INTERNATIONAL JOURNAL OF ONCOLOGY 39: 383-391, 2011

EGF stimulates cyclooxygenase-2 expression through the STATS
signaling pathway in human lung adenocarcinoma A549 cells
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Abstract. The epidermal growth factor receptor (EGFR) can
be activated by several growth factors within the tumor micro-
environment, and it can activate several signaling pathways.
For tumor development, these EGFR-related signaling pathways
may converge on several common nuclear transcription factors,
one such transcription factor being STAT5. STATS plays an
important role in the oncogenic signal transduction pathway
in non-small cell lung cancer. In this study, we examined
whether the epidermal growth factor (EGF) can stimulate
cyclooxygenase-2 (COX-2) expression in human lung adeno-
carcinoma A549 cells transfected with or without STAT5
siRNA or dominant-negative (DN)-STATS, and identified the
pathways involved in this response. We found that STATS
siRNA significantly reduced EGF-induced COX-2 expression,
and STATS phosphorylation. STATS phosphorylation predomi-
nantly mediates EGF-induced COX-2 promoter activity.
STATS siRNA was found to inhibit COX-2 expression in
resting A549 cells despite the absence of detectable activated
phosphorylated STATS. Using an adenoviral system, we
expressed DN-STATS in human lung adenocarcinoma A549
cells in order to broaden the investigation and to determine
the role of STATS in EGF-mediated COX-2 gene expression.
The overexpression of DN-STATS significantly inhibited
EGF-induced COX-2 expression, and we found that EGF
induced the tyrosine phosphorylation of STAT5 and up-
regulated COX-2 expression. DN-STATS also blocked COX-2
promoter activity. Our results demonstrate that EGF stimulates
COX-2 expression in human lung adenocarcinoma A549 cells
via the activation of the STATS pathway and that COX-2
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expression may be independent of phosphorylated STATS in
A549 cells in vitro.

Introduction

Lung cancer is the number one cause of cancer related death
in the world. Non-small cell lung cancer (NSCLC) is the most
common lung malignant tumor. Human lung adenocarcinoma
is a type of NSCLC, and despite the combined treatment
strategy, the clinical outcome for patients with lung adeno-
carcinoma is still poor. In NSCLC, one of the major pathways
that promote cellular survival and invasion is the epidermal
growth factor receptor (EGFR) pathway. EGFR is a member
of the ErbB family of tyrosine kinase receptors. These membrane
proteins are activated by extracellular ligands of the epidermal
growth factor (EGF) family, resulting in a cascade of cyto-
plasmic signaling events (1,2). EGF receptor signalling can
promote tumorigenesis by increasing cell proliferation, tissue
invasion, angiogenesis and tumor cell chemoresistance (3).
Human lung adenocarcinoma A549 cells contain wild-type
EGFR. The activation of EGFR has been demonstrated to be
correlated with the development and poor clinical outcomes
of lung adenocarcinoma (4). The overexpression and autocrine
activation of the normal EGF receptor plays an important role
in human carcinomas.

STATS belongs to the STAT family, which represents a
family of transcription factors that are located in the cytoplasm
and are activated by a variety of different stimuli, such as
cytokines and growth hormones. STAT proteins are involved
in a wide variety of cellular processes, including differentiation,
survival, or cell growth. STATSs remain latent in the cytoplasm,
and after the binding of a cytokine or growth factor to their
receptors, they phosphorylate, dimerize and translocate to the
nucleus, where they bind with DNA and initiate gene expression.
Alterations in their activation have been demonstrated in
various diseases. STATS is expressed in most tissues, and the
constitutive activation of STATS has been shown to be involved
in the malignant transformation of hematological malignancies,
as well as breast and prostate cancer (5-7). There have been
very few data on the role of STATS5 in NSCLC cells, as well as
its activation status.

