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Indomethacin induces cellular morphological change and migration via
epithelial-mesenchymal transition in A549 human lung cancer cells:
A novel cyclooxygenase-inhibition-independent effect
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A B S T R A C T

Levels of cyclooxygenase (COX)-2 and its metabolite prostaglandin E2 (PGE2) are frequently increased in

colon cancer and other cancers including lung cancer. Non-steroidal anti-inflammatory drugs are

considered to have chemo-preventive effects on these diseases by reducing the biosynthesis of PGE2 via

their inhibition of COX-2. Although the COX-2/PGE2 pathway may directly impact on lung

carcinogenesis, some population-based cohort studies of NSAIDs showed no significant protective

effects. In this study, using human non-small-cell lung cancer A549 cells, we examined the effects of

indomethacin, a potent NSAID, on the growth and motility of lung cancer cells. Besides inhibiting PGE2

production and cellular growth, indomethacin caused drastic morphological changes with a loss of stress

fibers in a time- and dose-dependent manner. Interestingly, the change in cellular shape caused by

indomethacin was not seen when the cells were treated with aspirin or diclofenac, two other NSAIDs,

despite the concentrations used being sufficient to inhibit PGE2 production. The indomethacin-induced

morphological changes in A549 cells were accompanied by a reduction in levels of the adhesion molecule

E-cadherin and a component of basal lamina, collagen IV, as well as an increase in the activity of a

collagenase, matrix metalloprotease-9. Furthermore, indomethacin-induced shape changes resulted in

enhanced motility via regulation of peroxisome proliferator-activated receptor g. The dual effects of

indomethacin, inhibition of cellular growth and enhancement of migration, would explain, to some

extent, the difficulty in using this NSAID for lung cancer therapy.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Cyclooxygenase, cellular motility, and epithelial-mesenchymal

transition

Preventive effects against mammary carcinomas and in cancer
cell lines suggest that non-steroidal anti-inflammatory drugs
(NSAIDs) are potential chemo-protective agents for colon, esoph-
ageal, ovarian, stomach, breast, pancreatic, and lung cancers [1,2].
NSAIDs are widely believed to inhibit cyclooxygenase (COX)-2 and/
or COX-1 followed by the biosynthesis of prostanoids such as
prostaglandin E2 (PGE2). Increased levels of PGE2 following the over-
expression of COX-2 have been well documented in the regulation of
Abbreviations: NSAIDs, non-steroidal anti-inflammatory drugs; COX, cyclooxygen-

ase; PGE2, prostaglandin E2; EMT, epithelial-mesenchymal transition; MMP, matrix

metalloproteinase; NSCLC, non-small-cell lung cancer; EGFR, epidermal growth

factor receptor; PPAR, peroxisome proliferator-activated receptor; MET, mesen-

chymal-epithelial transition.
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cancer development as well as metastasis [3]. Metastasis causes
almost 90% of cancer-related deaths; however, its pathogenesis is
poorly understood because the induction of tumor metastasis is a
multi-step process [4,5]. However, in some cancer cells, metastasis
may be initiated by the untying of tightly bound neighboring cells
and by the stripping of the underlying basement membranes from
the cells, by which the cells acquire the ability to migrate. These
cellular phenomena are known as the epithelial-mesenchymal
transition (EMT) and characterized by a loss of cellular adhesion and
an increase in cellular motility, which play important roles in early
embryonic morphogenesis as well as tissue repair processes
including wound healing [6,7]. The loss of cellular adhesion with
EMT is well characterized at the molecular level by a down-
regulation of the cell surface expression of E-cadherin, an adhesion
molecule that contributes to the tight homotypic interaction
between the cells [6–8]. Another common feature of EMT is an
increase in the expression of matrix metalloproteinase (MMP)-2
and/or -9, which play critical roles in the loss of basal-apical polarity
through proteolytic degradation of components of basement
membranes such as collagen IV, elastin, and a1-antitrypsin [7,9–
11]. Thus, during wound healing, EMT allows epithelial cells to

http://dx.doi.org/10.1016/j.bcp.2011.07.096
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migrate to the site of injury by freeing them from homotypic
adhesion and the basement membrane as a mesenchymal pheno-
type. Therefore, the loss of E-cadherin and increased activity of
MMP-2 or -9 are good predictors of poor prognosis in cancer patients
since these changes caused by EMT promote the migration and
invasion of cancer cells, namely metastasis [8,12,13].

1.2. Lung cancer, chemotherapy, and metastasis

Lung cancer is the leading cause of cancer-related death around
the world, with approximately 85–90% of cases involving non-small-
cell lung cancer (NSCLC) [14,15]. One common complication of
NSCLC is metastasis to the brain, responsible for significant increases
in morbidity and motility [16,17]. The most common treatment for
NSCLC is platinum-based chemotherapy; however, the survival
benefit remains less than 30% of patients with metastatic cancer [14].
Agents have been developed that target the epidermal growth factor
receptor (EGFR), since this receptor is activated in more than half of
patients with NSCLC [14]. However, these EGFR-tyrosine kinase
inhibitors produce durable responses against brain metastasis in
some patients with NSCLC [18]. On the other hand, preclinical and
clinical studies indicate increased levels of COX-2 and its metabolite
PGE2 to be associated with enhanced metastatic potential in NSCLC
[19]. Indeed, over-expression of COX-2 was reported in approxi-
mately 70% of lung adeno-carcinomas [20]. Although the mecha-
nismsresponsiblefortheelevated COX-2 levels in lungcancerarenot
fully understood, COX-2 inhibitors including NSAIDs are believed to
prevent lung cancer since COX-2/PGE2 may directly impact lung
carcinogenesis and metastasis. Thus, regular use of NSAIDs including
indomethacin has been associated with an approximately 61–68%
reduction in the risk of lung cancer in some epidemiological studies
[21]. However,despite basicstudies elucidating that the COX-2/PGE2

