
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 is
associated with increased invasive potential. In the present
study, therefore, we developed two experiments to test the
hypothesis that FAK is a determinant of, and plays an
important role in, regulating tumor cell migration. In the first,
the biological functions of FAK were examined using flavonoid
inhibition. MiaPaCa-2 cells, treated with luteolin (Lu) and
quercetin (Qu), were used to dampen FAK phosphorylation
and protein expression by parallel suppression of cell migration
ability. The second experiment involved suppression of FAK
expression using small-interfering RNAs (siRNA) specific to
FAK. While not affecting cellular proliferation or apoptosis, the
siRNA targeting FAK almost completely inhibited FAK protein
expression in MiaPaCa-2 cells and potently blocked the cell
migration mediated by FAK. Our results show that FAK
functions as a key regulator of cell migration, and that FAK
activity can be suppressed by specific FAK siRNA, and by
luteolin and quercetin. It appears reasonable to conclude,
therefore, that suppression of FAK protein has a significant
impact on tumor cell invasiveness.

The flavonoids, which are primarily benzo-Á-pyrone

(phenylchromone) derivatives, comprise a very large class

of naturally occurring, low molecular weight polyphenolic

plant compounds. Accumulating evidence indicates that

certain flavonoids not only inhibit the growth of tumor cells

(1-5), but also suppress their invasive potential and cell

migration in vitro (1, 2). Thus, the inhibitory effects of

flavonoids on tumor cell growth could be a consequence of

their interference with protein kinase activity (1, 2, 5, 6).

For example, flavonoids inhibit signal-transduction pathways

mediated by epidermal growth factor receptor, favorably

affecting downstream signaling molecules including

phospholipase CÁ, the ERK/MAPK cascade and focal

adhesion kinase (FAK) (7, 8). Our earlier results indicate

that the flavonoids, luteolin (Lu) and quercetin (Qu), can

inhibit protein tyrosine kinase (PTK) activity, which is also

involved in cell proliferation, apoptosis and matrix

metalloproteinase (MMP) secretion. In addition, both Lu

and Qu variants exhibit the ability to suppress tumor cell

migration (1, 5).

FAK is a non-receptor and non-membrane-associated

PTK, originally isolated from v-src-transformed chick-embryo

fibroblasts (9, 10). The human FAK, which does not contain

Src homology 2 (SH2) or SH3 protein interaction domains,

is an important regulator of cellular signaling pathways

essential to cell survival and cell cycle, as well as for cell

motility (9, 10). Overexpression of FAK occurs in a great

number of human tumors, however, and it is reportedly an

important determinant of tumorigenesis, cellular invasiveness

and metastasis (10). The characteristics of FAK reveal an

association between elevated FAK expression in human

tumor cells and increased cell invasiveness (7, 8, 11, 12),

whereas inactivation of FAK suppressed cell migration and

proliferation in vitro. In addition, tumor invasiveness is

associated with increased cell migration (9), and inhibition of

FAK expression decreases cell motility. In growing, integrin-
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stimulated, or migrating cells, FAK is highly phosphorylated

in a number of tyrosine residues, in vivo (13, 14).

Mechanisistically, the stimulated phosphorylation of FAK at

Tyr-397 creates an SH2 binding motif that is required for

FAK function in promoting cell motility (9, 10). Sustained

tyrosine-phosphorylation of FAK is essential for cancer cell

migration (10, 15). The expression of PTEN, a tumor

suppressor, leads to FAK dephosphorylation and inhibition

of cell motility (13, 14). Furthermore, FAK overexpression

and epidermal growth factor receptor (EGFR) tyrosine-

kinase activity are often amplified in tumor cells (16).