Prostaglandin-endoperoxide synthase (PTGS), also known
as cyclooxygenase (COX), is the key enzyme in the biosynthesis
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of the prostanoids. COX is comprised of three categories,
including COX-1, COX-2 and COX-3 (8). COX-1 is consti-
tutively expressed in many cell types (9), while COX-2 is not
avidly expressed under normal conditions, but it is induced in
response to several stimuli (10). COX-3 is a newly discovered,
paracetamol-inhibited, COX isoform that appears to be a
splicing variant of COX-1 (11). COX-2 converts arachidonic
acid to bioactive lipids including prostaglandin E2, which was
found to be elevated in various types of tumors. Studies have
documented that the localized expression of COX-2 and its
catalyzed product, prostaglandin E2, are sufficient in initiating
and progressing tumors in situ. However, the mechanism
behind the malicious activity of COX-2 remains unclear in
lung adenocarcinoma. COX-2 is induced in inflammation and
neoplasia by EGF, TGFp, TNFa, hypoxia and UVB light (12-16)
and is inhibited by the NSAIDs, cetuximab and celecoxib
(17,18). Among the various regulators of COX-2 expression,
p38, ERK1/2 (19), nuclear factor-«B and the activated protein-1
(20) pathways are well-known upstream mediators of COX-2
in inflammation and carcinogenesis (21-23). However, it is not
known whether STATS can modulate COX-2 expression in
lung adenocarcinoma.

With these issues in mind, the aim of our study was to
investigate the activation status of STATS, and explore the
function of phosphorylated (p)-STATS in regulating COX-2
expression of A549 cells in vitro. Our results demonstrate that
EGF can directly activate p-STATS expression in A549 cells.
We also present novel evidence that EGF activates the STAT5
pathway and that EGF exerts mediating effects on COX-2
expression through the activation of STATS. These findings
contribute to our understanding of the role of STATS in
mediating the transcriptional activation of COX-2 by EGF,
and may ultimately improve the therapy of lung cancer,
including human lung adenocarcinoma.

Material and methods

Cell culture. The human A549 cell line was obtained from
The Cell Bank of Type Culture Collection of Chinese Academy
of Sciences (CBTCCCAS, Shanghai, China). The cells were
cultured as monolayers in RPMI-1640 (Gibco, CA, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Gibco), 100 mg/1 streptomycin and 100 U/ml penicillin
at 37°C in a humidified atmosphere of 95% air and 5% CO,.
The cells were plated in 12-well plates for the activation of
EGF (Invitrogen, CA, USA, 100 ng/ml) and transfection
studies.

Immunofluorescence analysis. A549 cells were grown on
Poly-D-lysine-coated, eight-chamber slides with 6000 cells/
chamber. After 24 h, the cells were washed with phosphate-
buffered saline (PBS) and serum-starved overnight. Duplicate
chambers were stimulated with EGF, and 1 h after the
stimulation, the cells were washed with serum-free RPMI-
1640, and fixed for 10 min with 4% paraformaldehyde in PBS,
permeabilized with 0.25% Triton X-100 in PBS and blocked
for 1 h in PBS supplemented with 5% FBS. Cells were
incubated overnight at 4°C with rabbit anti-p-STATS5a/b
(Santa Cruz Biotechnology, Inc., CA, USA; 1:100 dilution)
antibody, followed by washing and incubating with FITC-
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labeled anti-rabbit secondary antibody (Sigma, St. Louis, MO,
USA; 1:200 dilution) for 2 h. In the control samples, A549
cells were treated with an equal volume of RPMI-1640. Nuclei
were counterstained with Hoechst 33258. The results were
observed and photographed under a fluorescence microscope
(Leica Microsystems, Germany).

RNA interference. siRNA oligos (ON-TARGETplus SMARTpool
siRNA) for the knockdown of endogenous STATS proteins
were provided by Dharmacon (Dharmacon RNA Technologies,
Lafayette, CO, USA). Cells were transfected with STATS
siRNA (100 nM) by using the DharmaFECT siRNA transfection
reagent (Dharmacon) according to the manufacturer's instruc-
tions. ON-TARGETplus non-targeting siRNA (Dharmacon)
was used as the negative control (control siRNA), and the
selective silencing of STATS was confirmed by Western blot
analysis.

