGF-B1 in HBECs Requires Constitutive
p-EGFR Signaling, Maintained by Amphiregulin in HBEC

The induction of COX-2 by IFN-y or tobacco smoke has been
reported to be mediated via EGFR activation (44—46). Here
we sought to determine whether TGF-B1 induced COX-2 in
an EGFR-dependent manner. Two specific EGFR inhibitors
(PD153035, AG1478) completely abolished COX-2 induction
by TGF-B1 (Figures 3A and 3B), and an anti-EGFR antibody
had the same effect (Figure 3C). This suggests that EGFR
signaling is critical for COX-2 induction by TGF-B1. Because
EGFR activation is typically accomplished via ligand binding,
neutralizing antibodies against four common EGFR ligands
(TGF-a, EGF, amphiregulin, and heparin binding-EGF [HB-
EGF]) were used to assess their roles in this process, while goat
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Figure 2. TGF-B1 and EGF induce COX-2 at the transcriptional and
post-transcriptional levels in HBECs. (A) HBEC3 cells were transfected
with COX-2 promoter (—1437/+127)-Luc and pRL-TK. Twenty-four
hours after the transfection, cells were treated with TGF-g1 and EGF for
an additional 24 hours. Cell lysates were collected and luciferase
activity was measured with dual-luciferase assay kit. (B) HBEC3 cells
were treated with 5 ng/ml TGF-B1 and 50 ng/ml EGF for 22 hours and
5 ng/ml Actinomycin D was added to inhibit transcription. Total RNA
was extracted over a 2-hour time course, and COX-2 mRNA was
measured by quantitative real-time PCR. Each set of conditions was
normalized to the “0” time point. One representative experiment out
of three is shown. *P < 0.05.

IgG served as a negative control. The amphiregulin-neutralizing
antibody significantly inhibited COX-2 induction by TGF-B1
(Figure 3D). In contrast, neutralizing antibodies against TGF-a,
EGF, or HB-EGF, when evaluated over a wide range of antibody
concentration, had no effect (data not shown). This finding
indicates that EGFR activation by amphiregulin is required for
COX-2 induction by TGF-B1. To test the hypothesis that TGF-
B1 itself induces production of amphiregulin, which in turn could
activate EGFR, we measured amphiregulin protein levels in
HBEC-conditioned media. Amphiregulin was present in the
culture supernatant (30-40 pg/pg cellular protein) as determined
by specific ELISA (data not shown). However, consistent with
a previous report (47), neither secretory amphiregulin nor
amphiregulin mRNA expression increased above this high con-
stitutive level after TGF-B1 exposure (data not shown). Thus,
although there is no induction of amphiregulin by TGF-1, the
basal level of amphiregulin produced by HBECs appears to play
a critical role for TGF-B1-mediated COX-2 induction.

The constitutive levels of COX-2 in these epithelial cells
were low. Under the experimental conditions used in these
studies, EGFR inhibition also modestly decreased constitutive
COX-2 level (data not shown). This indicates that EGFR-
dependent signaling affects COX-2 in both constitutive and stim-
ulated states, which is in agreement with a previous report (44).

To study the effect of TGF-B1 on EGFR phosphorylation,
p-EGFR levels were determined by specific ELISA. EGF
treatment was used as a positive control and demonstrated that
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is shown. *P < 0.05, **P < 0.01.

EGFR phosphorylation peaked at 10 minutes and remained
elevated up to 24 hours (Figure 4A). In contrast, TGF-1
treatment (10 minutes to 24 hours) had no effect on constitutive
p-EGFR (30 to 40 pg/pn.g protein) (Figure 4A). The constitutive
EGFR phosphorylation was significantly reduced by the EGFR
tyrosine kinase inhibitor (PD153035), anti-EGFR, or anti-
amphiregulin neutralizing antibody, while the neutralizing anti-
bodies against EGF, HB-EGF, or TGF-a had no effect (Figure
4B). Thus, amphiregulin, but not EGF, HB-EGF, or TGF-q,
plays an important role in maintaining the basal level of EGFR
signaling, which, in turn, is required for COX-2 induction by
TGF-B1 in HBECs. Although exogenous EGF induces COX-2
production in HBECs, the endogenous EGF, HB-EGF, or TGF-a
does not contribute significantly to the basal level of EGFR
activation and thus neutralizing antibodies against EGF, HB-
EGF, or TGF-a have no effect on TGF-Bl-mediated COX-2
induction.