pathway is involved in lung cancer development and metastasis,
including NSCLC, some population-based cohort studies of NSAIDs
showed no significant protective effects [22,23]. However, these
studies had significant limitations. Most patients in the Medicaid
populationtend tousenotcostlyover-the-counter NSAIDsbutrather
free prescription NSAIDs [22]. Moreover, no information was
provided about the use of non-prescription NSAIDs such as
ibuprofen, or compliance [22]. Therefore, there is a need for detailed
information on the effect of individual NSAIDs on lung cancer, since
these studies bundled NSAIDs together. In this study, we have
examined the effects of indomethacin on lung cancer in a COX-2-
expressing human NSCLC line, A549 cells. Besides inhibiting the
production of PGE2 and cellular growth, indomethaicin but not
aspirin or diclofenac, enhanced cellular migration in a manner
independent of COX inhibition. Thus, indomethacin shows dual
counteracting effects on NSCLC, which would explain, to some
extent, the difficulty in using this NSAID for lung cancer therapy.

2. Materials and methods

2.1. Cell culture and materials

A549 human lung cancer cells were cultured at 37 8C with 5%
CO2/95% air and in Dulbecco’s modified Eagle’s medium (Sigma, St.
Louis, MO) containing 10% fetal bovine serum (Thermo Scientific,
Waltham, MA), 100 IU/ml penicillin (Meiji Seika, Tokyo, Japan), and
100 mg/ml streptomycin (Meiji Seika, Tokyo, Japan). All materials
were obtained from Wako Pure Chemical (Osaka, Japan) unless
stated otherwise.

2.2. Phalloidin staining of actin stress fibers and imaging

Approximately 3 � 105 cells were grown for 24 h in each
wells of 6-well plates with glass cover-slips and then, 16 h prior
to the experiments, switched from their regular culture medium
to Opti-MEM (Invitrogen, Carlsbad, CA) containing 100 IU/ml
penicillin and 100 mg/ml streptomycin. Cells were treated with
either vehicle (dimethyl sulfoxide) or 300 mM indomethacin
(Sigma, St. Louis, MO), 3 mM aspirin (acetylsalicylic acid),
300 mM diclofenac, 1 mM PGE2 (Cayman, Ann Arbor, MI), or
10 mM troglitazone (Cayman, Ann Arbor, MI) for 0–16 h. Cells
were then fixed for 15 min in 4% paraformaldehyde in 1�
phosphate-buffered saline, quenched 3 times for 10 min in 0.1 M
glycine (pH 7.4), and permeabilized for 15 min in 2� SCC
(30 mM NaCl, 300 mM sodium citrate) containing 0.1% (v/v)
Triton-X 100 (Sigma, St. Louis, MO) as described previously [24].
The cells were stained with TRITC-conjugated phalloidin (Sigma,
St. Louis, MO), and visualized with a laser-scanning confocal
microscope (Olympus, Tokyo, Japan) using optical band filters
for Texas Red and visible wavelengths.

2.3. Prostaglandin E2 enzyme immunoassay

Cells were cultured in 6-well plates and the medium was
replaced with fresh Opti-MEM containing 100 IU/ml penicillin
and 100 mg/ml streptomycin. Cells were then treated with either
vehicle or 300 mM indomethacin (Sigma, St. Louis, MO), 3 mM
aspirin, and 300 mM diclofenac for 16 h. The quantitative
determination of PGE2 concentrations in the cell culture
supernatants was carried out by enzyme immunoassay accord-
ing to the manufacturer’s instructions (Cayman, Ann Arbor, MI).
Optical density was determined using a microplate reader with a
SUNRISE rainbowfilter (TECAN, Mannedorf, Switzerland) at
405 nm. The amount of endogenous PGE2 in vehicle-treated
control cells was approximately 100 pg/ml to 200 pg/ml. Data
were normalized to the amount of PGE2 in vehicle-treated cells
as 100%.

2.4. Wound-healing assay

Cells were grown in 6-well plates to confluence and formed a
monolayer covering the surface of the entire plate. Wounds
were created with a pipette tip as described previously [25].
Cells were then treated with either vehicle or 300 mM
indomethacin (Sigma, St. Louis, MO) for approximately 24 h
or 48 h at 37 8C. The wounds were assessed by comparing the 0
and 24 h or 48 h micrographs at several marked points along
with the wounded area in each well. Plates were examined by
phase contrast microscopy using a Nikon Diaphot microscope
(Nikon, Tokyo, Japan) and images were obtained using a Nikon
D70 digital camera (Nikon, Tokyo, Japan) and processed using
Nikon Capture 4 (Nikon, Tokyo, Japan).

