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Abstract

Focal adhesion kinase (FAK), a member of a growing family of structurally distinct protein tyrosine kinases (PTK), has been linked to

specific phosphorylation events, and the elevation of FAK activity in human carcinoma cells correlated with increased invasive potential.

Transactivation of the epidermal growth factor receptor (EGFR) tyrosine kinase activity is proposed to stimulate cell migration and the

subsequent activation of downstream signaling pathways. Quercetin (Qu) and luteolin (Lu), are potent PTK inhibitors as well as putative

chemopreventive agents. The present work, we demonstrate that Qu and Lu at concentration of 20 mM transinactivated EGFR tyrosine

kinase activity with marked reduction in phosphotyrosyl level of 170, 125, 65, 60 and 42 kDa cellular proteins, and induced apoptosis in

MiaPaCa-2 cells. The 125 kDa protein was further identified as a FAK by immunoprecipitation and immunoblotting analyses. Tumor cells

treated with Lu or Qu dampened the phosphorylation of FAK. In addition, our data clearly demonstrated that tumor cells responded to Qu

and Lu by parallel reductions in the levels of phosphorylated FAK and the secreted matrix metalloproteinase (MMP) that may lead to the

suppression of invasive potential and cell migration in vitro. While the molecular mechanism of FAK regulation of MMP secretion in

tumor cells remains unclear, our results suggested that blockade of the EGFR-signaling pathway may contributed to the net effect. As

suggested in the current study, targeting EGFR and FAK with the objective of modulating their regulatory pathways could offer prospects

for the treatment of EGFR-responsive cancers in the future.
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1. Introduction

Spread of cancer through metastasis represents one of

the gravest dangers of the disease [1,2]. In human cancers,

the production of certain MMPs correlates with the devel-

opment of the ability to invade neighboring tissues and

metastasize to distal sites [3,4]. The MMPs are encoded by

at least 20 genes [5]. The MMPs have been categorized into

four subclasses based on substrate specificity: collage-

nases, gelatinases, stromelysins and membrane-type

MMPs [3,6]. Collectively, MMPs degrade most compo-

nents of the extracellular matrix. Tumor cells probably

need more than one MMP, as well as more general degra-

dative enzymes, to cross the tissue barriers they encounter

in the process of metastasis. Altering the secretion and/or

the suppression of the MMP activities in cancers would be
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expected to limit the metastatic potential by preventing the

degradation of basement membranes and stromal connec-

tive tissues. Many drugs such as prostacyclin, ursolic acid

and BB-94 have been tested both in animal models and in

human clinical trials for their potential to prevent metas-

tasis [2,4,7].

EGFR is a cell surface glycoprotein composed of a

single polypeptide chain 170 kDa in molecular mass,

which binds to EGF. EGFR and Erb2/HER/Neu2 are

members of the type I growth factor family of polypeptide

growth factor receptors whose overexpression shows a

correlation with decreased disease-free survival and

enhanced metastasis in advanced cancer conditions [8].

Activation of EGFR is believed to stimulate cell growth

and migration through receptor phosphorylation and the

subsequent activation of downstream signaling pathways

including phospholipase Cg, ERK/MAPK cascade and

FAK. Studies have linked FAK, a non-receptor protein

tyrosine kinase, to a variety of cellular signaling pathways

for cell survival and cell cycle progression as well as for

cell motility [9]. Evidence reveals an association of ele-

vated FAK expression in human tumor cells with an

increased cell invasion potential [10,11]. Tumor invasive

ability is also correlated with increased cell migration [12].

In growing, integrin-stimulated, or migrating cells, FAK is

highly phosphorylated at a number of residues in vivo

[13,14]. In addition, the expression of PTEN, a tumor

suppressor, leads to the dephosphorylation of FAK and

inhibition of cell motility [13,14]. These observations

indicate that elevated FAK expression may be useful as

a marker for detecting tumor metastasis, and that FAK

might be a rational therapeutic target for the prevention of

the invasive process [15,16].

The flavonoids, which are primarily benzo-g-pyrone

(phenylchromone) derivatives, comprise a very large class

of naturally-occurring, low molecular weight polyphenolic

plant compounds. The family includes flavanols and

proanthocyanidins, flavanones, anthocyanidins, flavones,

isoflavones and flavonols, among others [17]. Documented

biologic effects of dietary flavonoids include anti-inflam-

matory, antiallergic, antimicrobial, hepatoprotective, anti-

viral, antithrombotic, cardioprotective, capillary strengt-

hening, antidiabetic, anticarcinogenic and antineoplastic

effects, among others [18–22]. The mechanisms for the

potential chemopreventive action of the flavonoids await

elucidation. Plant flavonoids possess the propensity to

modify or modulate the activities of a host of enzyme

systems critically involved in cell surface signal transduc-

tion, immune function, cellular transformation, tumor

growth and metastasis [18–22]. Accumulating evidence

indicates that certain flavonoids not only inhibit the growth

of tumor cells [18,23,24] but also induce cell differentiation

[25]. The inhibitory effects of flavonoids on growth of

malignant cells could be a consequence of their interference

with the protein kinase activities involved in the regulation

of cellular proliferation [18,26] and apoptosis [27]. In

addition, the possible anti-metastatic properties of flavo-

noids, such as the suppression of the secretion of MMPs

[18,28] and modulation of epithelial cell migration [29]

could also be relevant to their purported anticancer action.

