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ABSTRACT

AIM: 1) To study the participation of Focal Adhesion
Kinase (FAK) in regulation of Breast Cancer cell mi-
gration in relation with MMP-9 and other signaling
proteins; 2) To study the effect of some natural prod-
ucts on FAK. METHODS: Cell culture, Western Blot,
Immunoprecipitation, Immunocytochemistry, Zymogra-
phy, SIRNA transfection, RT-PCR, Real-Time PCR.
RESULTS: For our study on FAK, we selected inva-
sive Breast Cancer cell line MDA-MB-231 and trea-
ted the cells with Fibronectin (FN). Treatment of FN
was found to increase FAK expression, phosphoryla-
tion (Tyr 397). FAK was found to be involved in re-
gulation of breast cancer cell migration and MMP-9
expression, activity. Fibronectin increases association
of FAK with integrin a5f1, Paxillin, Actin, ERK,
PI13K and localization at Focal Adhesion sites. FAK
was found to be involved in modulation of ERK and
PI3K phosphorylation. Moreover, FAK signal was
found to be transduced through ERK and PI3K, which
modulate MMP-9 and thereby cell migration. CON-
CLUSION: FAK expression, phosphorylation and pro-
cessing are induced in response to Cell-ECM interac-
tions. Integrin @541 is involved in FN induced FAK
phosphorylation. FAK is a potent regulator of MMP-9
expression and activity. FAK is involved in regulation
of ERK and PI3K phosphorylation. ERK and PI3K
are involved in FAK regulated MMP-9 expression &
activity. FAK regulates MMP-9 expression and activ-

ity and thereby migration of human breast cancer cell.

By the regulation of FAK, cell attachment and migra-
tion may be regulated by Curcumin, ATRA or EGCG
treatment. It may be concluded that invasive poten-
tial of breast cancer cells may be modulated by regu-
lation of FAK.
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1. INTRODUCTION

One of the common crucial events for cell migration, sur-
vival, apoptosis or cell proliferation is cell attachment
with Extra Cellular Matrix (ECM). Integrins are the re-
ceptors through which cells attach with ECM. Focal Ad-
hesion Kinase (FAK) transmits the signal, produced as a
result of Integrin-ECM binding, to cell-interior. FAK is a
non-receptor protein tyrosine kinase of 125 kD which di-
rectly interacts with fS-subunit of integrin molecule, re-
sides within the Focal Adhesion complex and initiates
Integrin mediated signaling. FAK is situated at the sig-
naling junctions where information comes from mainly
four sources-ECM-integrin interaction, growth factor sig-
naling, G-protein coupled receptor signaling and mecha-
nical forces imposed on the cell [1,2]. After FAK activa-
tion, it interacts with a number of signaling molecules
which situate FAK at the crossroad of different signaling
pathway [3]. FAK transduces signal from ECM to the
cell interior through a series phosphorylation and dephos-
phorylation of different signaling proteins. Experiments
after depletion of FAK through different techniques have
shown its active participation in different cellular activi-
ties like cell attachment, cell survival and apoptosis, cell
proliferation etc [4-6]. Overexpression and overactiva-
tion of FAK is found in several types and different stages
of cancers, which indicate involvement of FAK in cancer
progression [7-10].

Matrix Metalloproteinases (MMP) are a family of zinc
dependent enzymes responsible for degradation of ECM
including basement membrane collagen, interstitial col-
lagens, Fibronectin (FN), and various proteoglycans both
in physiological and pathological conditions [10]. Re-
ports have shown that there are several ways of MMP-9
activation. The processes involve molecules like MMP-
13, MMP-3 or TNFa, and mechanism e.g “cysteine swi-
tch” [11-15]. Segarra et al. have shown involvement of
FAK in the regulation of MMP-9 production and re-
lease in T Lymphoid model [16].

Fibronectin (FN) is one of the important ECM-glycol-
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proteins which binds with Integrin. FN is also overex-
pressed in breast cancer [17]. Cell attachment to FN in-
creases MMP-9 secretion in normal and tumor cell mod-
els [13-19]. These studies propose cell adhesion to FN
may induce MMP-9 expression which finally facilitate
cellular activities like migration, invasion. But the detail
molecular framework underlying these signaling need some
input. It has been also reported that FN induce FAK sig-
naling in lung cancer cell line or mice model [9,10,20].
Some groups have shown involvement of FAK in MMP-2
or MMP-9 expression, secretion and activity [21,22]. Diffe-
rent signaling molecules like PI3K or ERK have been
reported to participate in FAK signaling. FAK physically
associate with PI3K or ERK and modulate their activity
[23,24]. These molecules are also reported to participate
in FAK-mediated MMP-9 expression and activity in mo-
dels like gastric carcinoma, or chondrosarcoma cells [8,9].
Matrix metalloproteinases (MMPs) have been reported to
be inhibited by vitamin A and its analogues including
all-trans retinoic acid (ATRA), a major green tea poly-
phenol Epigallocatechin-3-gallate (EGCG) and Curcu-
min.

