
Green tea induces annexin-I expression in human lung
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Green tea polyphenols exhibit multiple antitumor activities in various in vitro and in vivo tumor models, and the
mechanisms of action are not clear. Previously, we found that green tea extract (GTE) regulates actin remodeling in
different cell culture systems. Actin remodeling plays an important role in cancer cell morphology, cell adhesion, motility,
and invasion. Using proteomic approaches, we found GTE-induced expression of annexin-I, a multifunctional actin
binding protein, in these cell lines. In this study, we aimed to further define the functional role of GTE-induced annexin-I
expression in actin remodeling, cell adhesion, and motility in lung adenocarcinoma A549 cells. We found that GTE
stimulates the expression of annexin-I in a dose-dependent fashion. The GTE-induced annexin-I expression appears to be
at the transcription level, and the increased annexin-I expression mediates actin polymerization, resulting in enhanced
cell adhesion and decreased motility. Annexin-I specific interference resulted in loss of GTE-induced actin polymerization
and cell adhesion, but not motility. In fact, annexin-I specific interference itself inhibited motility even without GTE.
Together, annexin-I plays an important role in GTE-induced actin remodeling, and it may serve as a potential molecular
target associated with the anticancer activities of green tea.
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Lung cancer is the most common leading cause of cancer-
related death in the US, with an estimated 162 246 deaths in
2006. The 5-year relative survival rate for all stages combined
is 15%.1 Non-small-cell lung cancer is the most common
type of lung cancer, and adenocarcinoma including bronch-
ioloaveolar accounts for 40% of non-small-cell lung cancer.
Tobacco smoking is a leading risk factor for the development
of all lung cancer types. Although smoking cessation has been
shown to be an effective primary preventive method, an in-
tensive effort has also been devoted to developing chemo-
preventive strategies for lung cancer. However, previous
randomized controlled trials of b-carotene, a-tocopherol,
retinal, retinyl palmitate, N-acetylcysteine, and isotretinoin
have not been successful in demonstrating any preventive
effects in smokers.2,3 Therefore, novel chemopreventive

agents with pathway-specific effects will need to be developed
and validated for future trials.

Green tea (Camellia sinensis leaves) contains polyphenols
that are naturally occurring antioxidants and is a potentially
promising chemopreventive agent.4 Tea is one of the most
popular drinks worldwide. Green tea accounts for approxi-
mately 20% of tea consumption in the world. The active
constituents of green tea are polyphenols, also called tea
catechins (3-flavanols), including (�)-epicatechin, (�)-epi-
gallocatechin, (�)-epicatechin gallate, and (�)-epigallo-
catechin gallate (EGCG). Among these constituents, EGCG is
the most abundant. Studies on the mechanisms of the chemo-
prevention of green tea in various cell lines revealed that tea
may contribute to the inhibition of the formation/activation
of carcinogens, modulation of signal transduction pathways
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that lead to the inhibition of cell proliferation and transfor-
mation, induction of apoptosis of preneoplastic and neo-
plastic cells, inhibition of tumor invasion and angiogenesis,
and inhibition of COX-2 activity.4–6 In animal models, in-
hibition of tumorigenesis by green tea has been demonstrated
in different organ sites including the lung. Several studies
showed that green tea extract (GTE) given as a source of
drinking water to rats inhibited the lung tumorigenesis in-
duced by smoke carcinogens, NDEA (N-nitroso-
diethylamine), NNK (4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone), and MNNG (N-methyl-N0-nitro-N-nitro-
soguanidine) at the initiation and progression stages and
inhibited the spontaneous formation of lung tumors (see
review article Yang et al6). Although animal studies have
reported compelling results on the chemopreventive effects of
green tea in lung cancer, human population-based studies
have produced inconsistent findings. Some have found that
green tea consumption is either associated with an increased7