More recently, developed RNA interference (RNAi)

methodologies have been emerging, promising specific

inhibition of gene expression in mammals (17). Currently,

the potential of RNAi technology, especially with chemically

synthesized siRNA, is being intensively evaluated in the

development of highly specific gene-silencing therapeutics

(18). Because of its ability to silence any gene once the

sequence is known, RNAi has been adopted as a tool for

discrimination of gene function (19). There is compelling

evidence to suggest that FAK plays an important role in

both tumor migration and metastasis (7-10). Since siRNA

does not affect cellular proliferation or apoptosis, the

transfection of FAK siRNA into tumor cells is particularly

useful for the study of FAK-mediated cell migration and

invasion. Previously, our results indicated that FAK

phosphorylation was dampened in tumor cells treated with

Lu and Qu, with parallel reduction of the secreted matrix

metalloproteinase (MMP), potentially leading to

suppression of invasive potential and cell migration in vitro
(5). It has been demonstrated that inhibition of the activity

or disabling the function of FAK inhibits both growth and

metastasis in a variety of tumors (5, 8-16, 20). In a previous

study, we elaborated the importance of FAK function with

respect to promotion of EGF-stimulated cell motility

through flavonoid treatment to reduce FAK expression and

phosphorylation (5). In this study, therefore, special

emphasis was placed on further investigation of the effect

of suppressing FAK activity in MiaPaCa-2, a human

pancreatic tumor cell line, using both siRNA and flavonoids

to evaluate their therapeutic significance.

Materials and Methods

Materials. Quercetin was purchased from Nacalai Tesque (Kyoto,

Japan). Luteolin was purchased from Extrasynthese (Genay,

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

USA). 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, USA). EGF, anti-phospho-

tyrosine and anti-EGFR antibodies were purchased from Upstate

Biotechnology (Lake Placid, NY, USA). Rabbit anti-FAK was

acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

The mouse anti-FAK-p-Y397 was purchased from BD Biosciences

(San Diego, CA, USA). ECL was obtained from Amersham

Pharmacia Biotech (Buckinghamshire, UK). Smart pool FAK

siRNA and non-specific siRNA were purchased from Dharmacon

(Lafayette, CO, USA).

Cell growth experiments. The MiaPaCa-2 (pancreas) tumor cell line

was obtained from the American Type Culture Collection

(Rockville, MD, USA). The cells were maintained at 37ÆC in a

humidified atmosphere (95% air and 5% CO2) and grown as

monolayers in plastic tissue-culture flasks containing Dulbecco’s

Modified Eagle Medium or RPMI-1640, supplemented with 10%

fetal bovine serum, 100 U/ml penicillin and 100 Ìg/ml streptomycin

(GIBCO), according to the recommendations of the American

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 resuspended

at a density of 1 x 104 cells/ml in a volume of 1.0 mL RPMI-1640

medium in 24-well plates. The cells were incubated at 37ÆC for 

24 h to allow attachment to the plates, then flavonoids were added

to obtain final concentrations of 10, 20, 50 and 100 ÌM. The cells

were also treated with EGF (10 nM) to check the stimulating

effects on growth and protein tyrosine kinase activity. Control wells

contained DMSO at a final concentration of 0.1%.

For growth determination, cells from triplicate wells

representing each treatment condition were harvested with 0.25%

trypsin-EDTA and counted in a Coulter Counter (Coulter

Electronics, Luton, UK), with cell viability determined using the

dye exclusion method. Cell numbers were also determined using

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 (21).

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 (22). Insoluble

material was collected by centrifugation at 12,000 x g for 10 min at

4ÆC. The protein concentration was determined according to the

method of Bradford (23), and then adjusted to 2.0 Ìg/ml. The

samples were then divided into 50 ml aliquots and stored at –70ÆC

for further study.

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 in cellular protein phosphorylation in response to

EGF and flavonoids. The kinase reactions were terminated by the

addition of 50 Ìl 2X sample buffer (0.5-M Tris-HCl, pH 6.9; 2%

SDS; 20% glycerol; 0.01% bromophenol), followed by boiling in

water for 3 min. The reaction products were then electrophoresed

on 3-18% linear gradient SDS-polyacrylamide gels according to the

method of Laemmli (24), and were dot-blotted on nitrocellulose

paper. The proteins were then electrophoretically transferred to

nitrocellulose membranes, as previously described (25), and then

autoradiographed using Kodak X-Omat AR film (Kodak,

Rochester, NY, USA). The intensities of the phosphoproteins were

determined using a densitometer.