2.5. Cell migration assay

Approximately 3 � 103 cells were seeded on Costar Transwell
(#3422, Corning, New York, NY) 24-well insets (6.5 mm in
diameter) with 8 mm pores in 100 ml of medium in their upper
chambers and 600 ml in the lower chambers. Cells were grown for
4 days and the medium was replaced with Opti-MEM containing
100 IU/ml penicillin and 100 mg/ml streptomycin at 100 ml and
600 ml in the upper and lower chambers, respectively. Cells were
then treated with either vehicle or 300 mM indomethacin (Sigma,
St. Louis, MO) for 24 h or 48 h at 37 8C. Cells that had migrated
through the filter membrane to the lower chamber were
trypsinized and counted under a Nikon eclipse TS100 microscope
(Nikon, Tokyo, Japan) as described previously [25]. In the case of
troglitazone treatment, cells were pretreated with either vehicle or
10 mM troglitazone (Cayman, Ann Arbor, MI) for 15 min prior to
the treatment with 300 mM indomethacin.
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2.6. Cell counts and viability

Approximately 1 � 105 cells were seeded on 6-well plates for
24 h and the medium was replaced with Opti-MEM containing
100 IU/ml penicillin and 100 mg/ml streptomycin. Cells were
treated with either vehicle or 300 mM indomethacin (Sigma, St.
Louis, MO) for 24 h or 48 h at 37 8C. Cells were then trypsinized and
counted under a Nikon eclipse TS100 microscope (Nikon, Tokyo,
Japan). Cell viability is expressed as the number of viable cells
counted using 0.3% (w/v) trypan blue dye (Sigma, St. Louis, MO).

2.7. Western blotting

Cells were cultured in 6-well plates and the medium was
replaced with fresh Opti-MEM containing 100 IU/ml penicillin and
100 mg/ml streptomycin prior to the immunoblotting experi-
ments. Cells were then treated with 300 mM indomethacin (Sigma,
St. Louis, MO) for the periods indicated in the figures at 37 8C. In the
experiments using troglitazone, cells were pretreated with either
vehicle or 10 mM troglitazone (Cayman, Ann Arbor, MI) for 15 min
at 37 8C, and then treated with either vehicle or 300 mM
indomethacin for 8 h. Cells were scraped into a lysis buffer
consisting of 150 mM NaCl, 50 mM Tris–HCl (pH 8.0), 5 mM EDTA
(pH 8.0), 1% Igepal CA-630 (MP Biomedicals, Aurora, OH), 0.5%
sodium deoxycholate, 10 mM sodium fluoride, 10 mM disodium
pyrophosphate, 0.1% SDS, 0.1 mM phenylmethylsulfonyl fluoride,
1 mM sodium orthovanadate, 10 mg/ml leupeptin (Sigma, St. Louis,
MO), and 10 mg/ml aprotinin and transferred to microcentrifuge
tubes. The samples were rotated for 30 min at 4 8C and centrifuged
at 16,000 � g for 15 min. For the detection of E-cadherin and EGFR,
cells were scraped and sonicated in a lysis buffer consisting of
20 mM Tris–HCl (pH 7.5), 10 mM EDTA (pH 8.0), 2 mM EGTA,
2 mM phenylmethylsulfonyl fluoride, 2 mM sodium orthovana-
date, 100 mg/ml leupeptin, and 10 mg/ml aprotinin. The samples
were centrifuged at 16,000 � g for 15 min at 4 8C, the supernatant
(cytosolic fraction) was removed, and the pellet (particulate
fraction) was solubilized with lysis buffer containing 0.2% Triton X-
100 (Sigma, St. Louis, MO) again to remove insoluble debris.
Aliquots of sample containing approximately 80 mg of protein
were electrophoresed on 10% SDS-polyacrylamide gels and
transferred to nitrocellulose membranes as described previously
[26]. The membranes were incubated for 16 h at 4 8C in 3% non-fat
milk for the detection of E-cadherin, EGFR, and collagen IV or in 1%
non-fat milk for the detection of b-tubulin. Incubations were
carried out for 2–3 h at room temperature in 3% non-fat milk
containing a 1:1000 dilution of anti-E-cadherin antibody (610182,
BD Transduction Laboratories, San Jose, CA); a 1:1000 dilution of
anti-collagen IV antibody (ab6586, Abcam, Cambridge, UK) in 5%
bovine serum albumin (BSA, Sigma, St. Louis, MO); a 1:1000
dilution of anti-EGFR antibody (sc-003, Santa Cruz Biotechnology,
Santa Cruz, CA) in 1% non-fat milk; or a 1:1000 dilution of anti-b-
tubulin antibody (T4026, Sigma, St Louis, MO) in 3% BSA. After
incubating with primary antibodies, membranes were washed
twice and incubated for 1 h at room temperature with a 1:4000
dilution of the appropriate secondary antibodies conjugated with
horseradish peroxidase as described previously [25]. After washing
twice, immunoreactivity was detected and visualized with a
chemi-luminescence imaging system, LAS-1000 (Fuji Film, Tokyo,
Japan). To ensure equal loading of proteins, the membranes were
stripped and re-probed with anti-EGFR antibody or anti-b-tubulin
antibody under the conditions described above.