Because EGF stimulates the growth of tumor cells, one

would anticipate an inhibition in tumor cell growth as a

result of a reduction in EGFR activity, as seen in response

to flavonoids [14]. Agents exerting a decisively suppressive

effect on EGFR kinase activity, their impact at the level of

autophosphorylation would be the preferred site of action,

because it would culminate in the blockade of the signaling

pathway [28,30]. Our earlier findings indicated that Quer-

cetin (Qu) and luteolin (Lu) decreased the basal and EGF-

stimulated phosphotyrosine level of 125, 110, 65 and

60 kDa proteins [18,28]. Recent findings linking FAK with

cell migration [12,15,16,30] and the requirement for EGFR

tyrosine kinase activation for this process prompted us to

explore the requirement for FAK and EGFR in the pro-

cesses of tumor cell survival and migration in more detail.

We have unraveled the importance of FAK function in

promoting EGF-stimulated cell motility through flavonoid

treatment to reduce FAK expression and phosphorylation.

A special focus of the current studies was to further

establish the anticancer effects of the two pharmacologi-

cally active dietary flavonoids, Qu and Lu (Fig. 1).

2. Materials and methods

2.1. Materials

Qu, was purchased from Nacalai Tesque (Kyoto, Japan).

Lu, was purchased from Extrasynthese (Genay, France).

Wogonin (Wo) was obtained from Sigma (St. Louis, MO).

Fig. 1. The chemical structures of Qu and Lu.
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The flavonoids were dissolved in DMSO and stored in

the dark at a concentration of 100 mM. RPMI-1640,

Dulbecco’s Modified Eagle Medium, and fetal bovine

serum were obtained from GIBCO (Grand Island, NY).

EGF, anti-phosphotyrosine and anti-EGFR antibodies

were purchased from Upstate (Lake Placid, NY). Rabbit

anti-FAK was acquired from Santa Cruz Biotechnology

(Santa Cruz, CA). The mouse anti-FAK-p-Y397 was pur-

chased from BD Biosciences (San Diego, CA). Purified

human MMP-2, MMP-9 and anti-MMP-2 and MMP-9

antibodies were purchased from Biogenesis (Sandown,

NH). ECL was obtained from Amersham (Buckingham-

shire, UK).

2.2. Cell growth experiments

The MiaPaCa-2 (pancreas) and A431 (skin) tumor cell

lines were obtained from the American Type Culture

Collection (Rockville, MD). Cells were maintained at

37 8C in a humidified atmosphere (95% air and 5%

CO2) and grown as monolayer in plastic tissue culture

flasks containing Dulbecco’s Modified Eagle Medium or

RPMI-1640, supplemented with 10% fetal bovine serum,

100 units/ml penicillin and 100 mg/ml streptomycin

(GIBCO) according to the recommendations of the Amer-

ican Type Culture Collection.

Cells growing in log phase were harvested by suspension

in 0.25% trypsin-EDTA solution for 5 min. The cells were

then washed once with RPMI-1640 medium and resus-

pended at a concentration of 1 � 104 cells/ml in a volume

of 1.0 ml RPMI-1640 medium in 24-well plates. The cells

were incubated at 37 8C for 24 h to allow attachment to

plates, and flavonoids were added to obtain final concen-

trations of 10, 20, 50 and 100 mM. The cells were also

treated with EGF at a concentration of 10 nM. Control

wells contained DMSO at a final concentration of 0.1%.

For growth determination, cells from triplicate wells repre-

senting each treatment condition were harvested with

0.25% trypsin-EDTA and counted in a Coulter Counter

(Coulter Electronics, Luton, England), and cell viability

was determined using the dye exclusion method. Cell

numbers were also determined using a colorimetric assay

with the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide as the assessable end-point,

as previously described [31].

2.3. Preparation of cell lysates

EGF- and flavonoid-treated cells were harvested and

washed three times with PBS. The cells were then lysed in

gold lysis buffer as previously described [32]. Insoluble

material was collected by centrifugation at 12,000 � g for

10 min at 4 8C. The protein concentration was determined

according to the method of Bradford [33] and adjusted to

2.0 mg/ml. The samples were then divided into 50 ml ali-

quots and stored at �70 8C for further study.

2.4. Total kinase activity assay

The total kinase activity assays were performed as pre-

viously described [18]. Briefly, the reaction mixtures in a

final volume of 80 ml contained 50 mg of cellular proteins in

20 mM HEPES buffer, pH 7.4, 1.0 mM MnCl2, and 10–

100 mM Qu or Lu. The reaction mixtures were preincubated

at room temperature for 2 h and then were chilled at 4 8C for

10 min. The reaction was initiated by the addition of [g-
32P]ATP (6–12 � 106 cpm) and unlabeled ATP (60 mM).

After 5 min, the reaction was stopped by pipetting 50 ml

aliquots of the reaction mixtures onto 2.3 cm diameter

Whatman 3 MM filter paper, which was immediately

dropped into a solution of 10% trichloroacetic acid contain-

ing 10 mM pyrophosphate. The filter papers were then

washed sequentially with 10% trichloroacetic acid, 50,

and 100% ethyl alcohol (10 ml each), and dropped into a

beaker with 50 ml of diethyl ether for 2 min and then dried

in a fume hood. The radioactivity was measured in scin-

tillation counter (Beckman Instruments, Fullerton, CA).