Adenovirus transfection. cDNA of a carboxyl-truncated
STAT5a variant, Stat5aa740, which displays a dominant-
negative (DN) effect on both Stat5a and Stat5b-mediated
transcription, was used to block the EGF-induced STATS
signaling (24). The adenovirus containing the DN-STATS
(Ad-CMV5Stat5aa740) plasmid, wild-type (WT)-STATS
(AdWT-STATS) and the control adenovirus (control) were
provided by Dr Xiaofei Qin (China Medical University).
Infection with recombinant adenovirus was accomplished by
exposing cells to the virus in a serum-free RPMI-1640 medium
for 1.5 h followed by the addition of a medium with or without
10% FBS. For immunoblotting and DNA banding assay, 1x10°
cells were plated in 100-mm dishes and infected with
adenovirus as indicated. To monitor adenovirus infectivity,
cells were exposed to Ad-CMV5Stat5aa740 or ADWT-STATS
and incubated for 24 h.

Transcription factor binding assay. A549 cells were first
transfected with Stat5aa740 or STATSsiRNA, and then 24 h
later, cells were stimulated with EGF (100 ng/ml) for 1 h. At an
equal pace, A549 cells were treated with EGF or WT-STATS,
nuclear proteins were isolated using a nuclear protein isolation
kit (ProteoJET™ Cytoplasmic and Nuclear Protein Extraction
Kit; Fermentas, Canada) according to the manufacturer's
instructions. Protein concentrations were determined using
the Bradford Protein Assay Kit (Pierce, Pittsburgh, PA, USA).
Biotin-labeled (and unlabeled) double-stranded probes
containing the consensus binding site for STAT5 (5'-biotin-
AGATTTCTAGGAATTCGCAG-3') were supplied by Takara
Biotechnology (Dalian, China). The assay was performed as
previously described (25) except that the bound proteins were
incubated with rabbit anti-p-STATS antibody (Santa Cruz
Biotechnology; 100 u1/1:100). HRP-labeled anti-rabbit
antibody (Chemicon International, Temecula, CA, USA;
100 p1/1:200) was used as the secondary antibody.

Cellular protein preparation and Western blot analysis. A549
cells were treated with WT-STATS, Stat5aa740, STATSsiRNA
and/or EGF as described above. Nuclear cell protein was
extracted with the ProteoJET™ Cytoplasmic and Nuclear
Protein Extraction Kit (Fermentas) according to the manu-
facturer's instructions. Total cell protein was extracted with
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the Total Cell Protein Extraction Kit (Millipore, Billerica,
MA, USA). Protein concentrations were determined using the
Coomassie protein assay (Bradford). An equivalent amount of
protein extract from each sample was electrophoresed by 8%
SDS-PAGE and transferred to nitrocellulose membrane.
Membranes were blocked for 30 min in 5% non-fat dried milk
in PBS/0.1% Tween-20, and incubated overnight at 4°C with
the rabbit anti-human STATS or the p-STATS primary anti-
body (Santa Cruz Biotechnology). Rabbit anti $-actin antibody
(Santa Cruz Biotechnology) was used as the normalized
control for total cell extractions, and rabbit anti-Histone H1
antibody (Santa Cruz Biotechnology) was used as the normalized
control for the nuclear fraction. The membranes were then
washed three times with PBS/0.1% Tween-20 (5 min each)
and incubated with the corresponsing secondary antibodies
(horseradish peroxidase-conjugated, goat antibodies to rabbit
and goat antibodies to mouse) (Santa cruz Biotechnology;
1:5000) for 2 h at room temperature. After washing three
times in PBS/0.1% Tween-20, the membranes were developed
by using the ECL detection reagents and quantified using the
Sigma-Gel software (Jandel Scientific Software, Sari Kafael,
CA, USA).

COX-2 promoter luciferase assays. A 2004-bp-long COX-2
promoter region spanning -2069 to -66 bp up-stream of the
translational start site was cloned by PCR and subcloned into
the pGL3 vector (pGL3-Cox-2). The sequence was confirmed
by DNA sequencing analysis. A549 cells were seeded in
12-well plates (2x10° cells/plate) overnight and transiently
co-transfected with pGL3-Cox-2 or the internal control,
pRL-TK (internal Ctrl) (Promega Corp., Madison, WI, USA),
along with indicated plasmids using Lipofectamine 2000
transfection reagent (Invitrogen), following the manufacturer's
instructions. Transfected cells were serum-starved for 12 h,
followed by EGF exposure for 1 h. Firefly and Renilla
luciferase activities in cell extracts were measured using a
dual-luciferase reporter assay system (Promega). The relative
luciferase activity was then calculated by normalizing COX-2
promoter luciferase activity to control Renilla luciferase
activity. The results were expressed as the percentage of
relative luciferase activity of the control group without EGF
stimulation, which was set to 1.