Immunoblot analysis of EGFR, phosphotyrosine protein and FAK.
The proteins separated on SDS-PAGE were electrophoretically
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transferred to nitrocellulose membrane, according to the method

of Towbin (25). The electrophoretic blots were blocked in PBS

containing 5% BSA for 2 h at room temperature, and then rinsed

in PBS three times and incubated for 2 h at room temperature with

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

primary antibodies used in this study included: mouse monoclonal

IgG-anti-phosphotyrosine, monoclonal IgG-anti-human FAK and

anti-FAK-p-Y397. The nitrocellulose membranes were then

thoroughly washed three times (10 min each) in TBST, and

incubated with the secondary antibody (goat anti-rabbit or rabbit

anti-mouse IgG) conjugated with horseradish peroxidase. The

membranes were subsequently washed three times with TBST and

twice with triethanolamine-buffered saline (TBS). Bands of FAK

and p-FAK were detected with ECL reagents on Kodak BioMax

film. To ascertain whether the phosphotyrosyl-125 kDa protein was

indeed a FAK, anti-FAK polyclonal antibody was used to

immunoprecipitate the FAK protein. EGF and/or flavonoids-

treated and untreated cell lysates with equivalent amounts of

proteins were incubated with anti-FAK polyclonal antibodies 

(1 Ìg/mL) for 4 h at 4ÆC with gentle agitation, according to the

manufacturer’s recommendations. The FAK/anti-FAK antibody

complexes were removed by centrifugation at 14,000 x g at 4ÆC for

20 min. The immunoprecipitates were then washed three times in

PBS containing 1% Trixton-100 and subjected to FAK

immunoblotting analysis. In addition, the same immunoprecipitates

were subjected to total kinase assay, as described above.

Transfection of siRNAs. SMART pool FAK siRNA and non-specific

RNA were dissolved in 250 Ìl 1X universal buffer provided by the

manufacturers to a concentration of 20 ÌM. MiaPaCa-2 cells

(2x105) were plated into 35-mm 6-well trays and allowed to adhere

for 24 h. Five microliters of Lipofectamine 2000 (GIBCO) per well

was added into 250 ml Opti-MEM, thoroughly mixed, and

incubated at room temperature for 5 min. Five microliters of

SMART pool FAK siRNA per well was added to 250 Ìl Opti-

MEM, thoroughly mixed and then combined with the diluted

Lipofectamine 2000. The siRNA/Lipofectamine mixture was gently

mixed and incubated at room temperature for 15 min, and then

added into 6-well plate containing 1.5 ml DMEM with 10% FBS

for 48 h. All assays were performed 48 h post-transfection.
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Figure 1. Effect of Lu and Qu on wound healing in MiaPaCa-2 cells. The MiaPaCa-2 cells (1x105) were plated onto 6-well plates and allowed to grow
in the presence of 10% fetal bovine serum. After 24 h, a wound was created by scratching with a pipette tip (panels A & B, 0 h) and the cells were then
allowed to migrate into the wound area in the presence of 10% fetal bovine serum. Phase contrast images were taken to assess cell migration after the
cells had been treated without (panel A & B) or with 10, 20, 50, and 100 mM of Lu (panel A) and Qu (panel B) for an additional 48 h.
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Figure 2. Effect of Lu and Qu on basal FAK expression in MiaPaCa-2 cells. Cells were treated with 10, 20, 50 and 100 ÌM of Lu (panel A) and Qu
(panel B) for 48 h, respectively. At the end of culture, approximately 4 x 106 cells were harvested. Cellular lysates of 50 Ìg protein were subjected to
immunoblotting analysis using anti-FAK antibody. The equal quantity of ·-tubulin indicates similar protein levels in each lane.