2.5. Immunoprecipitation

Cell lysates with equivalent amounts of proteins were

incubated with anti-FAK antibodies (1 mg/ml) for 4 h at

4 8C with gentle shaking according to the manufacturer’s

recommendations. Immunocomplexes of FAK/anti-FAK

antibodies were removed by centrifugation at 14,000 �
g at 4 8C for 30 min. The supernatants and precipitants

were collected and subjected to total kinase assay as

previously described [34].

2.6. Gel electrophoresis, western blotting, and

autoradiography

The kinase assay reaction mixtures described above were

also subjected to SDS-polyacrylamide gel electrophoresis

(SDS-PAGE) to examine further changes of cellular protein

phosphorylation in response to EGF and flavonoids. The

kinase reactions were terminated by the addition of 50 ml 2�
sample buffer (0.5 M Tris–HCl, pH 6.9; 2% SDS; 20%

glycerol; 0.01% bromophenol) followed by boiling for

3 min. The reaction products were then electrophoresed

on 3–18% linear gradient SDS-polyacrylamide gels accord-

ing to the method of Laemmli [35] and were dot blotted on

nitrocellulose paper. Proteins were then electrophoretically

transferred to nitrocellulose membranes as previously

described [36] and then autoradiographed with Kodak X-

Omat AR film (Kodak, Rochester, NY). The intensities of

the phospho-proteins were determined using a densitometer.

2.7. Immuno-blot analysis of EGFR, phosphotyrosine

protein, and FAK

The proteins separated on SDS-PAGE were electrophor-

etically transferred to nitrocellulose membrane according
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to the method of Towbin [36]. The electrophoretic blots

were blocked in PBS containing 5% BSA for 2 h at room

temperature, and then were rinsed in PBS three times and

incubated for 2 h at room temperature with primary anti-

body appropriately diluted in 1% BSA/PBS. The primary

antibodies used in this study included: mouse monoclonal

IgG-anti human EGFR, mouse monoclonal IgG-anti phos-

photyrosine, mouse monoclonal IgG-anti human FAK and

rabbit anti-MMP-2 and anti-MMP-9. The nitrocellulose

membranes were then extensively washed three times for

10 min each in TBST, and incubated with the secondary

antibody (goat anti-rabbit or rabbit anti-mouse IgG) con-

jugated with horseradish peroxidase. The membranes were

subsequently washed three times with TBST and twice

with Triethanolamine buffered saline (TBS). Bands were

detected with ECL reagents on Kodak BioMax film

(Kodak, Rochester, NY).

To ascertain whether the phosphotyrosyl 125 kDa pro-

tein was indeed an FAK, anti-FAK polyclonal antibody

was used to immunoprecipitate FAK protein. EGF and/or

flavonoids treated and untreated cell lysates with equiva-

lent amounts of proteins were incubated with anti-FAK

polyclonal antibodies (1 mg/ml) for 4 h at 4 8C with gentle

shaking, according to the manufacturer’s recommenda-

tions. FAK/anti-FAK antibody complexes were removed

by centrifugation at 14,000 � g at 4 8C for 20 min. The

immunoprecipitates were washed three times with PBS

containing 1% Trixton-100 and subjected to immunoblot-

ting analyses for FAK. In addition, the same immunopre-

cipitates were subjected to total kinase assay as described

above.

2.8. Detection and characterization of MMPs by

gelatin zymography

The amounts of MMPs secreted from tumor cells treated

with 10 nM EGF and 20 mM flavonoids were measured

using gelatin zymography [37]. In brief, samples of con-

ditioned media and cell lysates were subjected to electro-

phoresis on 3–18% linear gradient SDS-PAGE

copolymerized with 0.1% porcine skin gelatin. The volume

of each medium sample analyzed was normalized accord-

ing to its cell numbers. Electrophoresis was performed

under non-reducing conditions in 25 mM Tris, 192 mM

glycine, and 0.1% SDS at 15 mA/gel during stacking and at

12 mA/gel during separation. After electrophoresis, gels

were first washed twice for 30 min in 2.5% Triton X-100 to

remove SDS, and then twice in reaction buffer (50 mM

Tris, pH 8.0, containing 5 mM CaCl2, 0.02% NaN3) for an

additional 30 min. The gels were then incubated in reaction

buffer at 37 8C for 18 h, and then stained with 0.25%

Coomassie brilliant blue R-250 in 10% acetic acid/20%

ethanol for 1 h and destained in the same solution without

dye. A clear zone on the gel indicates the presence of

gelatinase activity. Gelatinase activity was quantified using

a densitometer.

2.9. In vitro chemo-invasion assay

In vitro invasiveness was investigated according to a

procedure described previously [38], with modification. In

brief, 24-well Transwell units with 8 mm pore size poly-

carbonate filters (Becton Dickinson, Franklin Lake, NJ)

were coated with 0.1 ml of 0.8 mg/ml Englebreth-Holm-

Swarm sarcoma tumor extract, named EHS Matrigel, at

room temperature for 1 h. The EHS matrigel consists of

reconstituted basement membrane substances. These filters

were then air dried at room temperature, thus forming a

continuous thin layer on top of the filter. The lower

compartment contained 0.6 ml laminin (20 mg/ml) as a

chemoattractant or RPMI-1640 medium as a negative

control. A431 or MiaPaCa-2 cells (105 cells per 0.2 ml

of RPMI-1640 containing 0.1% BSA) were placed in the

upper compartment and incubated with or without either

flavonoids or EGF at 37 8C for 72 h in a humidified

atmosphere of 95% air/5% CO2. Following incubation,

the filters were fixed with 3% glutaraldehyde in PBS and

stained with crystal violet. Cells on the upper surface of the

filter were removed by wiping with a cotton swab, and cells

that penetrated through the Matrigel to the lower surface of

the filter were counted under a microscope at �200

magnification. Each treatment was assayed in triplicate,

and two independent experiments were performed.