2.8. Gelatin zymography

Cells were cultured in 6 cm dishes and the medium was
replaced with fresh Opti-MEM containing 100 IU/ml penicillin and
100 mg/ml streptomycin prior to the experiments. Cells were
treated with 300 mM indomethacin (Sigma, St. Louis, MO) for the
periods indicated in the figure, or 0–300 mM indomethacin for 16 h
at 37 8C. In the experiments using troglitazone, cells were
pretreated with either vehicle or 10 mM troglitazone (Cayman,
Ann Arbor, MI) for 15 min at 37 8C and then treated with either
vehicle or 300 mM indomethacin for 8 h. Samples of 3 ml of the
supernatants of culture medium were collected and precipitated
with 3 ml of 20% trichloroacetic acid (Sigma, St. Louis, MO) in ice-
cold acetone for 16 h at �20 8C. The samples were mixed with
10 ml of ice-cold acetone and incubated for 16 h at �20 8C. They
were then centrifuged at 10,000 � g for 15 min at 4 8C. The pellets
were washed with 3 ml of diethyl ether and centrifuged at
10,000 � g for 15 min at 4 8C. The pellets were dissolved with 40 ml
of sample buffer consisting of 62.5 mM Tris–HCl (pH 6.8), 10%
glycerol, 2% SDS, and a trace amount of bromophenol blue. Samples
were loaded under non-denaturing conditions into 10% polyacryl-
amide gels supplemented with 0.2% gelatin (Sigma, St. Louis, MO).
After electrophoresis, gels were incubated in renaturing buffer
containing 2.5% Triton X-100 (Sigma, St. Louis, MO) in water for
30 min at room temperature with gentle agitation, and then
equilibrated in developing buffer consisting of 50 mM Tris–HCl
(pH 7.5), 0.2 M NaCl, 5 mM CaCl2, and 0.2% Tween 20 (Sigma, St.
Louis, MO) for 30 min at room temperature with gentle agitation.
Gels were incubated in developing buffer at 37 8C for 16 h and
stained with 0.5% Coomassie Blue R-250 (Eastman Kodak,
Rochester, NY) in destaining solution (methanol:acetic acid:-
water = 5:1:4). After destaining, each individual band on the gel
was measured for both size and intensity by scanning densitome-
try using NIH image, to provide a quantitative assay of the
enzymatic activity of MMP-9.

3. Results

3.1. Indomethacin induces cellular morphological changes in A549

cells

To examine the effect of indomethacin on the cellular
cytoskeleton, the human adenocarcinomic alveolar epithelial line
A549 cells were treated with 300 mM indomethacin for up to 16 h.
As shown in the upper panels of Fig. 1, the phalloidin-stained cells
showed the formation of stress fibers at time 0. However,
treatment with indomethacin gradually induced cellular morpho-
logical changes. Thus, the A549 cells shrank, elongated, and
dissociated in a time-dependent manner with the treatment with
indomethacin. These morphological changes were accompanied by
a loss of actin stress fibers. To determine if the cellular changes and
loss of stress fibers were indomethacin-specific phenomena, the
effects of other typical NSAIDs were examined. As shown in Fig. 2A,
treatment with 300 mM indomethacin for 16 h, again, clearly
induced morphological changes and a loss of stress fibers.
However, treatment with 3 mM aspirin, 300 mM diclofenac, or
300 mM sulindac (data not shown) for 16 h did not have these
effects. Interestingly, the indomethacin-induced morphological
changes in A549 cells were reversible. Thus, after washing and the
removal of indomethacin for 16 h, cells returned to their original
shape, as shown in Fig. 1 (data not shown).

3.2. Indomethacin-induced morphological changes could be

cyclooxygenease/prostaglandin E2-independent effects

To confirm if the ineffectiveness of the NSAIDs examined, with
the exception of indomethacin, on cellular morphological changes
was due to the concentrations used, the amount of PGE2 was
measured, since A549 cells were reported to express endogenous
COX-2 [27]. As described in Section 2.3, the amount of endogenous



Fig. 1. Effect of indomethacin on the formation of actin stress fibers and cellular

morphology. A549 cells were treated with either vehicle or 300 mM indomethacin

for the periods indicated and were stained with TRITC-phalloidin to examine the

changes in the formation of stress fibers. Images were obtained as described under

Section 2. Left panels: images of TRITC-phalloidin-stained stress fibers in

indomethacin-treated A549 cells. Right panels: the same fields as shown in the

left panels photographed under visible light. The results are representative of more

than three independent experiments.

Fig. 2. Effects of NSAIDs on the formation of actin stress fibers and inhibition of PGE2

production. A549 cells treated with either vehicle or 300 mM indomethacin, 3 mM

aspirin, and 300 mM diclofenac for 16 h were stained with TRITC-phalloidin (A), and

subjected to measurements of the amount of PGE2 produced (B). A: Left panels:

images of TRITC-phalloidin-stained stress fibers in indomethacin-treated A549

cells. Right panels: the same fields as shown in the left panels photographed under

visible light. Images are representative of three independent experiments. B: PGE2

enzyme immunoassay data are normalized to endogenous PGE2 production and are

the means � S.D. for three independent experiments. *p < 0.05, analysis of variance, as

compared with vehicle treatment.
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PGE2 in vehicle-treated control cells was approximately 100 pg/ml
to 200 pg/ml. As shown in Fig. 2B, treatment of the cells with 3 mM
aspirin, 300 mM diclofenac, and 300 mM sulindac (data not shown)
as well as 300 mM indomethacin for 16 h significantly reduced the
amount of PGE2 by approximately 70%, to 30% of control. Thus, the
concentrations of NSAIDs examined were sufficient to inhibit the
production of PGE2, i.e., were sufficient to inhibit COX activity. To
confirm if the morphological changes and a loss of stress fibers
were due to the decrease in the formation of PGE2 by indometha-
cin, we treated the cells with exogenous PGE2 and indomethacin to
see if these effects of indomethacin were restored. As shown in
Fig. 3, concomitant treatment with exogenous 1 mM PGE2 altered
neither the indomethacin-induced cellular changes nor a loss of
stress fibers. These results suggest that inhibition of COX activity