or reduced risk8–10 of lung cancer, whereas others have found
no effect.11–13

In our previous studies, we have shown that GTE induces
actin remodeling in transformed urothelial MC-T11 cells,
antagonizes cigarette carcinogen 4-aminobiphenyl induced
actin depolymerization in untransformed HUC-PC cells, and
inhibits 4-aminobiphenyl induced motility in transformed
MTC-11 cells using a unique in vitro bladder cancer carci-
nogenesis model.14 The dynamics of actin remodeling plays
an important role in regulating phenotypic changes of pre-
malignant and malignant cells, such as altered morphology,
tumor invasion, and altered growth and apoptosis control.
Using a proteomic approach, we recently identified a GTE
induced actin-binding protein, annexin-I, in human uro-
thelial MC-T11 cells15 and lung adenocarcinoma A549 cells.
Annexin-I was found to be associated with GTE-induced
actin remodeling in MC-T11 cells. Annexin-I (lipocortin-1)
was originally identified as a glucocorticoid-inducible 37 kDa
protein and is expressed in epithelial cells.16 Previous studies
have reported that annexin-I expression is associated with
glucocorticoid-induced antiproliferative effects in A549
cells.17 To investigate further the functional consequences of
annexin-I upregulation, we have undertaken this study to
focus on the investigation of the relationship between GTE-
induced annexin-I expression and actin remodeling in A549
cells. Our data show that GTE-induced annexin-I upregula-
tion is dose-dependent and occurs at transcriptional level,
and increased expression of annexin-I correlates with the
stimulation of filamentous-actin (F-actin) polymerization
and the enhancement of cell adhesion. The results of the
study provide further support for green tea-based chemo-
prevention.

MATERIALS AND METHODS
Materials
GTE was obtained from Pharmanex Inc. (Provo, UT, USA).
The purity of the catechins in the GTE was 84%.14 The

Pharmanex GTE consisted of a mixture of many catechin
compounds, with EGCG as a major component (43.0% by
weight), followed by epicatechin-3-gallate (13.7%), epica-
techin (6.0%), gallocatechin gallate (5.6%), epigallocatechin
(4.0%), gallocatechin (2.3%), catechin (2.0%), and catechin
gallate (1.4%). The GTE contains less than 0.3% caffeine. In
this study, the concentration was expressed as the amount of
GTE per milliliter of media bathing the cells (mg/ml).

Cell Culture and GTE Stimulation
Human lung adenocarcinoma A549 cell line, large cell lung
carcinoma NCI-H460 cell line (American Type Culture
Collection, Rockville, MD, USA) and squamous cell carci-
noma NCI-H157 cell line (National Cancer Institute, Be-
thesda, MD, USA) were grown in 90% RPMI 1640 (Mediatech
Inc., Herndon, VA, USA) medium with 1% penicillin and
streptomycin mix solution (Invitrogen Corporation, Carls-
bad, CA, USA) and 10% fetal bovine serum (FBS). Cultures
were maintained at 371C in 5% CO2 and 95% air, and the
medium changed two times per week. GTE was dissolved in
double-distilled H2O to make a stock solution of 10 mg/ml.
Logarithmically growing A549 cells were harvested and see-
ded at an initial density of 1� 106 cells in 5 ml of fresh
medium in 60-mm Petri dishes. After overnight proliferation,
the adherent cells were incubated with GTE at final con-
centrations of 0, 10, 20, 40, 80, and 160 mg/ml for different
time points (0, 24, 48, and 72 h). The final solvent con-
centrations in the medium were less than 0.1% (v/v), which
had minimum effect on the cells. At the end of each treat-
ment, cells were harvested and centrifuged at 2000 r.p.m. for
5 min.

Immunoblot Analysis
Cells that were washed two times in cold PBS were scraped
from culture dishes in lysis buffer (50 mM Tris–HCl (pH 7.4),
150 mM NaCl, 2 mM EGTA, 2 mM MgCl2, 1% (v/v)
Triton X-100, 10% glycerol, 10 mM DTT, 1 mM phe-
nylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 10 mg/ml
aprotinin, 5 mg/ml pepstatin A, 50 mM NaF, and 1 mM
NaV3O4). Lysates were incubated at 41C for 30 min and then
centrifuged at 12 000 g and 41C for 10 min. Protein con-
centrations of lysates were determined by the Bio-Rad Pro-
tein Assay (Bio-Rad Laboratories, Hercules, CA, USA). For
Immunoblot analyses, the same amount of proteins (30 or
50 mg) was subjected to 8% SDS-PAGE and was electro-
transferred to nitrocellulose membranes. Membranes were
blocked in TBST containing 5% non-fat dry milk for 30 min.
Reactions with the primary antibody (annexin-I, 1:5000, BD
Biosciences Inc., San Jose, CA, USA), or b-actin (1:500,
Sigma Chemical, St Louis, MO, USA) in TBST buffer con-
taining 3% dry milk were carried out at 41C overnight. After
extensive washing, membranes were placed on a shaker with
biotinylated secondary IgG for 1 h. Upon further washing,
membranes were reacted with enhanced chemiluminescence
detection reagents (Amersham Biosciences, Piscataway, NJ,
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USA) immediately before autoradiography. The relative levels
of annexin-I protein were determined by scanning densito-
metry using Alphalmager 2000 software (Alpha Innotech,
Cannock, UK).