Figure 3. Effect of Lu and Qu on basal and EGF-induced tyrosine phosphorylation of FAK in MiaPaCa-2 cells. (A) Cells were treated with 10 nM
EGF for 0-24 h. (B) Cells were treated for 24 h in the absence (lane a, control) or presence of 20 ÌM Lu (lane b), 20 ÌM Qu (lane c), or 10 nM EGF
(lane d). MiaPaCa-2 cells were first (separately) treated with, respectively, 20 ÌM Lu and Qu for 24 h, and then with 10 nM EGF for an additional 
24 h (lanes e & f). Cellular lysates of 50 Ìg protein were subjected to immunoblotting analysis using anti-FAK-p-Y397. An equal quantity of ·-Tubulin
was measured (data not shown). Scanning densitometry was used for quantitative analysis, and the percentage optical autoradiographic density was
compared to controls. Values are mean percentage-density change for samples from three separate experiments.

Figure 4. Effect of Lu and Qu on specific FAK siRNA and non-specific
siRNA-transfected MiaPaCa-2 cells. Specific FAK siRNA (lanes 1-3) and
non-specific FAK siRNA (lanes 4-6)-transfected cells were treated with 
20 ÌM Lu and Qu for 48 h, respectively. At the end of culture,
approximately 4 x 106 cells were harvested. The cellular lysates were
subjected to immunoblotting analysis using anti-FAK antibody. Scanning
densitometry was used for quantitative analysis. The equivalent quantity
of ·-tubulin indicates the similar protein levels in each lane.



In vitro chemo-invasion assay. In vitro invasiveness was investigated

according to a previously described procedure (26), with

modification. In brief, 24-well Transwell units with polycarbonate

filters (8 mm pore size; Becton Dickinson, Franklin Lake, NJ,

USA) were coated (1 h at room temperature) with 0.1 mL of 

0.8-mg/mL Englebreth-Holm-Swarm (EHS) sarcoma tumor

extract consisting of reconstituted basement-membrane substances

(EHS Matrigel; Sigma, St. Louis, MO, USA). These filters were

then air-dried at room temperature to form a thin continuous

layer on the filter surface. The lower compartment contained 0.6

mL laminin (20 mg/ml) as a chemoattractant or RPMI-1640

medium as a negative control. MiaPaCa-2 cells (1x105 cells/0.2 mL

Huang et al: siRNA and Flavonoids Interfere with Tumor Cell Migration

2021

Figure 5. Effect of Lu and Qu on wound healing in FAK knockdown and non-knockdown MiaPaCa-2 cells. FAK knockdown (specific FAK siRNA)
and non-knockdown MiaPaCa-2 cells (1 x 105) were plated onto 6-well plates and allowed to grow in the presence of 10% fetal bovine serum. After 
24 h, a wound was created by scratching with a pipette tip (panels A & B, 0 h) and the cells were then allowed to migrate into the wound area in the
presence of 10% fetal bovine serum. Both FAK knockdown and non-knockdown cells were treated without (panels A & B, control) or with 20 ÌM of Lu
(panel A) and Qu (panel B) for an additional 48 h, then phase contrast images were taken to assess cell migration.



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

compartment and incubated with or without either flavonoids or

EGF at 37ÆC 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, while those that had penetrated through the Matrigel to the

lower surface of the filter were counted under a microscope

(200x). Each treatment was assayed in triplicate, and two

independent experiments were performed.

Wound-healing assay. Both siRNA-transfected and control

MiaPaCa-2 cells (2x105) were plated onto fibronectin-coated 

(5 Ìg/ml) 6-well culture plates in complete growth media. After 

24 h, the cell monolayer was wounded by manual scratching with a

pipette tip (27), washed with PBS, photographed in phase contrast

using an Olympus IX70 camera (Tokyo, Japan), and then placed

into complete medium, with or without either flavonoids or EGF,

at 37ÆC in a humidified atmosphere of 95% air/5% CO2. Matched-

pair marked wound regions by manual scratching with a pipette tip

were photographed again after 48 h of treatment.