Smad3 Mediates COX-2 Induction by TGF-p1

Because TGF-B1 effects are predominantly mediated through
activation of the Smad family of signaling molecules, we mea-
sured COX-2 induction by TGF-B1 after knocking down Smad2
or Smad3 with siRNA. Smad3 siRNA blocked Smad3 mRNA
expression, as well as COX-2 induction by TGF-B1 (Figures SA
and 5B). Similar results were obtained using either Smad3
SMARTpool siRNA or two individual siRNA duplexes from
the SMARTpool. In contrast, although Smad2 siRNA signifi-

cantly inhibited Smad2 mRNA expression, it had no effect on
TGF-Bl-mediated COX-2 induction (Figures 5C and 5D).
These findings indicate that TGF-B1 induces COX-2 through
Smad3 in HBECs.

Active ERK Is Required for COX-2 Induction by TGF-$1

In response to a variety of stimuli, ERK signaling impacts COX-
2 induction (48). The cooperative effects of the Smad3 and
ERK pathways have also been described in the regulation of
some other genes (49). We therefore determined the involve-
ment of ERK signaling in TGF-B1-mediated COX-2 induction.
ERK phosphorylation was determined in HBEC by Western
analysis. Untreated HBECs maintained a detectable level of
ERK phosphorylation, which was increased by TGF-B1 at ap-
proximately 18 to 24 hours (data not shown). To study the
requirement for ERK in COX-2 induction by TGF-f1, HBEC3
cells were pretreated with the MEK inhibitor PD98059 for 1
hour, and then incubated for 18 hours with TGF-B1 in the
presence of PD98059. PD98059 significantly inhibited the in-
duction of COX-2 by TGF-B1 (Figure 5E), indicating a re-
quirement for active ERK. Further support for the importance
of ERK in this process was indicated by the fact that the
selective ERK inhibitor FR180204 (50) significantly inhibited
TGF-Bl-mediated COX-2 induction, while the same concen-
tration of a structurally related negative control compound,
FR180289, did not (data not shown). Thus, active ERK must be
present for COX-2 induction by TGF-B1; however, because the
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elevation in COX-2 expression due to TGF-B1 precedes the
increase in p-ERK by several hours, ERK signaling itself may
not provide the direct stimulus to amplify COX-2. Importantly,
constitutive ERK phosphorylation is required for COX-2 in-
duction by TGF-B1. We also found that PD98059 modestly
inhibited basal level of COX-2 (data not shown), suggesting that
ERK phosphorylation is important for both constitutive and
stimulated COX-2 in HBEC.

The Constitutive Level of ERK Phosphorylation Is Dependent
on EGFR Signaling in HBEC

Because we found that both EGFR and ERK inhibition
significantly inhibited TGF-B1 mediated COX-2 induction, the
impact of EGFR signaling on ERK phosphorylation was in-
vestigated. The cells were pretreated with the EGFR inhibitor
PD153035 for 1 hour and TGF-B1 was added to the culture and
co-incubated with the inhibitor for 1 hour. We found that the
constitutive level of ERK phosphorylation was abolished by
PD153035 (Figure 6A), which would in turn inhibit TGF-B1-
mediated COX-2 induction. The neutralizing antibody against
EGFR and amphiregulin also showed similar effects as seen
with PD153035 (Figure 6A).

Because we have also found that Smad3 was required for
TGF-Bl-mediated COX-2 induction, the impact of EGFR or
ERK inhibition on Smad3 phosphorylation was investigated.
HBECS3 cells were pretreated with PD153035 or PD98059 for
1 hour and TGF-B was then added to the culture for 1 hour.

TGF-B1 induced Smad3 phosphorylation, which was not inhib-
ited by either PD153035 or PD98059 (Figure 6B).

DISCUSSION

A multifaceted role for COX-2 in tumorigenesis has been
suggested, as its enzymatic products encourage many aspects
of the malignant phenotype, including increased angiogenesis,
resistance to apoptosis, and suppression of anti-tumor immune
responses (2-10). COX-2 is overexpressed in many tumors and
likely contributes to neoplastic transformation at early stages, as
it is also highly expressed in pre-neoplastic lesions (11). Based
on its role in promoting survival and expansion of transformed
cells, the cyclooxygenase pathway has been targeted in lung
cancer chemoprevention strategies (15, 16); however, the risk/
benefit ratio of specific COX-2 antagonists has been called into
question (51, 52). Understanding the mechanisms by which
upstream regulators increase COX-2 expression at the early
stages of lung tumor development may provide alternative
avenues for pharmacologic intervention in preventive strategies.