Immunofluorescence Assay and Laser Scanning
Cytometry Analysis
For fluorescence analysis, cells cultured directly on a 1 cm
diameter cover glass were fixed with 3.7% paraformaldehyde
for 30 min and subjected for triple labeling of either F-actin/
annexin-I/DNA. A549 cells were incubated with 1:3000
mouse monoclonal anti-annexin-I (BD Biosciences) for 1 h,
1:500 Cy3-conjugated AffiniPure Goat Anti-Mouse IgG
(Hþ L) (Jackson ImmunoResearch Lab, West Grove, PA,
USA) for 30 min, 1:40 Bodipy phallacidin for F-actin (Mo-
lecular Probes Inc., Eugene, OR, USA) for 30 min, 1:10 000
dilution of 40,6-diamidino-2-phenylindole (DAPI) stock so-
lution for 5 min. For paxillin, cells were incubated with 1:100
monoclonal anti-Paxillin (clone 5H11, Upstate Biotechnol-
ogy, Lake Placid, NY, USA) for 1 h. For triple labeling of F-
actin/G-actin/DNA, cells were incubated sequentially with
1:150 Alexa Fluor 647-conjugated DNase I (Molecular
Probes) for 30 min, 100 ml of Bodipy conjugated phalloidin
(Molecular Probes, 1:200 v/v) for another 30 min, and 1:1000
dilution of 40,6-diamidino-2-phenylindole (10 mg/ml, Mole-
cular Probes) for 5 min. In between each incubation step, the
cover glass was rinsed with cold PBS three times. The stained
cover glass was then transferred onto a regular microscopic
slide, which was then mounted in PermaFluor Mountant
medium (Thermo Electron Corp., Pittsburgh, PA, USA) for
the fluorescence microscopic examination. Images were
generated using a Nikon TE300 microscope equipped with an
Imaging Microimager II digital camera. F-actin fluorescence
intensity was also analyzed using laser scanning cytometer
(LSC) (CompuCyte, Cambridge, MA, USA) using method
described previously.14

RNA Extraction and Quantitative Real-Time RT-PCR
Total RNA was extracted from GTE treated or untreated A549
cells using a TRIzol reagent (Life Technologies, Grand Island,
NY, USA), and purified using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). The first-stand cDNA was synthesized
using 2 mg of total RNA in a 20 ml reverse transcriptase re-
action mixture: 2 mg of total RNA, 2ml (10 mM) of Oligo-
(dT)12�18, 1 ml (10 U/ml) of RNase inhibitor, 2ml (5 mM) of
dNTP, and 1 ml Omniscript enzyme (4 units/ml) from the RT
Kit (Qiagen). All real-time PCR reactions were performed in
a 20 ml mixture containing 1 ml cDNA and 1� iQ SYBR
Grenne supermix (Bio-Rad Laboratory) using the iCycle iQ
system (Bio-Rad Laboratory). The primers for PCR were
designed based on GenBank for annexin A1 (annexin-I)
mRNA sequences NM_000700,18 and b-actin mRNA se-
quences CR608667.19 The primer sequences for b-actin
was sense, 50-GTACCACTGGCATCGTGAT-30, antisense:
50-ATCTTCATGAGGTAGTCAGTCA-30. The primer se-

quence for annexin-I was: sense, 50-AAAGGTGGTCCCGG
ATCAAG-30, antisense, 50-TTATGCAAGGCAGCGACATC-30.
The following PCR amplification parameters were used:
5 min at 951C followed by 35 cycles of 951C for 15 s and 601C
for 1 min. Data acquisition was set at the chain extension step
and the melt curve data collection analysis was performed
between 55 and 951C, with 0.51C-increments. All data were
analyzed using the iCycler IQ optical system software version
1.0 (Bio-Rad Laboratory).