2.10. Wound healing assay

MiaPaCa-2 cells (2 � 106) were plated onto fibronectin

coated (5 mg/ml) 6-well culture plates in complete growth

medium. After 24 h, the monolayer of cells was wounded

by manual scratching with a pipette tip [39], washed with

PBS, photographed with phase contrast using Olympus

IX70 camera (Tokyo, Japan) and placed into complete

medium with or without either flavonoids or EGF at 37 8C
in a humidified atmosphere of 95% air/5% CO2. Matched

pair marked wound regions were photographed again after

48 h of treatment.

2.11. Immunofluoresence staining

MiaPaCa-2 cells (104/well) were plated onto fibronec-

tin-coated (10 mg/ml) glass coverslips and grown in RPMI-

1640 containing 10% fetal bovine serum overnight. The

cells were then treated with 20 mM Qu, Lu and/or 10 nM

EGF for 4 h prior to fixation with 3.7% paraformaldehyde

in PBS. Control cells received DMSO vehicle at a final

concentration of 0.1%. Cells were permeabilized with the

ice-cold methanol for 15 min, washed in PBS three times

and then blocked with 1% BSA in PBS for 2 h at room

temperature. Primary mouse anti-FAK-p-Y397 antibody

was diluted (1:200) in 0.5% BSA in PBS and incubated for

2 h at room temperature. After two washes in 0.25% TBST

and three washes in PBS, coverslips were incubated for 1 h

with goat anti-Mouse IgG–Cy3 (1: 200) (Jackson Immu-
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noResearch Laboratories, Inc. West Glove, PA). After two

washes in 0.25% TBSTand 3 washes in PBS, the coverslips

were then air-dried and mounted with Slow Fade (Mole-

cular Probes, Eugene, OR) mounting media. Photomicro-

graphs were prepared by using a laser scanning confocal

microscope (MMRC 600 Model, Bio-Rad Laboratories

Inc., Hercules, CA) or an Olympus IX70-FLA inverted

fluorescence microscope equipped with the spot system

(Diagnostic Instruments, Inc., Sterling Height, MI) and

assembled by PhotoShop program (Adobe Systems Inc.,

San Jose, CA).

2.12. Statistics

Results are expressed as means � S.E.M.s of three to six

independent experiments. Statistical significance of differ-

ences between two groups was determined by mean of an

unpaired Student’s t-tests. A probability of P < 0:05 was

considered significant.

3. Results

3.1. Effects of quercetin and luteolin on kinase

activitiess of cellular proteins of MiaPaCa-2 cells

Due to the dramatic inhibitory effect of Qu and Lu on cell

proliferation [18,28], we attempted to determine the effects

of various concentrations of Qu and Lu on protein kinase

activity in MiaPaCa-2 cellular proteins. Wo was served as a

reference in the present study. The protein kinase activity

was measured as incorporation of [32P]phosphate from [g-
32P]ATP into trichloroacetic acid-insoluble materials. Both

Qu and Lu dose-dependently (10–100 mM) inhibited Mia-

PaCa-2 cellular protein kinase activity, and the estimated

IC50 of Qu and Lu were 14 and 22 mM, respectively (Fig. 2).

As expected, Wo exhibited little effect on kinase activity of

MiaPaCa-2 cellular proteins. In addition, the anti-phospho-

tyrosyl antibody dot blotting assay showed that Qu and Lu

dose-dependently suppressed tyrosine kinase activity

(Fig. 3). These results further demonstrated that both Qu

and Lu directly inhibited the tyrosine kinase activity of

MiaPaCa-2 cellular proteins. Our previous works and pre-

sent data suggest that both Qu and Lu, at a concentration of

20 mM, could block approximately 50% of the growth and

kinase activity of MiaPaCa-2 cells. Therefore, the concen-

tration of 20 mM for Qu and Lu was used throughout our

present study.

3.2. Effects of quercetin and luteolin on basal and

EGF-induced cellular protein phosphorylation

It is well known that EGF activates EGFR tyrosine

kinase activity and promotes cell growth. Furthermore,

consistent with our previous study, EGF stimulated total

kinase activities and increased the phosphotyrosyl protein

level of A431 cellular proteins compared to the control

[18]. To further test our previous findings that Qu and Lu

blocked EGFR tyrosine kinase activity and its signal path-

way in other tumor cell lines, we expanded our study in

Fig. 2. Effects of various concentrations of Qu, Lu and Wo upon the

protein kinase activity of MiaPaCa-2 cellular proteins. Cell lysates of

50 mg/80 ml of proteins were preincubated with various doses of Qu, Lu or

Wo, respectively, in the presence of [g-32P]ATP. The radioactivities were

counted as described in Section 2. All determinations were made in

triplicate. The plot is the representative of three independent experiments,

all of which gave similar results.