RNA extraction and semi-quantitative RT-PCR assay. A549
cells were transfected with siRNA or DN-STATS and recovered
for 24 h (for the control group, PBS instead of siRNAs or
DN-STATS was applied). EGF or an equal volume of PBS
was then added with fresh complete medium. At the same
time, A549 cells were treated with EGF or WT-STATS. Total
RNA was extracted from A549 cells using TRIzol reagent
(Invitrogen). RNA (500 ng) was used as the template for
cDNA synthesis and cDNA was synthesized with the First-
Strand Synthesis System for RT-PCR (Invitrogen). RT-PCR
analyses were performed using the following primer sets:
COX-2 (forward, 5“TTCAAATGAGATTGTGGGAAAATT
GCT- 3% reverse, 5' -AGATCATCTCTGCCTGAGTATCT T-3").
B-actin (forward, 5'-AAATCGTGCGTGACATTAA-3';
reverse, 5'-CTCGTCATACTCCTGCTTG-3'") was used as the
housekeeping gene internal control. Reactions were carried
out in a Gradient Thermal Cycler (Biometra, Goettingen,

385

Germany) for 25 cycles which consisted of 94°C 30 sec, 55°C
30 sec, 72°C 30 sec. The reaction took place in a total volume
of 25 ul. Products were analyzed by 2% agarose gel electro-
phoresis and visualized by ethidium bromide staining under
ultraviolet light. All primers were synthesized by Takara
Biotechnology. Results were quantified using the Sigma-Gel
software (Jandel Scientific Software).

Statistical analysis. Statistical comparisons were carried out
using the Student's t-test. Systat statistical software (Systat
Software, San Jose, CA) was used for analysis. A value of
P<0.05 was considered to indicate statistical significance.

Results

EGF induces STATS activation in A549 human lung adeno-
carcinoma cells. To determine whether STAT5 was activated
in human lung adenocarcinoma cell lines in vitro and whether
EGF could increase the activation of STATS, we performed
immunofluorescence staining with anti-p-STATS antibody. In
the untreated A549 cell line, the p-STATS level was mainly
located in the cytoplasm (at a very low level) and did not show
any staining in the nucleus. EGF stimulation significantly
increased the p-STATS staining and induced the accumulation
of p-STATS in the cell nuclei (Fig. 1). In order to determine
whether EGF induces STATS phosphorylation, lung adeno-
carcinoma cells were lysated. Cell nuclear lysates were
analyzed by SDS-PAGE followed by Western blot analysis
with phospho-specific antibody against pTyr694/699 of
STATS. The treatment of cells with EGF induced a marked
increase in STATS5 phosphorylation, whereas under non-
stimulated conditions nuclear p-STATS was not detected
(Fig. 2).

STATS siRNA inhibits both resting and EGF-induced COX-2
expression. Otherwise, WT-STATS increases COX-2 expression.
Treatment with EGF (100 ng/ml) induced COX-2 over-
expression in the A549 cells compared to the control in
serum-supplemented conditions. After transfection with
STATS siRNA but not control siRNA, the COX-2 expression
of both resting and EGF-treated A549 cells was significantly
inhibited (Fig. 3B), showing that STAT5 expression is a key
determinant of COX-2 expression in lung adenocarcinoma
cells. STATS5 siRNA was found to inhibit COX-2 expression of
resting A549 cells despite the absence of detectable activated
p-STATS5 (Fig. 3B). This observation suggests that STATS is
required for COX-2 expression but may mediate its effects
through pathways that are independent of phosphorylation
and transcriptional activation. The selective silencing of
STATS was confirmed by Western blot analysis (Fig. 3A),
demonstrating that STAT5 RNA silencing reduced STATS
expression.