DNase I Inhibition Assay
The previously described DNase I inhibition method was
used without modification for G-actin and total actin
quantification.14 The quantity of F-actin was derived by
subtracting G-actin from total actin and thereby the ratio of
F-actin to G-actin was determined.

SiRNA Transfection for Annexin-I
Three small interfering RNA (siRNA)-coding oligos against
human annexin-I were synthesized and purified by Qiagen
from the design tool (Qiagen). The Annexin-I mRNA se-
quence was derived from Gene bank NM_000700. The three
annexin-I/siRNAs were: (1) 50-TTG CAA GAA GGT AGA
GAT AAA-30 (Catalog No.; SI00014259): sense, r(GCA AGA
AGG UAG AGA UAA A) dTdT, antisense; r(UUU AUC UCU
ACC UUC UUG C) dAdA; (2) 50-CTG CCT TGC ATA AGG
CCA TAA-30 (Catalog No.; SI00014252): sense, r(GCC UUG
CAU AAG GCC AUA A) dTdT, antisense; r(UUA UGG CCU
UAU GCA AGG C) dAdG; (3) 50-TCC TAT AAG CTT AAA
TAG GAA-30 (Catalog No.; SI02624174): sense; r(CUA UAA
GCU UAA AUA GGA A) dTdT, antisense; r(UUC CUA UUU
AAG CUU AUA G) dGdA. A fluoresce-labeled 30-AlexaFluor
488 negative control siRNA was also generated using the
following sequences: 50-AAT TCT CCG AAC GTG TCA
CGT30 (Catalog No. 1022563): sense, r(UUC UUC GAA
CGU GUC ACG U) dTdT, antisense, r(ACG UGA CAC GUU
CGG AGA A) dTdG, which was used for the detection of
transfection efficiency and silencing control. The siRNA
transfections of the A549 cell were performed using the
HiPerFect transfection reagent kit according to the manu-
facturer’s instructions (Qiagen, Catalog No. 301705). Briefly,
A549 cells (1� 106) were cultured in a 60-mm culture dish as
described above. SiRNA complexes in 100 ml serum-free
culture medium with a final siRNA concentration of 5 nM,
together with 20 ml of HiPerFect transfection reagent, were
mixed for 5–10 min at room temperature. The transfection
complexes were added to the cell culture and incubated for
24 h. After transfection, GTE at concentrations of 0, 10, 20,
and 40 mg/ml was added. After 24 h incubation, cells were
harvested for RT-PCR, immunoblot analysis, and immuno-
fluorescence assay.

Cell Adhesion and Migration
For cell adhesion analysis, 96-well tissue culture plates were
coated with 50-mg/ml fibronectin for 1 h at 371C were used.
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After blocking with 1% bovine serum albumin for 30 min,
plates were seeded at a concentration of 5� 104 cells per well
with untreated cells and cells treated with GTE (40 mg/ml),
siRNA or combination at different time points (1, 2, and 3 h).
After washing off the nonattached cells with 1� PBS and
shaking, the remaining attached cells were fixed in 1% glu-
taraldehyde for 15 min, and stained with 0.1% (w/v) crystal
violet for 20 min. Cells were lysed in 1% SDS. The intensity of
stain, in direct proportion to the number of adherent cells,
was quantitated by absorbance at 595 nm using a microplate
reader. Each cell line was tested in three separate wells over
two independent experiments.