Fig. 3. Effect of Qu and Lu upon tyrosine phosphorylation of MiaPaCa-2

cellular protein. Cell lysates of 50 mg/80 ml of proteins were preincubated

with various doses of Qu, Lu or Wo, respectively, in the presence or

absence of 60 mM ATP. Five microliters of each reaction mixtures were

subjected to the dot blotting assay. Anti-phosphotyrosine antibody and

ECL were used to detect the phosphotyrosine protein level (panel A).

Quantitative changes of tyrosine phosphorylation were estimated based on

the percentage of the control value in the presence of ATP (panel B).

Similar results were obtained in three independent experiments.
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MiaPaCa-2 pancreatic tumor cell lines. Preincubation of

MiaPaCa-2 cellular proteins with 100 nM EGF for 1 h

consistently increased the tyrosine phosphorylation of 170,

125, 110, 65, 60, 44, 30 and 25 kDa protein bands (Fig. 4,

panel A, lane b). Pre-treatment of cellular proteins with

either 20 mM Qu or Lu attenuated the tyrosine phosphor-

ylation of all protein bands described above, except for the

30 and 25 kDa bands, which showed no detectable changes

compared to the control (Fig. 4, panel A, lanes c and d).

The results also showed that Qu and Lu independently

inhibited the autophosphorylation of 170 kDa EGFR

(Fig. 4, panel A, lanes c and d).

In addition, we observed that the phosphotyrosyl protein

level of the 125 kDa band was elevated by EGF and

decreased by Qu and Lu. We employed two additional

approaches to identify whether this band was an FAK. The

first approach used immunoblotting. The same blot was

immunoblotted with anti-phosphotyrosine antibody was

then reprobed with anti-FAK antibody. The results showed

that the 125 kDa band was immunoreactive with both

antibodies (Fig. 4A and B). In the second approach, cell

lysates were first immunoprecipitated with anti-FAK poly-

clonal antibodies, and the immunoprecipitates were then

immunoblotted with another mouse anti-FAK antibody.

The results further confirmed that the identity of the

125 kDa band was indeed FAK (data not shown).

3.3. Effects of quercetin and luteolin on basal and

EGF-induced metastasis-associated MMPs

EGF has been previously shown to stimulate the secre-

tion of MMPs in A431 cells [18]. To investigate the effect

of Qu and Lu on basal and EGF-induced secretion of

MMPs involved in invasion/metastasis of cancer cells,

culture conditioned media were collected from Mia-

PaCa-2 cells treated with 20 mM flavonoids or 10 nM

EGF for 24 h. Gelatinase activities were assessed using

gelatin zymography and scanning densitometry. A repre-

sentative zymogram is shown in Fig. 5A. The relative

percentage change of gelatinase activity was determined

based on the density value of the control group. Control

MiaPaCa-2 cells secreted two major gelatinases of 92 and

72 kDa (Fig. 5A, lane a) as well as a group of lower

molecular weight gelatinases in the range from 50 to

65 kDa. Both Qu and Lu greatly reduced the basal secre-

tion of the 92 kDa gelatinase by �70 � 8 and �82 � 5%,

respectively (Fig. 5A, lanes c and d), while EGF slightly

increased the secretion of the 92 kDa gelatinase by þ10 �
3% (Fig. 5A, lane b) and the 50 kDa gelatinase by þ35 �
6%. Equivalent levels of 72 kDa secretion were observed

in all treatments compared to control (Fig. 5A). Qu and Lu

also offset EGF-stimulated secretion of 92 kDa gelatins

(Fig. 5A, lanes e and f). Lu also exerted a strong inhibitory

effect on secretion of 60–65 kDa bands (Fig. 5A, lane d).

Qu and Lu appeared to decrease the secretion of the 56 kDa

by �32 � 6 and �45 � 5% and the 50 kDa by �82 � 7 and

�76 � 8% bands, respectively. The secreted gelatinases

were further characterized according to the biochemical

dependence of the enzymes and their immunoreactivities.

Addition of the MMP inhibitor 1,10-phenanthroline at the

concentration of 5 mM (Fig. 5B) or 10 mM EDTA (data

not shown) abolished the activity of all gelatinases. Trypsin

was observed as a positive reference, indicating proteolytic

activity in the absence or presence of 1,10-phenanthroline

Fig. 4. In vitro effect of Qu and Lu upon the tyrosine kinase activity of MiaPaCa-2 cellular proteins. Cell lysates of 120 mg of protein, in the presence of

60 mM ATP were incubated with Qu, Lu (20 mM) or EGF (100 nM) in a total volume of 160 ml for 10 min. Each reaction mixtures of 60 ml was subjected to

immunoblotting analysis. Lanes: a, control; b, EGF; c, Qu; d, Lu. Anti-phosphotyrosine protein antibody was used to detect phosphotyrosyl protein (panel A).

Anti-FAK antibody was used to detect FAK. Similar amounts of FAK band were observed in all four lanes (panel B), while the phosphorylation levels were

quite varied (panel A).
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(Fig. 5B). Immunoblotting analysis revealed that the

92 kDa gelatinase was MMP-9 and the 72 kDa gelatinase

was MMP-2 (Fig. 5C). We also performed immunopreci-

pitation using anti-MMP-9 and MMP-2 antibodies to

remove the MMPs prior to zymography, and no detectable

MMP-9 and MMP-2 were observed in this analysis (data

not shown).