To further elucidate this hypothesis, we then transfected
A549 cells with WT-STATS. WT-STATS has previously been
used to selectively increase STAT5 gene expression, confirmed
by Western blot analysis in our study (Fig. 5A). WT-STATS5
treatment was found to increase COX-2 RNA expression
(Fig. 5C). Taken together, these findings suggest that un-
phosphorylated STATS is functional and can regulate the
expression of COX-2 in A549 cells. We also found that EGF
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Figure 1. EGF induces STATS activation in human lung adenocarcinoma A549 cells. Immunofluorescence of p-STATS in resting and EGF-stimulated human
lung adenocarcinoma A549 cells. Upper panels, no EGF stimulation; lower panels, EGF stimulation. (left panels) p-STATS5 staining (middle panels),

Hoechst 33258 staining of nuclei (right panels) merged images.
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Figure 2. EGF induces p-STATS expression in human lung adenocarcinoma
A549 cells. Upper panel, Western blot analysis of nuclear extracts from EGF-
stimulated and resting A549 human lung adenocarcinoma cells showing
upregulation of nuclear p-STATS. Lower panel, quantification of p-STATS
protein levels.

can induce STATS activation. However, it cannot increase
STATS expression.

STATS RNAi inhibits EGF-induced COX-2 promoter activity.
To confirm the roles of STATS in COX-2 expression, we also
examined the effect of STATS silencing by the siRNA approach
in EGF-induced COX-2 promoter activity. The transfection of
siRNAs targeting STATS significantly inhibited EGF-induced
COX-2 promoter activity. However, the control siRNA did not

influence EGF-mediated COX-2 promoter activity (Fig. 4).
The siRNA inhibitory efficiencies were validated by Western
blot analyses (Fig. 3A), demonstrating that STATS RNAi
reduces STATS expression and diminishes EGF-induced
STATS phosphorylation. Densitometric analysis of the results
from Fig. 3A showed that compared to the control siRNA,
STATS siRNA significantly inhibited EGF-induced phos-
phorylated and unphosphorylated STATS expression. Taken
together, these results strongly suggest that STATS is an
important mediator of EGF-mediated COX-2 activity.

EGF but not WT-STATYS increases DNA binding activity of
STATS in A549 cells. EGF stimulation was found to signifi-
cantly increase the level of STATS phosphorylation, whereas
p-STATS5 was not detected under non-stimulated and WT-STATS
treatment conditions (Fig. 5B). These results were confirmed
by Western blot analysis (Fig. 5A).

To confirm the activation of STATS5 DNA binding activity,
we stimulated A549 cells with EGF or WT-STATS. Nuclear
extracts were then examined for STATS DNA binding activity
using a biotin-labeled STATS consensus binding-site oligo-
nucleotide. After EGF stimulation STATS DNA binding
activity was markedly upregulated in the nuclear extracts. The
treatment of A549 cells with WT-STATS had no effect on
STATS DNA binding activity (Fig. 7).

Both Stat5an740 and STATS5siRNA inhibit EGF-induced
STATS5 phosphorylation and DNA binding activity in A549
cells. We then examined whether Stat5aa740 and STATSsiRNA
affected DNA-binding activity. For these studies, nuclear
extracts were prepared from A549 cells infected with control
adenovirus, AdStat5aa740, or STAT5siRNA followed by
culture in the presence of 10% FBS, or during serum-free
conditions in the absence or presence of EGF. We found that
Stat5aa740 completely inhibited EGF-induced STATS
phosphorylation (Fig. 5B). The inhibition of EGF-induced
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Figure 3. STATS siRNA inhibits both resting and EGF-induced COX-2 expression. (A) Upper panel, Western blot analysis of STATS expression in A549 cells
transfected with STATSsiRNA together with or without EGF stimulation. A549, untransfected; Ctrlsi, transfected with control siRNA; EGF, stimulation with EGF;
STATSsi, transfected with STATSsiRNA. Lower panel, quantification of STATS5 protein levels. (B) STAT5siRNA inhibited the COX-2 expression of both
resting A549 cells and EGF-treated A549 cells. A549, untransfected; Ctrlsi, transfected with control siRNA; EGF, stimulation with EGF; STAT5si, transfected

with STATSsiRNA. Lower panel, quantification of COX-2 RNA levels.
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Figure 4. STATS siRNA inhibits COX-2 promoter transcriptional activity.
A549 cells were transiently transfected with STAT5siRNA or control siRNA
together with the COX-2 promoter luciferase reporter plasmid and an internal
control plasmid. The transfected cells were serum-starved overnight and
treated with EGF for 1 h. Cell extracts were prepared to measure COX-2
promoter activity. A549, untransfected; Ctrlsi, transfected with control siRNA;
EGF, stimulation with EGF; STATS5si, transfected with STATSsiRNA. Data
are expressed as the means + SEM (percentage of relative firefly luciferase
activity, normalized to the control group without EGF stimulation, which
was normalized to 1) and are representative of six independent groups.