For migration assays, a uniform cell-free area was created
by scratching confluent monolayers with a plastic micro-
pipette tip as described previously.14 Briefly, the wound area
was inspected at different time intervals to determine the
distance migrated by the cells. The closer the gap, the faster
the cell migrated. At each time point four photographs were
taken and the widths of the wound space were evaluated by
multiple measurements. Quantitative cell migration was
performed in collagen-coated Boyden chambers (Chemicon)
by removing the collagen coat in order to see the difference in
GTE treated and untreated cells in migration. RPMI 1640
medium (0.5 ml) containing 10% FBS was used in the lower
Boyden chamber as the chemoattractant. A549 cells were
cultured in RPMI 1640 (Mediatech) without serum and
supplements for 16 h, harvested by trypsinization, and re-
suspended in RPMI 1640 containing 5% bovine serum
albumin at 5� 105 cells/ml. We placed 0.25 ml of this cell
suspension in the upper chamber and the GTE at 0 and
40 mg/ml concentrations at both the upper and lower
chambers, respectively. The Boyden chambers were incubated
overnight at 371C. Cells on the topside of the filter were
removed, and cells that had migrated through the filter and
attached to the bottom of the membrane were stained with
crystal violet stain solution (Chemicon). The stain solution
was eluted with 10% acetic acid extraction buffer (Chemi-
con) and transferred to wells of a 96-multiwell plate, and
absorbance was read at 595 nm in each well. Experiments
were repeated three times with duplicate samples.

Two-Dimensional Polyacrylamide Gel Electrophoresis
and Protein Identification Using Mass Spectrometry
Two-dimensional polyacrylamide gel electrophoresis (2-D
PAGE) and protein identification using mass spectrometry
were performed as described previously with slight modi-
fication.15 Data represent one of the two independent ana-
lyses. Overexpressed protein spots were selected based on
staining intensity of the Sypro Ruby as determined by the
PDQuest software (Bio-Rad). A threefold increase in staining
intensity is regarded as a significant increase in protein ex-
pression. In this study, we used this criterion to select a
specific protein spot at GTE dose of 20 mg/ml compared to
reference gel (from GTE untreated cells). Peptide sequencing
was accomplished with nanoflow high performance liquid

chromatography system (LC Packings, Sunnyvale, CA, USA)
with a nanoelectrospray (nano-ESI) interface (Protana,
Odense, Denmark) and an Applied Biosystems/Sciex
QSTARs XL (QqTOF) mass spectrometer (Foster City, CA,
USA). Protein identification was accomplished utilizing the
Mascot database search engine (Matrix Science, London,
UK). Positive protein identification was based on standard
Mascot criteria for statistical analysis of the LC-MS/MS data.
The peptide assignments in the database search results were
manually inspected for validation.

Statistical Analysis
Descriptive statistics, such as mean and s.d., were used to
summarize the results. The Student’s t-tests were used for
univariate analysis. Statistical significance was defined by a
two-tailed P-value of 0.05.

RESULTS
GTE-Induced Annexin-I Expression Correlated with Actin
Polymerization in A549 Cells
Recently using a 2-D proteomic approach, our laboratory
demonstrated that GTE induces annexin-I expression con-
sistently in several cell models, including A549 cells. In A549
cells treated with GTE, a total of 62 spots showed differential
expression (4threefold difference), and 54 proteins with
unique IDs were identified, among them including annexin-I.
A portion of Sypro Ruby stained 2-D PAGE gel showing
the region containing the annexin-I protein is shown in
Figure 1a. The protein spot with observed molecular weight
of 35 kDa and isoelectric point of 6.6 was identified as an-
nexin-I by LC/MS/MS. To further confirm the observation,
we examined the expression of annexin-I by using Western
blot (Figure 1b), RT-PCR (Figure 1c), and the immuno-
fluorescence (Figure 1d) analyses. A dose–response increase
in expression pattern of annexin-I in response to GTE
treatment was observed at both protein (Figure 1b and d)
and mRNA levels (Figure 1d), implying that the GTE-in-
duced annexin-I upregulation occurs at the transcription
level. Figure 1b also showed the effect of GTE on annexin-I
expression in other lung cancer cell lines by Western blot,
including a squamous cell carcinoma cell line H157 and a
large cell carcinoma cell line H460; both cell lines appeared to
be less sensitive to GTE-induced annexin-I expression,
whereas increased expressions were seen in a higher dose level
(40 mg/ml). Thus, A549 cells were used for the following
experiments.