Statistical analysis. The statistical significance between groups was

determined by means of unpaired Student’s t-tests. A probability

of p<0.05 was considered significant for all tests. Results (from

three-to-six independent experiments) are expressed as

mean±SEM. 

Results

Effects of luteolin and quercetin on MiaPaCa-2 cell
migration. To investigate the effect of flavonoids on cell

migration, in vitro wound-healing assays were performed.

The MiaPaCa-2 cells (2x105) were grown to the same

density in culture medium on 6-well culture plates. The cell

monolayer was wounded with a pipette tip and the cells

allowed to migrate into the clear area (Figure 1; panels A

& B, 0 h). After 48 h, the control sets exhibited a cell-

reorientation response along the wound margin and had

migrated into the wound area. Cells treated with 10, 20, 50

and 100 ÌM of Lu (Figure 1; panel A, 48 h) and Qu (Figure 1;

panel B, 48 h) exhibited only limited cell-reorientation

response along the wound edge in a dose-dependent

manner, and they did not efficiently repopulate the open

space in comparison to the controls.

Effects of luteolin and quercetin on FAK protein expression
and phosphorylation. To study the association between Lu-

and Qu-mediated reduction of FAK expression and

phosphorylation, we examined the levels of FAK expression

and relative levels of FAK tyrosine phosphorylation with the

inhibition of EGF-stimulated signal events in MiaPaCa-2

cells. Two approaches were employed: (i) The cell lysates

obtained from MiaPaCa-2 cells treated with 10, 20, 50, 100 ÌM

Lu and Qu for 48 h were subjected to immunoblotting

analysis. The FAK protein expression, expressed as a

percentage of the control value, was reduced by both Lu

and Qu in a dose-dependent manner (Figure 2A and 2B).

(ii) MiaPaCa-2 cells were treated with 10 nM EGF in

culture medium for 2, 12 and 24 h, after which the cell

lysates were analyzed. Using immunoblotting and scanning

densitometry with anti-FAK-p-Y397 antibodies, we

observed that EGF produced a time-dependent increase in

FAK phosphotyrosine levels (Figure 3A). As the results of

our previous studies suggest that both Lu and Qu can block

approximately 50% of the growth and kinase activity of

MiaPaCa-2 cells at 20 ÌM, this concentration was used

throughout the present phosphorylation study. The cell

lysates obtained from MiaPaCa-2 cells treated for 24 h with

20 ÌM Lu and Qu and/or 10 nM EGF were also subjected

to immunoblotting and scanning densitometry with anti-

FAK-p-Y397 antibodies. Lu and Qu significantly reduced

FAK tyrosine phosphorylation (53% and 60%, respectively;

Figure 3B). To determine if FAK phosphorylation was

reversible using EGF, MiaPaCa-2 cells treated for 24 h with

20 ÌM Lu and Qu were then placed in fresh medium

containing 10 nM EGF for an additional 24 h, with the FAK

protein phosphorylation elevated to about 120% and 125%

of that of controls, respectively (Figure 3B). The results

suggest that EGF may counteract the inhibitory effect of Lu

and Qu treatment on tyrosine phosphorylation of FAK.

Effect of FAK siRNAs on the expression of FAK from
MiaPaCa-2 cells. To investigate whether FAK siRNAs