3.4. Effects of quercetin and luteolin on basal and

EGF-induced invasive activity

Because it is widely accepted that secreted MMPs can

influence the migratory as well as the invasive activity of

cancer cells, Qu and Lu were tested for their effects on the

invasive behavior of EGF-stimulated MiaPaCa-2 cells

using an in vitro invasion assay. Representative micro-

graphs of Transwell filters are shown in Fig. 6A. MiaPaCa-

2 cells treated with 20 mM of Qu or Lu for 48 h signifi-

cantly inhibited the invasive activity by about 44 and 53%,

respectively, compared with the control (Fig. 6B) EGF

markedly promoted cell invasion by 61% (Fig. 6B), and Qu

and Lu partially suppressed the EGF-induced invasive

activity of MiaPaCa-2 cells by about 33 and 54%, respec-

tively (Fig. 6B).

3.5. Effects of quercetin and luteolin on MiaPaCa-2

cell migration

To investigate flavonoid and EGF effect on cell migra-

tion, in vitro wound healing assays were performed. The

MiaPaCa-2 cells were grown to the same density in serum

free medium in six-well culture plates, and then the cell

monolayer was wounded with a pipette tip (Fig. 7, panel a).

After 24 h in the absence (panel b) or presence (panel e) of

10 nM of EGF, MiaPaCa-2 cells exhibited cell reorienta-

tion responses along the wounded edge margin and had

migrated into the wound area. Cells treated with 20 mM Qu

(panel c) or Lu (panel d) exhibited only limited cell

reorientation responses along the wounded edge and did

Fig. 5. Effects of Qu, Lu and EGF on the secretion of MMPs in MiaPaCa-2

cells. Cells at 50% confluence were treated with 20 mM Qu or Lu, and/or

10 nM EGF in serum free medium for 24 h. The conditioned media were

collected and normalized according to cell numbers prior to gelatin

zymography analysis. Representative zymograms in the absence (panel A)

or presence (panel B) of 5 mM of the MMP inhibitor 1,10-phenanthroline

during substrate buffer incubation. Lanes: a, vehicle control; b, EGF; c, Qu;

d, Lu; e, EGF þ Qu; f, EGF þ luteolin; g and h, trypsin, a serine protease,

was not inhibited by 1,10-phenanthroline. Immunoblotting analyses using

anti-MMP-9 and MMP-2 antibodies indicated that the identity of the 92 and

72 kDa gelatinases were MMP-9 and MMP-2, respectively. The zymograms

(panels A and B) and immunoblots (panel C) are representative of three

separate experiments performed in duplicate.

Fig. 6. Effect of Qu, Lu and EGF on invasive activity of MiaPaCa-2 cells. The in vitro invasion assay was performed using 24-well Transwell units with an

8 mM porosity polycarbonate filter coated with the reconstituted basement membrane EHS Matrigel. MiaPaCa-2 cells (2 � 105 cells/0.4 ml) were placed in

the upper compartment, and treated with 20 mM Qu, or Lu, and/or 10 nM EGF for 48 h in the presence of serum. At the end of culture, the filters from the

Transwell units were fixed and stained with crystal violet. The number of cells that penetrated through the Matrigel to the lower surface of the filters was

determined by microscopy. Panel A, representative photographs of the cells that invade Matrigel: a, vehicle control; b, EGF; c, Qu; d, Qu þ EGF; e, Lu; f, Lu

þ EGF. Panel B, each bar represents mean (�S.E.) percentage (�S.E.M.) of invaded cells relative to the control value expressed as 100%. Two independent

experiments were performed in triplicate.
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not efficiently repopulate the open space as compared to

the control (panel b). In addition, Qu and Lu partially

suppressed the EGF-induced migration activity of Mia-

PaCa-2 cells (Fig. 7, panels f and g).

3.6. Effects of quercetin and luteolin on FAK expression,

phosphorylation and subcellualr localization

To study the association between Qu- and Lu-mediated

reduction of FAK expression and FAK phosphorylation

with the inhibition of EGF-stimulated signaling events, we

examined the levels of FAK expression and relative levels

of FAK tyrosine phosphorylation of MiaPaCa-2 cells. Two

approaches were employed: first, MiaPaCa-2 cells were

treated with 10 nM EGF in serum-free medium for 2, 12,

and 24 h, after which cell lysates were analyzed. Using the

immunoblotting technique with anti-FAK and anti-FAK-p-

Y397 antibodies, we observed that EGF time-dependently

increased FAK protein expression and FAK phosphoty-

rosine levels (Fig. 8A). In the second approach, the lysates

obtained from MiaPaCa-2 cells treated with 20 mM Qu, Lu

and/or 10 nM EGF for 24 h were subjected to immuno-

blotting analyses. Qu and Lu greatly reduced FAK protein

phosphorylation by 61 and 27.7%, respectively (Fig. 8B,

lanes b and c). To determine if FAK phosphorylation could

be reversed by EGF, MiaPaCa-2 cells treated with Qu and

Lu for 24 h were then replaced in fresh medium containing

10 nM EGF for 24 h. FAK protein expression was elevated

to about 125 and 120% of control in MiaPaCa-2 cells

(Fig. 8B, lanes e and f). The results indicate that the

reduction in FAK expression levels was also accompanied

by lower FAK tyrosine phosphorylation.