Annexin-I as one of the isoforms of annexin plays an
important role in actin polymerization.20 Since previously we
observed a profound stimulatory effect of GTE on actin
polymerization,14 we hypothesized that GTE-induced actin
remodeling might be associated with annexin-I upregulation.
To test this hypothesis, we first analyzed the association of
annexin-I expression and F-actin using triple-labeling im-
munofluorescence. Figure 1d shows a triple-labeling im-
munofluorescence for annexin-I (red fluorescence), F-actin
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(green fluorescence), and DNA (blue fluorescence) in GTE
treated (10, 20, and 40 mg/ml) and untreated (control) A549
cells. GTE treated cells displayed an increase of F-actin
staining and filaments formation in a dose-dependent man-
ner, with concomitant increase of annexin-I level. The find-
ing suggests GTE-induced annexin-I overexpression may play
a role in actin remodeling.

Annexin-I Upregulation is Essential for GTE-Induced
F-Actin Polymerization
To determine the role of GTE induced annexin-I in actin
remodeling, siRNA experiments were performed. As ex-
pected, GTE alone (20 mg/ml) enhanced F-actin fluorescence
intensity (green), with a concomitantly increased annexin-I
staining intensity (red) (Figure 2a). Cells exposed to annexin-I

-specific siRNA complexes in the absence and presence of
GTE displayed a decreased F-actin fluorescence intensity
(green). As another level of control, cells exposed to negative
control complex siRNA(�) and GTE together showed an
increased F-actin and annexin-I fluorescence intensities
similar to GTE alone treated cells. Western blot and RT-PCR
analyses confirmed the effect of GTE on stimulating annexin-
I expression at mRNA level (Figure 2b and c). Cells treated
with GTE alone had a dose–response increase of annexin-I
expression. Cells treated with siRNA complex resulted in a
reduced expression of annexin-I, which also blocked the
GTE-induced annexin-I expression. These data together
strongly support the hypothesis that GTE stimulates annexin-
I expression, which results in an increased actin poly-
merization in cultured lung adenocarcinoma cells.
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fluorescence) in A549 cells tripled labeled with F-actin, annexin-I, and DNA as described in (d). Note that the GTE treated-A549 cells had an increased F-actin
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To quantitatively analyze the effect of GTE-induced an-
nexin-I expression on actin polymerization, two different
methods were used: the biochemical-based DNase I inhi-
bition assay (for F/G-actin ratio) and fluorescence-based LSC
analysis (for F-actin fluorescence intensity), and the results
were presented in Figure 3. After incubation for 24 h, GTE at
40 mg/ml dosage induced actin polymerization, as indicated
by increased F/G ratio (Figure 3a) and F-actin intensity
(Figure 3b) comparing to the untreated control. However,
incubation of cells with annexin-I siRNA showed markedly
decreased F/G-ratio (Figure 3a) and F-actin intensity (Figure
3b) relative to GTE only treated cells. The GTE induced-actin
polymerization was not affected by siRNA negative control
(siRNA(�)) (Figure 3a). However, compared to untreated
control, F-actin intensity was slightly increased with siRNA
complex even without GTE (Figure 3b). These findings
confirm the effect of GTE-induced annexin-I expression on
stimulating actin polymerization.

GTE Increased Adhesion and Decreased Migration in
A549 Cells
Because actin plays an important role in tumor cell adhesion
and motility and presumably tumor cell invasion, we tested
the effect of GTE on cell adhesion in A549 cells, comparing
GTE treated and untreated cells. GTE treatment (40 mg/ml)
significantly (Po0.01) enhanced cell adhesion in A549 cells
on a fibronectin-coated surface relative to the untreated
control (Figure 4a). Again, annexin-I specific interference by
siRNA was used to determine if annexin-I is involved in the
GTE-induced cell adhesion. As shown in Figure 4a, GTE-
induced increase in cell adhesion was blocked by annexin-I
specific siRNA interference, whereas negative control siRNA
had no effect.

To further assess the involvement of GTE induced adhe-
sion change in A549 cells, we stained paxillin, a marker for
cell adhesion complex. Control A549 cells displayed few ad-
hesion complex at the cell periphery. Cells treated with GTE,
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results of conditions as specified. Bar graph represents mean7s.d. of densitometry measurements of annexin-1 relative to b-actin in two independent

experiments. (c) Quantitative real-time PCR analysis of annexin-I expression under various conditions as specified. Bar graph in (b) shows the densitometry

result of annexin-I relative to b-actin, and in (c) shows mean7s.d. of three independent experiments.
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however, displayed markedly increased adhesion complex
formations. Annexin-I specific siRNA resulted in a decrease
in adhesion complex formation (Figure 4b). These findings
suggest annexin-I is involved in the regulation of adhesive
activity of lung adenocarcinoma cells.