Fig. 3. Effect of PGE2 on the indomethacin-induced reduction of stress fibers and

changes in cellular morphology. A549 cells were treated with vehicle or 300 mM

indomethacin concomitantly with either vehicle or 1 mM PGE2 for 16 h and stained

with TRITC-phalloidin. Left panels: images of TRITC-phalloidin-stained stress fibers

in indomethacin-treated A549 cells. Right panels: the same fields photographed

under visible light. Images are representative of three independent experiments.

Fig. 4. Effects of indomethacin on cell migration in a wound-healing assay (A) and in

a transwell filter assay (B), and on cell growth as well as cellular toxicity (C). A:

Wounds were made in confluent cell layers, then cells were treated with either

vehicle or 300 mM indomethacin for the periods indicated. Images are

representative of three independent experiments and were obtained as

described under Section 2. B: A549 cells in the upper chamber were treated

with vehicle or 300 mM indomethacin for the periods indicated. The cells that had

migrated to the bottom chamber after the periods indicated were trypsinized and

then counted. The line plot represents the migrating cells after the periods indicated

(mean � S.E.M.) from three independent experiments. C: A549 cells were treated with

vehicle or 300 mM indomethacin for the periods indicated. Cells were then counted

(left Y-axis, solid lines; *, vehicle; *, indomethacin) or ratios of viable cells were

estimated by using trypan blue staining (right Y-axis, dashed lines; !, vehicle; 4,

indomethacin) as described under Section 2. Data are normalized to the vehicle-

treated controls (0 h) as 100%. *p < 0.05, analysis of variance, as compared with vehicle

treatment.
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by NSAIDs is not sufficient and/or required for induction of the
cellular morphological changes and a loss of stress fibers by
indomethacin treatment.

3.3. Indomethacin enhances cellular migration but not cellular

growth in A549 cells

The reorganization of the cellular cytoskeleton and extracellu-
lar matrix has been implicated in the regulation of cancer cell
migration and metastasis [4,28,29]. Therefore, the potential for the
A549 cells to migrate after indomethacin treatment was examined
using a wound-healing assay. Confluent cells were scratched using
a pipette tip to create wounds and wound closure was evaluated
following indomethacin treatment for 1 and 2 days. As shown in
Fig. 4A, in vehicle-treated control cells, time-dependent closure
was seen from both sides of the wound, whereas indomethacin-
treated cells were spread out across the wound. Using Transwell
filters [25], we further examined the ability of A549 cells to
migrate. As shown in Fig. 4B, approximately 5 times more cells
migrated from the upper to lower chambers following treatment
with indomethacin for 1 day compared with vehicle-treated cells.
Interestingly, on day 2, the control cells showed a linear rate of
migration. However, in the indomethacin-treated cells, the
migration rate was decreased and the curve was parabolic. We
therefore examined the growth rates of the indomethacin-treated
A549 cells compared with the vehicle-treated control cells. As
shown in Fig. 4C left Y-axis, the vehicle-treated control cells
showed a linear growth rate. For the indomethacin-treated cells,
the number of cells counted was not altered after indomethacin



Fig. 5. Effects of indomethacin on cellular surface expression of E-cadherin or collagen

IV. A549 cells were treated with vehicle or 300 mM indomethacin for the periods

indicated. A: A particulate (membrane) fraction was prepared as described under

Section 2 and subjected to immunoblot analysis for E-cadherin (E-cad, upper panel)

and EGF receptors (EGFR, lower panel). A representative immunoblot is shown. The

histogram represents the ratio of E-cadherin to EGFR as assessed with pooled

densitometric data (mean � S.D.) from three independent experiments. B: Upper panel:

immunoblotting with antibodies against collagen IV (COL IV). Lower panel:

immunoblotting with antibodies against b-tubulin. The histogram represents the

ratio of collagenIV tob-tubulin as assessed with pooled densitometricdata (mean � S.D.)

from three independent experiments. Data are normalized to the vehicle-treated controls

(0 h) as 100%. *p < 0.05, analysis of variance, as compared with vehicle treatment.
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treatment for 2 days. Although the viability of the cells was 100% in
both vehicle- and indomethacin-treated cells as shown by dotted
lines in the right Y-axis of Fig. 4C, the indomethacin-treated cells
were alive but not growing. In addition, growth inhibition was also
observed in the cells treated with the same concentrations of
aspirin, diclofenac and sulindac as used for Fig. 2 (data not shown).
Thus, the increase in migration and scattered spreading of
indomethacin-treated cells may not have been due to a simple
increase in cell growth as shown in the control cells.