Cell invasion was linked to FAK accumulation in the

lamellipodia [15]. This led to us to determine the cellular

localization of phosphotyrosyl-FAK by immunofluores-

cence using the anti-FAK-p-Y397 antibody. Our results

Fig. 7. Effect of Qu, Lu and EGF on wound healing of MiaPaCa-2 cells. MiaPaCa-2 cells (2 � 105) were plated onto 6-wells and allowed to grow in the

presence of 10% fetal bovine serum. After 24 h, a wound was created by scratching with a pipet tip (panel a) and the cells were then allowed to migrate into

the wound area in the presence of 10% fetal bovine serum. After cells were treated without (panel b), or with 20 mM Qu (panel c), 20 mM Lu (panel d) and

10 nM EGF (panel e) or the combination of 20 mM Qu and 10 nM EGF (panel f), or 20 mM Lu and 10 nM EGF (panel g) for additional 48 h, phase contrast

images were taken to assess cell migration.
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Fig. 8. Effect of Qu and Lu on basal and EGF-induced FAK expression and tyrosine phosphorylation of FAK in MiaPaCa-2 cells. (A) Cells were treated with

10 nM EGF for 0–24 h. (B) Cells were treated in the absence of (lane a, control) or in the presence of 20 mM Qu (lane b), 20 mM Lu (lane c), 10 nM EGF

(lane d) for 24 h. Lanes e and f, MiaPaCa-2 cells first (separate) treated with, respectively, 20 mM Qu and Lu for 24 h, and then were treated with 10 nM EGF

for an additional 24 h. At the end of the culture, approximately 4 � 106 cells were harvested. Cellular lysates of 50 mg of protein were subjected to

immunoblotting analyses using anti-FAK antibody (A) and anti-FAK-p-Y397 antibody (B). The equal amount of a-tubulin indicates the same protein levels in

each lane.

Fig. 9. Effect of Qu, Lu and EGF on phosphotyrosyl-FAK localization in MiaPaCa-2 cells. The cells were plated onto fibronectin-coated coverslips and

allowed to grow in the presence of 10% fetal bovine serum for overnight. Cells were then treated with or without 20 mM Qu, Lu and/or 10 nM EGF for 4 h.

The localization of phosphotyrosyl-FAK was then detected by immunofluorescence with mouse anti-FAK-p-Y397 antibody and followed by goat anti-mouse-

IgG-Cy3. Cells were observed and photographed under fluorescence microscope. Panels: (a) vehicle control; (b) Qu; (c) Lu; (d) EGF; (e) Qu and EGF; (f) Lu

and EGF.
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revealed that patches of phosphotyrosyl-FAK-staining

were detected around the cell perimeter, cytoplasm and

nucleus (Fig. 9a). Interestingly, we observed that EGF

elevated the accumulation of phosphotyrosyl-FAK in the

lamellipodia (Fig. 9d). Those MiaPaCa-2 cells treated with

either Qu or Lu exhibited lower levels of phosphotyrosyl-

FAK distributed within lamellipodia (Fig. 9b and c). To

determine if the addition of EGF could rescue the reduced

phosphotyrosyl-FAK levels within the lamellipodia caused

by Qu and/or Lu, we treated cells with 20 mM Qu or Lu for

4 h and then replaced the medium with fresh medium

containing only 10 nM EGF. It is worth to noting that

significantly higher patches of phosphotyrosyl-FAK-stain-

ing were detected around the cell perimeter area (Fig. 9e

and f). This result supports the idea that phosphotyrosyl-

FAK might play a major role in promoting cell migration.

4. Discussion

The targeting of receptor tyrosine kinases to inhibit

tumor growth has drawn a great deal of attention in recent

years [40]. Flavonoids inhibit the activity of protein tyr-

osine kinase and the growth of tumor cells with similar

potency [18,25,28]. Previously we showed that among the

flavonoids investigated, Qu and Lu were the most potent

inhibitors of tumor cell growth and EGFR tyrosine kinase

activity [18,28]. Our report also indicated that both Qu and

Lu have similar structures, with the same double bond

between C2 and C3 in ring C, and the same OH groups on

C30 and C40 in ring B (Fig. 1). From a structural point of

view, we suggest that the double bond between C2 and C3

results in ring B and ring C being on the same plane, which

might be critical for access to the kinase binding site [18].

Currently, we are employing X-ray crystallography of Qu

and Lu co-crystalize with known kinases in order to

elucidate the detailed structure-function relation of flavo-

noids and the ATP binding sites of these enzymes. These

results may provide a structural basis for understanding the

inhibition mechanism of protein kinases, and will be useful

for the further design of specific inhibitors against kinase

activity. Our previous results suggest that the flavonoids

binding site is placed at or near the ATP binding site of

protein kinases [18]. In the present study, our data suggest

that Qu and Lu exert inhibitory effects on tyrosine and

serine/threonine protein kinases (Figs. 2 and 3) via a

common mechanism. Further study is needed to determine

whether the effects of Qu and Lu are restricted to protein

tyrosine kinase.

Relating cellular growth response to changes in phos-

phorylation of cellular proteins in response to a particular

tyrosine kinase stimulus like EGF, or an inhibitor like Qu

or Lu, has allowed us to discern significant changes in the

phosphorylation levels of certain cellular proteins in dif-

ferent tumor cell lines in previous studies [18,28] and in the

present study (Fig. 4A). There is now substantial evidence

indicating good correlation between the alteration of phos-

photyrosyl levels of certain proteins and changes in the

extent of cellular proliferation of tumor cells [28,34].