STATS phosphorylation by Stat5aa740 was mirrored by an
inhibition of DNA binding activity as measured by DNA
binding assay (Fig. 7). The inhibition of phosphorylation and
DNA binding was observed in A549 cells using Stat5a»740,
whereas no effect was observed using the control adenoviral
vector (control). As another control, we also tested the ability
of STAT5siRNA to inhibit STATS activation induced by EGF.
We also found that STAT5siRNA effectively inhibited EGF-
induced STATS phosphorylation and STAT5 DNA binding
activity as measured by DNA binding assay (Fig. 7).

Stat5ar740 inhibits EGF-induced COX-2 expression and
blocks transcriptional activity of COX-2 in A549 cells. We

investigated whether there was a corresponding regulation of
COX-2 by EGF and whether this required STATS. The
infection of A549 cells with Stat5aa740 diminished EGF-
induced COX-2 expression, whereas there was no effect on the
control (Fig. 5C). These data indicate that even though COX-2
can be induced by EGF, there is a still a requirement for STATS
activity for its expression.

We then examined whether Stat5aa740 affected the trans-
criptional activity of COX-2. The COX-2 transcription was
compared in the absence and presence of Stat5aa740 with or
without EGF stimulation. When Stat5aa740 was transfected,
stimulation with EGF had little effect on COX2-luciferase
reporter gene transcription, while stimulation of EGF alone
induced reporter gene transcription by approximately 2.5-fold
(Fig. 6). In contrast, WT-STAT5 did not markedly affect
COX-2 activity (Fig. 6). Based on these findings, we can
conclude that Stat5aa740 completely suppresses the trans-
criptional activity of COX-2 in A549 cells.

Collectively, we can conclude that the overexpression of
Stat5aa740 effectively blocks the transcriptional activity of
COX-2 in A549 cells. In contrast, WT-STATS5 does not
systematically affect COX-2 promoter activity in A549 cells.

Discussion

This is the first study, to the best of our knowledge, to show
that STATS activation mediates COX-2 expression by EGF in
the A549 cell line. The main findings from our study show
that: i) STATS is not activated in A549 cells in vitro, ii) EGF
stimulation significantly increases the level of p-STATS protein
and induces the accumulation of p-STATS in the nuclei, iii)
STATS activation is crucial for COX-2 expression induced by
EGF, iv) STATS is required for COX-2 expression but can
mediate its effects through pathways that are independent of
phosphorylation and transcriptional activation. We therefore
propose that transcription factor STAT5 could be a potential
therapeutic target for lung adenocarcinoma.