3.4. Indomethacin reduces E-cadherin expression in A549 cells

As shown in Fig. 4, the indomethacin-treated A549 cells were
discretely spread out, which is to say, were dissociated from the
connected epithelial cell aggregates and migrated individually.
Therefore, expression of one of the major adhesion molecules, E-
cadherin, was examined when the cells were treated with
indomethacin since E-cadherin is known to play an important role
in the maintenance of cell integrity [8]. For these experiments, A549
cells were treated with indomethacin for periods ranging from 2 h to
16 h and then the particulate fraction including membranes was
collected and examined by western blotting. As shown in Fig. 5A,
there was high basal expression of E-cadherin at time 0. However,
treatment with indomethacin induced a time-dependent decrease
in the expression of E-cadherin that started at 2 h and remained for
16 h. To ensure the equal loading of proteins, the blot shown in the
upper panel of Fig. 5A was stripped and re-probed with antibodies to
EGFR since A549 cells were reported to express EGFR endogenously
[30]. As shown in the lower panel, nearly identical amounts of EGFR
were present throughout the treatment.

3.5. Indomethacin reduces collagen IV expression in A549 cells

Many epithelial cells including A549 cells attach to culture dishes
via a layer of extracellular matrix like the basal lamina. One of the
components of the basal lamina is type IV collagen secreted by the
epithelial cells [10]. Thus, the expression of collagen IV was
examined when the cells were treated with indomethacin. Like
the expression of E-cadherin shown in Fig. 5A, there was a high basal
level of collagen IV at time 0 and treatment of the A549 cells with
indomethacin induced a time-dependent decrease in the expression
from 8 h to 16 h, without a change in b-tubulin levels, as shown in
Fig. 5B.

3.6. Indomethacin activates matrix metalloproteinase-9 in A549 cells

Collagen IV is known to be degraded by a type IV collagenase
called matrix metalloproteinase (MMP)-9, a.k.a. 92-kDa gelatinase
or gelatinase B, and/or MMP-2 (gelatinase A) [9,10]. Thus, the
enzymatic activity of MMPs was examined by the gelatin
zymography assay when the cells were treated with indomethacin
for 2–16 h. As shown in Fig. 6A, treatment with 300 mM
indomethacin significantly increased the 92-kDa MMP-9 activity
from 8 h corresponding to the decrease in expression of collagen
IV, as shown in Fig. 5B. To confirm that the activity of MMP-9 was
regulated by indomethacin, we used concentrations of indometh-
acin ranging from 3 mM to 300 mM for 8 h. As shown in Fig. 6B, a
dose-dependent increase in the activity of MMP-9 was seen from
30 mM with a maximum at 100–300 mM. The dose-dependent
effects of indomethacin were also seen in cellular morphological
changes as shown in Fig. 6C, parallel to the activity of MMP-9
shown in Fig. 6B. In addition, the activity of MMP-2 was not
detected in our experiments probably because the expression of
MMP-2 was suppressed by treatment of A549 cells with
indomethacin as previously reported [31].

3.7. Indomethacin-altered E-cadherin and collagen IV expression as

well as matrix metalloproteinase-9 activity are restored by a

peroxisome proliferator-activated receptor g agonist, troglitazone

Besides the COX inhibition, indomethacin has been reported to
regulate the activation of peroxisome proliferator-activated
receptor (PPAR)g [32,33]. Thus, we previously showed that
treatment with a PPARg agonist, troglitazone, restored the
indomethacin-reduced expression of fatty acid translocase/CD36
in LS174T human colon cancer cells [34]. Therefore, we then
examined the effect of troglitazone to verify if the effects of
indomethacin on E-cadherin and collagen IV expression, as well as
MMP-9 activation, were due to the altered activity of PPARg in
A549 cells. For these experiments, A549 cells were treated with
indomethacin for 8 h following pretreatment with 10 mM trogli-



Fig. 6. Effects of indomethacin on MMP-9 activation. A: A549 cells were treated with vehicle or 300 mM indomethacin for the periods indicated. B: A549 cells were treated

with vehicle or 3–300 mM indomethacin for 16 h. The cell culture medium was then collected and proteins including MMP-9 were precipitated using TCA and acetone and

subjected to gelatin zymography as described under Section 2. The histogram represents the gelatin-degrading activity of MMP-9 as assessed with pooled densitometric data

(mean � S.D.) from three independent experiments. Data are normalized to the vehicle-treated controls (0 h (A) or 0 mM (B)) as 100%. *p < 0.05, analysis of variance, as compared

with vehicle treatment. C: A549 cells were treated with vehicle or 3–300 mM indomethacin for 16 h. Images under visible light were obtained as described under Section 2. The

results are representative of more than three independent experiments.
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tazone for 15 min and then assays were performed in similar ways
to those for Figs. 5 and 6. As shown in Fig. 7A and B, the
indomethacin-mediated expression of E-cadherin and collagen IV
recovered significantly when the cells were pretreated with 10 mM
troglitazone for 15 min. Correspondingly, indomethacin-mediated
MMP-9 activation was significantly reduced by pretreatment with
10 mM troglitazone for 15 min as shown in Fig. 7C. In addition,
although it was very slight, A549 cells expressed PPARg
endogenously as reported previously [35], and the levels of
expression were not altered following treatment of the cells with
up to 300 mM indomethacin for at least 16 h (data not shown).
These results indicate that the expression of E-cadherin and
collagen IV as well as activation of MMP-9 by indomethacin was
regulated by the activity of PPARg in A549 cells.