Phosphorylation/dephosphorylation of 170, 65 and

60 kDa proteins appears to be the most reliable indicator

of cell proliferation in response to EGF, Qu and Lu in A431

cells [28]. In the present study, EGF was found to augment

the phosphorylation levels of the 125, 110, 44 kDa and the

aforementioned proteins in MiaPaCa-2 cells (Fig. 4A),

while Qu or Lu suppressed phosphorylation levels in

MiaPaCa-2 cells (Fig. 4A). The cumulative evidence

further supports that the 170, 65, and 60 kDa protein

substrates are involved in growth messaging. Previously

we identified the 170 kDa protein as EGFR. In the present

study, we further showed that the 125 kDa phosphotyrosyl

protein is FAK. We oberserved that both Qu and Lu

exhibited strong inhibition of the autophosphorylation of

EGFR as well as the transphosphorylation of FAK

(Fig. 4A).

Accumulating evidence indicates that FAK plays an

important role in the development of human malignances

and suggests that increased FAK protein expression and

phosphotyrosyl levels in cancer cells correlate with inva-

sive potential [39]. In addition, FAK is important in linking

EGFR activation to the cellular machinery that promotes

directed cell migration [15,30,41]. In this study, we exam-

ined FAK protein expression and relative levels of FAK

tyrosine phosphorylation after treatment of MiaPaCa-2

cells with Qu, Lu or EGF. Both Qu and Lu treated

MiaPaCa-2 cells showed a decreased of FAK expression

(data not shown), while the EGF stimulation led to an

elevated expression of FAK (Fig. 8A). Furthermore,

expression of basal and EGF-induced phosphotyrosyl-

FAK (FAK-p-Y397) levels in MiaPaCa-2 cells was also

inhibited by both Qu and Lu (Fig. 8B). Our finding that

EGF stimulates the phosphorylation of FAK in MiaPaCa-2

cells is in agreement with other study reported by Hsia et al.

[15].

The mechanism by which flavonoids affect cell adhe-

sion is not yet clear. Determination of how the flavonoids

modulate cell adhesion and migration would aid in the

understanding of potential applications of these agents

against human tumor proliferation and metastasis. Our

data suggests that both Qu and Lu inhibit the tyrosine

kinase activity of EGFR and also suppress endogenous

FAK expression as well (Fig. 8B). Because FAK func-

tions as a key regulator of extracellular matrix-dependent

cell migration, and also because endogenous levels of

FAK protein expression limit the rate of cell motility, it

seems likely that the reduced FAK protein expression and

phosphorylation in tumor cells may inhibit cell motility,

and in turn, inhibit cell invasion potential [30,42]. Our

previous and recent works support the concept that Qu

and Lu represent a group of flavonoids with potential for

application as anti-tumor growth and anti-metastasis

agents.
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The ability of tumor cells to migrate from the primary

tumor to a distal site and invade surrounding tissues is a

prerequisite for metastasis. The process of tumor cell

invasion relies on several cell properties including actin

dynamics, adhesion, motility, and proteolysis. In human

A431 carcinoma cells, activation of EGFR was shown to

stimulate secretion of MMP-9 and MMP-2, resulting in

increased in vitro invasion of this cancer cell line [18]. Both

Qu and Lu suppressed not only the basal but also EGF-

induced invasive activity of the cells [18]. In the present

study, we demonstrated that Qu and Lu suppressed not only

the basal but also EGF-induced invasive activity in Mia-

PaCa-2 cells, and that the inhibitory effect of Qu and Lu on

tumor cell invasion might partially be attributed to the

down-regulation of the MMP expression (Fig. 5). Further-

more, limited studies suggest that suppression of the

tyrosine phosphorylation may be a mechanism involved

in the metastatic process. This hypothesis is supported by

the studies which showed that genistein, an EGFR tyrosine

kinase inhibitor, could also inhibit the invasion of murine

mammary carcinoma cells [43]; and HER-2/neu tyrosine

kinase inhibitors suppressed the secretion of gelatinase and

invasive potential [8]. Previously, in a parallel study, we

demonstrated that activated PTP by [D-Trp6]luteinizing

hormone-releasing hormone induced a reduction of cellu-

lar protein phosphorylation including EGFR and FAK, and

suppressed the invasive activity of tumor cells [44]. These

findings suggest that suppression of tyrosine phosphoryla-

tion may be involved in tumor metastasis [45]. In the

present study, we also found that the inhibition of FAK

expression or FAK tyrosine phosphorylation by Qu and Lu

(Fig. 8) resulted in decreased MMP-9 secretion and the

inhibition of MiaPaCa-2 cells in vitro through a reconsti-

tuted basement membrane (Fig. 6). This result indicates

that FAK signaling may regulate MMP-9 levels, and that

MMP activity is required for MiaPaCa-2 cell motility and

invasion. Furthermore, our results suggest that cell inva-

sion was linked to the phosphotyrosyl-FAK accumulation

in the lamellipodia (Fig. 9).

In conclusion, the results from this study suggest that in

human pancreatic carcinoma cells, the antioxidant flavo-

noids, Qu and Lu, may act partly through the blockade of

the EGFR-signaling pathway leading to growth inhibition

and reduced cell invasion/metastasis. Because FAK is

elevated in a variety of invasive human tumors, our data

suggest that FAK is a promising target for future thera-

peutic intervention strategies. Qu and Lu are also potential

chemopreventive or chemotherapeutic agents, although

much remains to be studied regarding their bioavailability,

in vivo disposition and pharmacodynamics.
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