Figure 5a shows the effect of GTE on cell motility utilizing
wound-scratch assay with annexin-I being blocked. The
migration of A549 cells treated with 40 mg/ml GTE for 24 h
was significantly inhibited compared to untreated control
(Po0.05). The inhibitory effect of GTE was further con-
firmed using a chemotaxi cell chamber (Figure 5b). In this
assay, A549 cells were cultured in a double-chambered well,
where they were allowed to migrate, penetrate the filter
separating the chambers, and to enter the lower chamber
without collagen cap. The OD values were 1.07 and 0.13, in
untreated control (0 mg/ml for 24 h) vs cells GTE-treated cells
(40 mg/ml for 24 h), respectively, indicating the inhibitory
effect of GTE on cell invasion. It should be noted with the
collagen coat left on the chamber, no migration was seen in
either control or GTE treated cells, suggesting that A549 cells
may either have impaired collagen related signaling pathway,
or collagen has inhibitory, rather than stimulatory effect on
A549 cell migration.

It was also interesting to note that annexin-I specific
siRNA interference resulted in decreased cell motility in A549

cell even without GTE treatment (Figure 5a). The finding
might suggest that a balanced level of annexin-I expression is
needed for cell migration. Alternatively, it is possible that
other factors in addition to annexin-I may be involved in
motility regulation of A549 cells, and inhibition of annexin-I
expression may somehow paradoxically alter the expression
of these factors.

DISCUSSION
The GTE used in this study is similar to Polyphenone E
(80–98% total catechin by weight), used in NCI-supported
green tea clinical trials. The decaffeinated extract consists of
84% total catechin by weight, measured by high-performance
liquid chromatography.21 Other reported minor components
that may be present in the GTE include non-esterifed or
esterified gallic acid, 30-O-methyl EC, and EGC. Flavonols,
including quercetin, kaempferol, myricitin, and their glyco-
sides, theasinensins, which are dimeric gallocatechins (GC)
linked by C–C bonds, nitrogenous material as protein, amino
and nucleic acid and minerals such as K, Ca, Mg, and Al, are
also the constituents of green tea.6 It is possible that a large
diversity of structures present in green tea contributes to its
multiple chemopreventive activities.

The current study demonstrates that green tea induces
annexin-I expression and actin remodeling in lung adeno-
carcinoma cells. The increased expression of annexin-I
induced by GTE correlates with the stimulation of F-actin
polymerization, which in turn results in the increase of cell
adhesion in A549 cells. Green tea also decreases cell motility.
Cytoskeletal actin is a ubiquitous protein present in all
eukaryotic cells.22 The cytoskeletal network is mainly com-
posed of actin filaments, microtubules, intermediate fila-
ments, and accessory proteins. As one of the major proteins
in the cell, actin and its associated proteins play an important
structural and functional roles, such as maintaining cell
morphology, cell adhesion, cell motility, exo and endocytosis,
and cell division.23–28 Previous studies have focused on the
actin cytoskeleton as a governing element of cell motility and
as a dynamic target for cancer chemotherapy.29–31 It has also
been postulated that actin may function as an important
mediator between oncogenic signal transduction activities
and malignant phenotypes.32,33 Our findings may provide
another mechanism in explaining the antitumor effect of
GTE.

Previous studies from this laboratory and others have
provided ample evidence that actin remodeling is a dynamic
process in malignant transformation, in that in the early stage
of cancer development actin is depolymerized, which is ac-
companied by cellular-dedifferentiation and loss of adhe-
sion.34 At a later stage, the tumor cells may regain the actin
polymerization capability through the activation of Ras
superfamily GTPase (Rac/Rho/CDC42) that causes re-dis-
tribution of actin filaments in a way favoring cellular
movement and migration.14 Although the actin polymeriza-
tion has been viewed as a necessary event for cell motility, it
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Figure 3 Effect of GTE on actin polymerization in A549 cells. (a) Effect of