3.8. Indomethacin-altered cellular morphological changes and

migration are restored by a peroxisome proliferator-activated receptor

g agonist, troglitazone

Finally, we further confirmed whether restoration of the
expression of E-cadherin and collagen IV, as well as the
inactivation of MMP-9 by pretreatment with troglitazone, really
sets off the changes in cellular morphology induced by indometh-
acin in A549 cells. For these experiments, A549 cells were treated
with indomethacin for 24 h following pretreatment with 10 mM
troglitazone for 15 min and then assays were performed in a
similar fashion to those in Figs. 3 and 4B. As shown in the lower
panels in Fig. 8A, in the phalloidin-stained A549 cells, pretreat-
ment with troglitazone prior to treatment with indomethacin
caused a loss of stress fibers to some extent; however, it had
appreciable effects on the cellular morphological changes. Thus, a
number of indomethacin-treated A549 cells were considerably less
shrunken and elongated following pretreatment with troglitazone.
Interestingly, treatment with troglitazone itself for 24 h caused a
slight dissociation of the cells in both vehicle- and indomethacin-
treated cells. As shown in Fig. 8B, treatment with troglitazone itself
induced considerable migration among A549 cells. However,
although it was not completely blocked, indomethacin-treat-
ment-related migration was significantly reduced by troglitazone
pretreatment. These results strongly indicate that PPARg is one of
the key regulators of cellular migration and cellular morphological
changes induced by indomethacin in A549 cells.



Fig. 7. Effects of troglitazone (TGZ) on indomethacin-induced expression of E-cadherin (A) and collagen IV (B), and activation of MMP-9 (C). A549 cells were pretreated

with vehicle or 10 mM TGZ for 15 min then treated with vehicle or 300 mM indomethacin for 8 h. A: A particulate (membrane) fraction was prepared as described

under Section 2 and subjected to immunoblot analysis for E-cadherin (E-cad, upper panel) and EGF receptors (EGFR, lower panel). A representative immunoblot is

shown. The histogram represents the ratio of E-cadherin to EGFR as assessed with pooled densitometric data (mean � S.D.) from three independent experiments. B:

Upper panel: immunoblotting with antibodies against collagen IV (COL IV). Lower panel: immunoblotting with antibodies against b-tubulin. The histogram represents the

ratio of collagen IV to b-tubulin as assessed with pooled densitometric data (mean � S.D.) from three independent experiments. C: The cell culture medium was then

collected and proteins including MMP-9 were subjected to gelatin zymography. The histogram represents the gelatin-degrading activity of MMP-9 as assessed with pooled

densitometric data (mean � S.D.) from three independent experiments. Data are normalized to the vehicle-treated controls as 100%. *p < 0.05, t-test, as compared with

vehicle treatment. yp < 0.05, t-test, as compared with indomethacin treatment.
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Fig. 8. Effect of troglitazone (TGZ) on indomethacin-induced changes in actin stress

fibers and cellular morphology (A), and on cell migration in a transwell filter assay

(B). A549 cells were pretreated with vehicle or 10 mM TGZ for 15 min then treated

with vehicle or 300 mM indomethacin for 24 h. A: Cells were fixed and stained with

TRITC-phalloidin to examine changes in the formation of stress fibers. Images were

obtained as described under Section 2. Left panels: images of TRITC-phalloidin-

stained stress fibers in indomethacin-treated A549 cells. Right panels: the same

fields photographed under visible light. The results are representative of more than

three independent experiments. B: A549 cells in upper chamber were treated with

vehicle or 300 mM indomethacin for 24 h. The cells that migrated to the bottom

chamber were trypsinized and then counted. The histogram represents the

migrating cells (mean � S.E.M.) from three independent experiments. *p < 0.05, t-

test, as compared with vehicle treatment. yp < 0.05, t-test, as compared with

indomethacin treatment.
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4. Discussion

4.1. Indomethacin presumably regulates the malignancy of cancer

cells by epithelial-mesenchymal transition and mesenchymal-

epithelial transition in A549 cells

Indomethacin, a potent NSAID, is reported to have anti-
proliferative and pro-apoptotic effects on mouse tumor cells in
vitro and on mice in vivo [36], as well as on human cancer cell lines
including A549 cells [37]. The prominent effects provoked by
indomethacin in A549 cells, such as losses of stress fibers, E-
cadherin, and collagen IV as shown in Fig. 5, and increased
activation of MMP-9 as shown in Fig. 6, are features of the complex
reprogramming of epithelial cells known as EMT. As described in
Section 1.1 of the Introduction, EMT is characterized as a process
that plays essential roles in development and enhanced cell
migration for wound healing [12,38]. However, if aberrant wound
repair processes occur in cancer cells, EMT may lead to cancer cell
migration and invasion known as metastasis. Interestingly,
indomethacin-induced EMT was reversible when the cells were
washed to remove indomethacin (data not shown). The reverse of
EMT is referred to as mesenchymal-epithelial transition (MET) [6].
In terms of the wound healing process, MET is considered essential
for re-establishing the barrier function by re-expression of E-
cadherin and other epithelial markers when wound repair is
underway. Thus, after facilitating cellular migration to the site of
injury by EMT, cells should gain the ability to proliferate for
complete wound closure possibly via MET [12]. Therefore, in the
case of indomethacin treatment, the cancer cells may start growing
because of MET, if indomethacin is removed from the cells during
the migration, for instance, by washing out and/or dissociation in
the bloodstream. The reversible effects of indomethacin on EMT
and MET plausibly set up the cancer malignancy via a two-step
process. The first step evoked by indomethacin-induced EMT
causes the physical translocation of the cancer cells to distant
tissues and/or organs, whereas the second step evoked by removal
of indomethacin at distal sites involves the development of
malignant lesions by the cancer cells developing proliferative
activity by MET.