Since their discovery as key mediators of cytokine signaling,
considerable progress has been made in defining the structure-
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Figure 6. Stat5aa740 inhibits promoter transcriptional activity of COX-2
in A549 cells. A549 cells were transiently transfected with WT-STATS,
DN-STATS5 and STATSsiRNA or control adenovirus together with the
COX-2 promoter luciferase reporter plasmid and an internal control plasmid.
The transfected cells were serum-starved overnight and treated with EGF
for 1 h. Cell extracts were prepared to measure COX-2 promoter activity.
Ctrl, transfected with control adenovirus; WT-STATS, transfected with
wild-type STATS; EGF, stimulation with EGF; DN-STATS, transfected with
dominant-negative STATS; STATSsi, transfected with STATSsiRNA. Data
are expressed as the means + SEM (percentage of relative firefly luciferase
activity, normalized to the control group without EGF stimulation, which
was normalized to 1) and are representative of five independent groups.
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Figure 5. Both Stat5aa740 and STATS5siRNA inhibit EGF-induced STATS
phosphorylation and COX-2 expression. (A) Upper panel, Western blot
analysis of STATS expression in A549 cells transfected with WT-STATS,
DN-STATS5 and STATSsiRNA together with or without EGF stimulation. Ctrl,
transfected with control adenovirus; WT-STATS, transfected with wild-type
STATS; EGF, stimulation with EGF; DN-STATS, transfected with dominant-
negative STATS; STATSsi, transfected with STATSsiRNA. Lower panel,
quantification of STATS protein levels. (B) Upper panel, Western blot analysis
of p-STATS5 expression in A549 cells nuclei transfected with WT-STATS,
DN-STATS5 and STATS siRNA with or without EGF stimulation. Ctrl,
transfected with control adenovirus; WT-STATS, transfected with wild-type
STATS; EGF, stimulation with EGF; DN-STATS, transfected with dominant-
negative STATS; STATSsi, transfected with STATSsiRNA. Lower panel,
quantification of p-STATS protein levels. (C) DN-STATS and STATSsiRNA
inhibited the COX-2 expression of EGF-treated A549 cells. Otherwise,
WT-STATS treatment increased COX-2 expression. Ctrl, transfected with
control adenovirus; WT-STATS, transfected with wild-type STATS; EGF,
stimulation with EGF; DN-STATS, transfected with dominant-negative
STATS; STATSsi, transfected with STATSsiRNA. Lower panel, quantification
of COX-2 RNA levels.

function relationships of STATs (26). In addition to their
central role in normal cell signaling, many studies have
demonstrated that constitutively activated STAT signaling
directly contributes to oncogenesis and angiogenesis (27,28).
Extensive studies of primary tumors and tumor-derived cell
lines have revealed that inappropriate activation of specific
STATSs occurs with high frequency in a wide variety of human
cancers, including leukemia (29), breast cancer (24), prostate
cancer (30), human non-small cell carcinoma (31,32), and lung
cancer (33).

The activation of STATSs is ligand-, receptor- and cell type-
specific and can also depend on activating stimuli within the
tumor microenvironment. In general, the transcriptional
activity of STATSs involves their dimerization, nuclear trans-
location, DNA binding and recruitment of transcriptional
co-activators (34,35). The tyrosine phosphorylation of STATs
has been shown to be essential for NSCLC (36).

STATS is one of the seven members of the STAT gene
family of transcription factors. STATS is a latent cytoplasmic
protein that acts both as a cytoplasmic signaling protein and a
nuclear transcription factor. Phosphorylation of a specific
tyrosine residue in the COOH-terminal domain by a tyrosine
kinase (37), typically of the Janus-activated kinase protein
family, activates STATS (38,39). After phosphorylation, STATS
homodimerizes or heterodimerizes and translocates to the
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other four groups.

nucleus where it binds to specific STATS5 response elements of
target gene promoters (37). In this study, we show that EGF
induces STATS phosphorylation and we elucidate the role of
EGF in the phosphorylated STATS5-mediated regulation of
COX-2 transcription in A549 cells. Uniquely, our results show
that the COX-2 expression is both dependent and independent
of phosphorylated STATS in A549 cells.

In lung adenocarcinoma A549 cells, STATS signaling may
be induced by EGF and mediated COX-2 expression. Immuno-
fluorescence experiments with STATS indicated that EGF
induced STATS phosphorylation and nuclear translocation in
A549 cells. As shown by immunoblot analysis, p-STATS is
expressed in A549 cell nuclear lysates only after treatment with
EGF. This raises the possibility that STATS phosphorylates
when exogenous EGF is present. It has been demonstrated that
STATS is activated through EGFR family kinases (21,40),
which corresponds to our data of STATS activation through
the EGFR signaling pathway in lung adenocarcinoma.

To date, STATS activation has been proved to be induced
by IL-2, IL-3, IL-5, IL-7,IL-15, G-CSF, M-CSF, GM-CSF,
erythropoietin, thrombopoietin, growth hormone, epidermal
growth factor, platelet-derived growth factor and prolactin
(41-48). In the present study, we demonstrate that treatment
with EGF induces STATS activation in A549 cells. This
indicates that some cytokines and growth factors can contri-
bute to p-STATS expression, and that COX-2 expression is
induced by endogenous cytokines in NSCLC in vivo. It has
been shown that STATS RNA interference influences the
expression level of COX-2 induced by EGF using a transient
transfection assay in A549 cells. These results suggest that
p-STATS plays a certain role, pertaining to the expression of
COX-2 in activated lung adenocarcinoma. Our STAT5 RNA
interference data also show that COX-2 expression is dependent
on the non-phosphorylation of STATS5 in resting A549 cells,
which was further confirmed by WT-STATS transfection.