The growth factors TGF-B1 and EGF have each individually
been reported to influence COX-2 expression, and these mol-
ecules are highly expressed in individuals at risk of developing
lung cancer (31-33). The seminal studies of Sieweke and co-
workers indicated a critical role for TGF-B in tumorigenesis
(53). In subsequent studies, TGF-B has been found to promote
tumor invasion and metastasis, induce angiogenesis, and promote
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immune suppression (54). TGF-B and Ras synergistically induce
COX-2 in rat intestinal epithelial cells and immortalized mouse
colonocytes (17, 18). TGF-B was shown to stabilize COX-2
mRNA in rat intestinal epithelial cells (RIE-1) and human lung
fibroblasts (1, 17). Also relevant to our findings, the capacity for
EGF to induce COX-2 has been demonstrated in several cell
lines (19-21). EGFR signaling has been shown to promote
apoptosis resistance, angiogenesis, and metastasis, encouraging
tumor progression (25). Furthermore, TGF-B1 and EGF syner-
gistically induce COX-2 in mink lung epithelial cells (55);
however, this has not been examined in human cells, and to
date, no mechanism to explain the synergistic effects of TGF-8
and EGF on COX-2 expression has been presented. We have
investigated COX-2 regulation by TGF-B81 and EGF signaling
pathways in HBECs immortalized by stable introduction of
Cdk4 and hTERT (38). As previously reported, these cells did
not form colonies in soft agar or tumors in nude mice. The gene
expression profiles of these cell lines clustered together with
nonimmortalized bronchial epithelial cells (38), suggesting their
utility as a model of the normal bronchial epithelium. Our
findings, discussed below, are consistent with the hypothesis
that signals from the TGF-B1 and EGF pathways cooperate to
increase COX-2 mRNA and protein expression and that
components of the EGFR pathway must be active in order for

TGF-B1 to have an effect. Based on the importance of TGF-B1,
EGF, and COX-2 in lung cancer development, pharmacologic
manipulation of these pathways warrants further investigation
in lung cancer chemopreventive settings.

In HBEG:, inhibitors of the MEK/ERK pathway blocked
COX-2 induction by TGF-B1. While a direct role for ERK in
COX-2 elevation after TGF-B1 treatment might be postulated,
we also found that HBECs maintained a constitutive level of
p-ERK levels that was not further induced by TGF-B1 until
several hours after COX-2 mRNA and protein had already
increased. Accordingly, it is unlikely that ERK itself transmits
the signal from TGF-B1 to increase COX-2 expression. In
contrast, Smad3 is phosphorylated shortly after exposure to
TGF-B1, and Smad3 inhibition prevents subsequent COX-2
induction. Thus, while active ERK must be present for in-
duction of COX-2, Smad3 signaling appears to be directly
mediating the effects of TGF-B1 in this setting. These findings
are consistent with previous reports documenting cooperation
between Smad and ERK pathways in the regulation of other
genes (49, 56, 57). The point(s) at which TGF-g and EGFR
signaling converge are not completely defined. Activation of
Smad3 by TGF-B is well established to occur by phosphorylation
within the C-terminus (58); however, here we found that inhi-
bition of the EGFR/ERK activity did not alter phosphorylation
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at this site in HBECs. It has also been reported that TGF-B1
may induce Smad3 phosphorylation in the linker region in an
ERK-dependent manner and ERK inhibition may reduce total
serine phosphorylation of Smad3 (57). We found that inhibition
of the EGFR or ERK pathway did not alter total serine
phosphorylation of Smad3 induced by TGF-B1 in HBECs (data
not shown), suggesting that downstream pathways might be
involved in TGF-B1-mediated COX-2 induction. Several pos-
sible mechanisms will require further investigation. For exam-
ple, TGF-B-mediated Smad2/3 nuclear translocation have been
suggested to be modulated by the MAP kinase pathway (59, 60)
which may play a role in regulating TGF-B-mediated COX-2
induction. It has also been shown that Smad3 and MAPK/ERK
can cooperatively increase AP1 activity (61), and this transcrip-
tion factor may play a role in COX-2 induction through EGFR
and TGF-B pathways. Further investigations will be required to
assess these possibilities.

We found that ERK phosphorylation was increased by TGF-
B1 at 18 to 24 hours in HBEC (data not shown). It has been
previously reported that TGF-B1 could induce ERK phos-
phorylation in a delayed manner (62, 63). Secondary mediators
may play a role in this delayed pERK induction by TGF-B1 in
HBEC. Additional studies will be required to assess these
possibilities.