4.2. Peroxisome proliferator-activated receptor g is implicated in

indomethacin-induced epithelial-mesenchymal transition in A549

cells

In addition to inhibiting COX as an NSAID, indomethacin is
reported to regulate the activation of PPARg as an agonist [32] or
antagonist [33]. Generally, PPARg ligands are reported to have
inhibitory effects on many processes including proliferation and
metastasis in lung cancer cells [39]. Treatment of A549 cells with
troglitazone enhanced the transcriptional activity of PPARg and
induced dose-dependent inhibition of cell proliferation without
the induction of apoptosis [35]. The same group also showed that
treatment with troglitazone prevented metastasis by inhibiting
EMT in A549 cells [40]. Moreover, in murine macrophages,
treatment with troglitazone abrogated the expression of MMP-9
[41]. Indeed, the indomethacin-affected expression of E-cadherin
and collagen IV was restored by the pretreatment with troglitazone
as shown in Fig. 7A and B. The indomethacin-induced activation of
MMP-9 was also inhibited by the troglitazone pretreatment as
shown in Fig. 7C, accompanied by reductions in the cellular
morphological changes as well as migration of the A549 cells as
shown in Fig. 8, suggesting an inhibitory effect of troglitazone on
indomethacin-induced EMT in A549 cells. Although pretreatment
with troglitazone significantly reduced indomethacin-induced
EMT in A549 cells, morphological changes and migration were
not blocked completely. Indeed, treatment with troglitazone itself
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slightly evoked the activation of MMP-9 and cellular migration, as
shown in Figs. 7C and 8B, respectively. Taking these findings
together, indomethacin presumably activates PPARg as an agonist,
which eventually leads to reduced activation of PPARg, since over-
activation of PPARg by an agonist is reported to down-regulate the
expression of PPARg protein and DNA-binding activity as a
negative feedback loop [42]. Thus, as we discussed previously
[34], because of its high affinity, troglitazone binds to PPARg more
competitively than indomethacin and activates PPARg. However,
troglitazone may not over-activate PPARg followed by down-
regulation of PPARg expression because of its low efficacy.
Therefore, troglitazone acted as a suppressive competitor for
indomethacin [34]. As mentioned in Section 3.7 of the Results, the
levels of endogenously expressed PPARg in A549 cells were not
altered following treatment with indomethacin (data not shown).
Indomethacin may down-regulate not the expression of PPARg
protein but rather the DNA-binding activity. However, troglitazone
is reported to activate not only PPARg as an agonist but also
PPARg-independent multiple signaling pathways [43]. Thus, it is
possible that the indomethacin-induced effects act in a PPARg-
independent manner, since diclofenac and sulindac are reported to
act as an antagonist [44] and as an agonist [45] of PPARg,
respectively.

4.3. Is indomethacin-induced epithelial-mesenchymal transition only

seen in lung cancer cells?

The use of NSAIDs is reported to be associated with a
decreased risk of and/or protection against lung cancer by
inhibiting cell growth [20]. Although the involvement of the
COX-2/PGE2 pathway is well studied, the effects of NSAIDs on
lung cancer have been controversial, as described in Section 1.2
of the Introduction. Previous studies bundled individual NSAIDs,
such as indomethacin, together. Therefore, it will be important
to provide information on each NSAID individually because there
is no widely accepted and effective strategy for preventing death
from lung cancer, including information on the mechanism of
metastasis. We here show the additional effect of indomethacin
on cellular migration in NSCLC human A549 cells, which possibly
enhances lung cancer malignancy owing to the induction of
cellular metastasis. Although, using human colon cancer cell
lines, the effects of indomethacin on inhibition of the uptake of a
substrate for PGE2, arachidonic acid, and reduction in expression
of the EP2 subtype of PGE2 receptor were shown as additional
COX-independent anti-cancer effects [34,46,47], indomethacin-
induced EMT has not been observed in LS174T and HCA-7
human colon cancer cells or in HepG2 and HuH7 human liver
cancer cells (data not shown). Moreover, treatment of human
breast cancer cells with indomethacin led to a less malignant
phenotype and indeed reduced the invasiveness of the cells [48].
Thus, whether the additional effect of indomethacin on
metastasis found in the present study only occurs in lung
cancer needs to be examined. Although regular use of NSAIDs
including indomethacin has been associated with a reduction in
the risk of lung cancer by some epidemiological studies [21], the
present study may provide a rational explanation, to some
extent, for the difficulty in using indomethacin as an NSAID for
lung cancer therapy. Thus, indomethacin has contrasting effects
on NSCLC, inhibiting cellular growth but enhancing cancer cell
migration/metastasis.
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