could suppress FAK synthesis and secretion in human

pancreatic MiaPaCa-2 tumor cells, five FAK siRNAs

mixtures were examined for their ability to target human

FAK in tumor cells. In order to confirm inhibition of FAK

expression by siRNA transfection, the cell lysates were

subjected to immunoblot analysis for FAK. After

transfection with Lipofectamine 2000, FAK-specific siRNA

exhibited potent ability to knockdown FAK production

(Figure 4, lane 1). Up to 95% suppression of FAK protein

expression was observed after a 48-h transfection (Figure

4, lanes 1-3). No effect was demonstrated on FAK

expression using non-specific FAK siRNA (Figure 4, lanes

4-6), with ·-tubulin expression also unaffected by both

specific and non-specific FAK siRNA treatments (Figure 4,

lanes 1-6), suggesting that non-specific down-regulation of

FAK expression did not occur upon transfection. It is worth

noting that suppression of FAK expression on the growth

of MiaPaCa-2 cells, using specific or non-specific FAK

siRNA, neither induced detectable changes in doubling

time, nor caused apoptosis in these cells (data not shown).

We also sought to determine the effect of Lu and Qu on

the expression of FAK proteins of post-transfection cells.

Control siRNA and specific FAK siRNA-transfected cells

were treated with 20 ÌM Lu and Qu for 24 h, and then

harvested. Lu and Qu treatment of FAK siRNA-
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transfected MiaPaCa-2 cells resulted in up to 95%

suppression of FAK production (Figure 4, lanes 1-3). Lu

and Qu, at the concentration of 20 ÌM, further suppressed

FAK expression in specific FAK siRNA-transfected cells

(Figure 4, lanes 1-3). For non-specific FAK siRNA-

transfected MiaPaCa-2 cells, marked decreases in the

production of FAK protein were exhibited for Lu and Qu

(37% and 41%, respectively; Figure 4, lanes 4-6).

Effects of luteolin and quercetin on FAK knockdown
MiaPaCa-2 cell migration. It is widely believed that FAK

plays an important role in cell migration events. To study

the relationship between FAK expression and cell

migration, wound-healing assays were performed to

determine whether decreased FAK expression could result

in reduced cell migration ability. FAK-specific siRNA (FAK

knockdown, FAK–) MiaPaCa-2 cells and FAK non-specific

siRNA (FAK non-knockdown, FAK+) cells were grown to

the same density in culture medium in 6-well culture plates.

The cell monolayer was then wounded with a pipette tip and

the cells allowed to migrate into the clear area, as described

above (Figure 5; panels A & B, 0 h). At 48 h after the

scratch, the FAK– cells had become quite dense along the

wound edge due to continued cell growth, however, they did

not significantly migrate into the open area or show changes

in cell morphology (Figure 5; panel A, 48 h) as compared

to the FAK+ control cells (Figure 5, panel B, 48 h). In

addition, within the same 48-h period, Lu and Qu (20 ÌM)

were found to slightly suppress the FAK– cell migration

activity (Figure 5, panel B, 48 h). It is worth noting that the

time-courses for total wound closure for MiaPaCa-2 FAK+

and FAK– were identical (60 h; data not shown).

Discussion

It is well known that the process of tumor cell invasion relies

on several cell properties, including proteolysis, actin dynamics,

adhesion and motility. In our earlier studies, we showed that,

of the investigated flavonoids, Lu and Qu were the most potent

inhibitors of tumor cell growth and EGFR tyrosine kinase

activity (1, 5). We observed that both Lu and Qu exhibited

strong inhibition of EGFR autophosphorylation, as well as

FAK transphophorylation (5). Additionally, the tumor cells

responded to Lu and Qu exposure by parallel reductions in the

levels of phosphorylated FAK and secreted MMPs, which may

lead to suppression of invasive potential and cell migration in
vitro (1, 5). It has been determined that FAK is overexpressed

in a variety of tumors (10). High levels of FAK expression have

also been found in preinvasive and invasive cancers (28). In

addition, a direct relationship has been demonstrated between

increased FAK expression and elevated cell motility (29).

Taken together, these findings suggest that FAK is a logical

target for therapeutic intervention.