We observed that secretion of the EGFR ligand, amphir-
egulin, results in autocrine signaling through EGFR to maintain
ERK phosphorylation, providing a permissive state for TGF-1
to influence COX-2 expression. In immortalized HBECs, TGF-
B1l-induced COX-2 expression is completely abolished by EGFR

tyrosine kinase inhibition or EGFR-neutralizing antibody. Neu-
tralizing antibody against amphiregulin also significantly inhib-
ited COX-2 induction by TGF-B1. However, TGF-B1 did not
increase amphiregulin production or EGFR phosphorylation in
HBECs. HBECs maintain a basal level of p-EGFR, which is
significantly inhibited by an EGFR tyrosine kinase inhibitor,
anti-EGFR- or anti-amphiregulin—neutralizing antibodies. TGF-
B1 activates the Smad pathway and increases COX-2 transcrip-
tion in HBECs. Although TGF-B1 does not increase amphiregulin
production, the constitutive presence of HBEC-derived amphir-
egulin leads to a basal level of constitutive EGFR phosphory-
lation that is required for TGF-B1-mediated COX-2 induction.
Further investigation demonstrated that constitutive ERK phos-
phorylation was abolished by EGFR inhibition, which in turn
prevented COX-2 induction by TGF-B1. Thus, the requirement
for amphiregulin/EGFR signaling in TGF-Bl-mediated COX-2
elevation may be due to its capacity to maintain constitutive ERK
phosphorylation. Our data suggests that amphiregulin/EGFR
signaling may be important at early stages of lung tumor de-
velopment. Consistent with our findings, enhanced levels of
amphiregulin have also been correlated with advanced tumor
stage in NSCLC (64). An amphiregulin-mediated autocrine loop
also contributes to the transformed phenotype of human hepa-
tocellular carcinoma cells (65), thus suggesting that these path-
ways are involved in the pathogenesis of lung cancer as well as
other malignancies.

EGF alone has been reported to influence COX-2 expression
in several cell lines (19-21), and here modestly elevated COX-2
expression in HBECs. Combined treatment with TGF-B1 and



586 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 37 2007

TGF-8 Amphiregulin EGF

TGF-R EGFR

|

Smad3

l

?COX—2 transcription ?COX—2 mRNA stabilization

I |
v

f COX-2 production

v
f PGE2

Figure 7. Possible mechanisms of COX-2 induction by TGF-B and EGF
in HBECs. TGF-B1 activates Smad3 and increases COX-2 transcription.
EGF predominantly increases the stability of COX-2 mRNA and causes
a minor increase in COX-2 transcription. Combined effects of these two
cytokines on transcription and mRNA stability account for the signifi-
cant increase in COX-2 expression after exposure to both TGF-B1 and
EGF. Importantly, the constitutive presence of HBEC-derived amphir-
egulin leads to a basal level of constitutive EGFR phosphorylation that is
required for TGF-B1-mediated COX-2 induction.

EGF resulted in a marked increase in COX-2 expression. This
may occur through effects on both the transcription rate of the
COX-2 gene as well as stability of the mRNA product. In lucif-
erase reporter gene assays using the COX-2 promoter, TGF-B1
and EGF increased transcription. In addition, EGF increased
the stability of COX-2 mRNA, while TGF-B1 had minimal ef-
fects. Combined effects of these two cytokines on transcription
and degradation could account for the dramatic increase in
COX-2 expression when HBECs are exposed to TGF-B1 and
EGF together. In addition, as noted above, although EGFR
inhibition abolished TGF-B1-mediated COX-2 induction, TGF-
B1 did not induce EGFR phosphorylation. Constitutive EGFR
phosphorylation thus plays an important permissive role for
COX-2 induction by TGF-B1. Our current model showing the
possible mechanism of COX-2 induction by TGF-B1 and EGF
in HBEC: is depicted in Figure 7.

Based on our current findings and previously reported high
levels of TGF-B1 and EGFR ligands found in the pulmonary
microenvironment of individuals at risk of developing lung can-
cer (31-36), the induction of COX-2 by TGF-B1 and compo-
nents of the EGFR pathway may contribute to early stages of
lung carcinogenesis. COX-2 induction in HBEC may have a
broad array of biological effects, impacting tumor growth and
development (66). For example, vascular endothelial growth fac-
tor (VEGF), an important mediator of angiogenesis, has been
previously related to COX-2 activity (67). We found that TGF-
B1 and EGF significantly induced VEGF in HBEC, and this was
partially inhibited by celecoxib (data not shown), implying COX-2,
induced by TGF-B1 and EGF contributed to this process. Above
all, our data stress the central role of EGFR signaling in COX-2
induction by TGF-B1. EGFR inhibition has previously been
suggested for lung cancer prevention (30). Our findings suggest
that further investigation of EGFR pathway inhibition is war-
ranted in lung cancer prevention.
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