Dominant-negative mutants are useful for analyzing gene
function in human cancer cells. A common feature of
dominant-negative STATS is the partial or complete loss of
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Figure 8. Schematic depiction of two different potential mechanisms of
regulation: i) STATS is phosphorylated and translocated into the nucleus
where it binds to DNA and regulates the transcription of COX-2 (phos-
phorylation-dependent, DNA binding-dependent), ii) non-phosphorylated
STATS regulates COX-2 expression without phosphorylation and DNA
binding (phosphorylation-independent, DNA binding-independent).

the C-terminal transactivation domain. It has been shown that
Stat5a~740 (49), which displays a dominant-negative effect on
both Stat5a and Stat5Sb-mediated transcription, retains the
conserved tyrosine residue needed for dimerization and DNA
binding. To select the dominant-negative STATS5 variant for
incorporation into human lung adenocarcinoma cells, we first
assessed the dominant-negative effect of STAT5 variants in
AS549 cells. Mutant Stat5aa740 was based on a naturally
occurring alternative splice variant (49,50). Specifically, mutant
Stat5aa740 lacks residue Ser779, a phosphorylation site that is
unique to STATSa, butretains Ser725,a second phosphorylation
site that is also present in STAT5b (51-53). Stat5aa740 retains
residue Tyr694, the phosphorylation site that is required for
dimerization and DNA binding. Our analysis showed that
Stat5aa740 displayed dominant-negative effects against STATS,
and displayed diminished DNA binding activities. Further-
more, the loss of structural elements within the C-terminal
region of STATS that control signal decay rate may significantly
contribute to the dominant-negative properties of this type of
STATS variants, by combining the inability to transaction
with increased DNA binding activity. In this study, we provide
evidence that dominant-negative STATS ablates the EGF-
induced stimulation of DNA binding activity (Fig. 7). Stat5aA740
effectively inhibited EGF-induced STATS5 phosphorylation
and blocked the transcriptional activity of COX-2 in A549
cells.

We have shown that STATS mediates and regulates the
activation of COX-2 by EGF stimulation in A549 cells,
suggesting a novel biological role for STATS in the regulation
of COX-2 signaling pathways. A previous report demonstrated
that treatment with EGF (20 ng/ml) did not induce COX-2
expression in A549 cells compared to the control in serum-
starved or serum-supplemented conditions at any of the
time-points studied (1, 2, 8 and 24 h) (54). Stimulation of
A549 cells with EGF at a concentration of 20 ng/ml, was
probably not enough to induce COX-2 expression. Moreover,
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there was no internal control in this study. We have shown in
the present study that EGF (100 ng/ml)increases the expression
levels of COX-2 RNA in lung adenocarcinoma cells (Fig. 3B).
STATS5 may contribute to the COX-2 upregulation directly
through STATS binding sites in the COX-2 promoter. Our
data showing that the activity of a COX-2 promoter-luciferase
reporter construct is enhanced by EGF stimulation in A549
cells provides additional evidence that EGF can modulate the
transcriptional activity of COX-2 (Fig. 4). This is an important
step in understanding the latent response to EGF during lung
cancer development (tumorigenesis), as well as a potential role
in lung cancer.

In conclusion, STATS activation induced by EGF increases
COX-2 expression, which can be mediated by EGFR activation
in lung adenocarcinoma cells. This study also shows that
non-phosphorylated STATS can directly influence COX-2
expression in resting A549 cells, suggesting the requirement
of a yet undefined intermediate signaling pathway. Finally, our
findings show that COX-2 expression is dependent on STATS
phosphorylation, and that a second pathway exists independent
of EGF that does not require STATS phosphorylation (Fig. 8).
New therapies targeting COX-2-dependent genes, such as
STATS, could be beneficial in the treatment of lung cancer.
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