The mechanism(s) by which flavonoids affect cell

adhesion and migration is not yet clear, however, it appears

reasonable to suggest that their determination and

elaboration would aid in identification of potential

applications for these agents against tumor proliferation and

metastasis. In the present study, therefore, we examined

FAK protein expression after treatment of MiaPaCa-2 cells

with Lu, Qu or EGF. A dose-dependent decrease in FAK

protein expression was demonstrated for both Lu- and Qu-

treated cells (Figure 2), with a limited cell-reorientation

response along the wound edge (Figure 1). Further, EGF

stimulation also led to elevated FAK tyrosine

phosphorylation (Figure 3) and FAK expression (5).

Interestingly, Lu and Qu were both found to counteract the

stimulatory effect of EGF on FAK expression (Figure 3,

lanes e & f), and also phosphorylation (5). Furthermore, Lu

and Qu partially suppressed the EGF-induced migration

activity of MiaPaCa-2 cells (5). These findings suggest that

Lu and Qu may act partly through inactivation of EGFR

tyrosine kinase activity which, in turn, mediates FAK

expression. Moreover, expression of basal and EGF-induced

phosphotyrosyl-FAK (FAK-p-Y397) levels in MiaPaCa-2

cells is also inhibited by Lu and Qu (5). Our finding that

EGF stimulates FAK phosphorylation in MiaPaCa-2 cells is

also in agreement with the report of Hsia et al. (16).

Since FAK functions as a key regulator of extracellular

matrix-dependent cell migration, and as endogenous levels

of FAK protein expression also limit cell motility, it seems

likely that reducing FAK expression may inhibit cell

migration. Recently, RNA interference (RNAi) has

emerged as a powerful tool for elaboration and

elucidation of gene function (30). Tuschl’s group found

that transfection of synthetic 21-nucleotide small-

interfering RNA into mammalian cells exhibits high gene

specificity, without secondary effects (31). For this study,

therefore, we chose specific siRNA to knockdown FAK

expression in MiaPaCa-2 cells and investigate cell

migration ability in response to treatment with Lu and

Qu. Analysis of our data indicates that transfected specific

FAK siRNA successfully inhibits the expression of FAK

protein in MiaPaCa-2, human pancreatic carcinoma cells

(Figure 4), leading to potent suppression of cell migration

(Figure 5). These results clearly demonstrate that the

design of a novel FAK blockade system using RNAi may

be a powerful technique for controlling tumor cell motility

and invasiveness. Other factors, such as the expression or

the activity of MMP, are involved in tumor cell migration

and invasion. MMP activity has been associated with

elevated cell migration and invasion levels (5, 32). Our

previous report indicates that in vitro inhibition of FAK

expression and phosphorylation by Lu and Qu results in

decreased MMP-9 secretion and the inhibition of

MiaPaCa-2 cells through a reconstituted basement
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membrane (5). Others studies also support this contention

that decreased FAK expression and signaling in tumor

cells inhibits migration and invasion, and that it is

associated with a decrease in MMP secretion (32-34).

Furthermore, these results suggest that cell invasion is

linked to phosphotyrosyl-FAK accumulation in the

lamellipodia of tumor cells (5).

Interestingly, FAK is an important mediator of cell

survival and apoptosis (16, 27, 28). In the present study,

however, we observed that siRNA FAK suppression does

not affect MiaPaCa-2 cellular proliferation or induce

apoptosis (data not shown). Taken together, these findings

indicate that transfected specific FAK siRNA to tumor cells

is, therefore, not a simple pro-apoptotic or directly cytotoxic

process. This is consistent with other research, which has

demonstrated that FAK suppression does not necessarily

induce apoptosis (35).

In conclusion, we have demonstrated that utilization of

siRNA oligonucleotides targeting FAK provides valuable

information with respect to the efficacy of RNAi in terms

of reducing cell migration ability. As the antioxidant

flavonoids, Lu and Qu, are also able to block the EGFR-

signaling pathway, leading to growth inhibition and reduced

cell invasion/metastasis, suppression of FAK activity using

a combination of siRNA and these flavonoids may be a

reasonable approach to the development of more effective

anticancer strategies although, clearly, much remains to be

elaborated in in vivo systems.
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