GTE on F-actin to G-actin ratio. Cells exposed to GTE (0 and 40 mg/ml) with

or without siRNA annexin-I transfection for 24 h were harvested and the F/

G-ratio increment were determined by DNase I inhibition assay as described

in the Materials and methods section. The F- to G-actin ratio was calculated
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experiments. (b) Effect of GTE on F-actin. Cells treated with 40 mg/ml of GTE
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cells were measured for each condition. Bar graph represents the
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has been shown that the distribution of actin filaments, ra-
ther than the net actin polymerization, may be more im-
portant in determining cellular adhesion and motility, at least
in epithelial cells. This hypothesis is supported by our pre-
vious study in urothelial cells, in that when GTE induced
actin polymerization and distribution in a peripheral rather
than pointed manner as 4-aminobiphenyl did, the cell
adhesion increases, which results in a reduced, rather than
increased, cellular motility.14 The current findings from lung
adenocarcinoma A549 cells also support this view. We are
currently undergoing studies using atomic force microscopy
to further define the structural/functional relationship
between actin remodeling and cell adhesion/motility in
GTE treated and untreated cells. Future study will examine
whether Rho proteins, including CDC42, Rac1, and RhoA,
are required for annexin-I-mediated F-actin formation, cell
adhesion, and motility in lung adenocarcinoma cells.

Annexins are a family of structurally related proteins that
exhibit Ca2þ -dependent binding to anionic phospholipids.
They are either found free in the cytosol or associated with
membranes of various cell types and tissues including the
lung. Annexin-I is the first of 13 members in the family and is
involved in many biological functions such as cell differ-

entiation,35 anti-inflammation,36 apoptosis,37 and cell
growth,17 and acts as a stress protein.38 Annexin-I has been
studied for its role in stimulating actin polymerization.
Although the roles of annexin-I in actin dynamics are not
fully understood mechanically, it has been shown that
annexin-I binds and bundles actin filaments in a Ca2þ de-
pendent manner, and may also influence actin polymeriza-
tion by binding to phospholipids and profilin.39 It has also
been found that the addition of glucocorticoid, an anti-in-
flammatory agent, to A549 cells results in annexin-I trans-
location to the membrane compartment and subsequent
externalization: the membrane-bound protein inhibited
prostaglandin release by affecting cytosolic phospholipase A2

activation through an effect of epidermal growth factor sig-
naling, thereby blocking cell proliferation.17,40 Although our
study shows a direct effect of annexin-I expression in actin
remodeling in response to GTE, one cannot exclude the
possibility of such an observed effect being a secondary event,
for example, as the result of cellular anti-inflammatory re-
sponse as observed for glucocorticoid. Whereas annexin-I
specific RNA interference blocks the GTE-induced actin
polymerization and adhesion, the effect of such interference
on cell motility is complicated by the finding that siRNA
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and (b) adhesion complex formation in
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itself, even without GTE, also inhibits the cell motility. The
mechanism for that is not clear. One possible explanation is
that a balanced level of annexin-I expression is needed for cell
migration. There may be an optimal concentration for an-
nexin-I and F-actin polymerization to promote migration, a
phenomenon similar to adhesion receptors observed pre-
viously, with low concentrations of adhesion receptors failing
to provide traction, high concentrations leading to increased
adhesion, and moderate concentrations appropriate for mi-
gration.41 Inhibition of annexin-I expression by siRNA may
result in decreased actin polymerization and motility,
whereas overexpression of annexin-I by GTE may cause actin
overpolymerization, which also reduces cell motility, prob-
ably owing to the increased adhesion (or traction) of the cells
to the culturing stratum. Alternatively, it is possible that
other factors in addition to annexin-I may be involved in
motility regulation of A549 cells, and inhibition of annexin-I
expression may somehow paradoxically alter the expression
of these factors. Further studies are needed to investigate the
mechanisms underlying this unexpected intriguing finding.

In summary, the above experiments show that GTE sti-
mulates annexin-I expression in A549 cells. GTE stimulates
actin polymerization resulting in an increased cell adhesion
that is mediated by annexin-I. GTE also inhibits A549 cell

motility. Our studies have demonstrated for the first time, to
our knowledge, that A549 cells responded to GTE with in-
creased annexin-I protein, which provided a novel mechan-
ism for the antitumor effect of green tea. Annexin-I may
provide a marker for GTE-based therapy.
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