In this communication we report a role of FAK in FN-
mediated human breast cancer cell migration involving
regulation of MMP-9 expression and activity. We have
shown involvement of Integrin a541, PI3K and ERK in
this signaling pathway. Moreover, we have shown that
some natural compounds may be used to regulate FAK
expression and thereby MMP-9 expression-activity and
cell migration.

2. MATERIALS

Leibovitz’s L-15 Medium, fetal bovine serum (FBS)
were purchased from GIBCO™—Invitrogen, Carlsbad,
CA. Fibronectin (440 kDa), Protease Inhibitor Cocktail
Tablets (complete, mini, EDTA-free, Cat No. 11836170
001), Protein G agarose were purchased from Roche, Ger-
many. Gelatin Sepharose 4B beads was purchased from
GE Healthcare Bio-Sciences AB, Uppsala, Sweden. All
primary antibodies (monoclonal and polyclonal), second-
dary antibodies (FITC and HRP), FAK SiRNA and nega-
tive control SiRNA were purchased from Santa Cruz Bio-
technologies, Santa Cruz, CA. USA. SYBR Green Jump-
StartTM Taq Readymix TM was purchased from Sigma-
Aldrich, St. Louis, MO, USA. Primers (FAK, MMP-9,
TIMP-1 and G3PDH) were synthesized by Operon, Ger-
many. RNAqueous 4 PCR (Total RNA isolation kit) and
Retroscript (RT-PCR Kit) were purchased from Ambion,
Austin, TX, USA. ERK inhibitor (PD 98059), PI-3K inhi-
bitor (LY 294002) were purchased from Promega, Madi-
son, WI. LipofectamineTM 2000 was purchased from
Invitrogen, Life Technologies (USA). SuperSignal West
Pico Chemiluminescent Substrate kit was purchased from
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Pierce, Thermo Fisher Scientific Inc. Rockford, USA). All-
trans Retinoic Acid (ATRA), Curcumin and EGCG was
obtained from Sigma-Aldrich, USA.

3. METHODS
3.1. Cell Culture

MDA-MB-231 (human breast cancer cell line) was ob-
tained from National Centre for Cell Sciences (NCCS),
Pune, India. The cells were grown and maintained in Lei-
bovitz’s L-15 Medium containing 10% FBS in a 5% CO,
incubator at 37°C. All experiments with MDA-MB-231
were performed at early passages of the cell line.

3.2. Western Blot

MDA-MB-231 (300,000 cells/ml) cells were grown in
SFCM with treatment as required in the experimental con-
dition. Then the cells were washed with ice cold PBS and
were scraped into lysis buffer (50 mM Tris, pH 7.5, 150
mM NaCl, 1% NP40, 0.1% SDS, 0.5% Deoxycholate,
Protease inhibitor cocktail tablets (following manufacturer
protocol), 1 mM sodium orthovanadate and 1 mM So-
dium fluoride) on ice and clarified by centrifugation. Pro-
tein concentrations were determined using a Lowry me-
thod. The samples were then subjected to electrophoresis
on SDS-PAGE and the proteins were transferred onto
PVDF membrane (Millipore) by Western blot. Nonspe-
cific binding sites on the membrane were pre-blocked in
4% BSA. Blots were incubated with anti-FAK, anti-pFAK
(Tyr397), anti-PI3K, anti-pPI3K, anti-ERK, anti-pERK,
anti-MMP-9 or anti-Paxillin (Santa Cruz) antibodies. Fo-
llowing incubation in horseradish peroxidase (HRP)-con-
jugated secondary, detection was performed with the Su-
per Signal West Pico Chemiluminescent Substrate kit
(Pierce, USA) following the manufacturer’s protocol. All
blots were reprobed with anti S-tubulin antibody as in-
ternal loading control.

3.3. Immunoprecipitation

MDA-MB-231 (300,000 cells/ml) cells were allowed to
grow without or with Fibronectin (20 pg/ml) for 2 hr. in
SFCM. For Immunoprecipitation cells were lysed with
NP40 buffer (50 mM Tris, 150 mM NacCl, 1% NP40, pH
8, Protease inhibitor cocktail tablets, 1 mM sodium Or-
thovanadate and 1 mM Sodium fluoride). Preclearing of
lysate was done by incubation with Protein G agarose
and anti-human IgG at 4°C using for 1 hr, followed by
protein estimation by Lowry method. Immunoprecipita-
tion was performed from 100 pg of protein with 1 pg of
anti-integrin a5 (H-104) sc10729 or anti FAK (A-17): sc
557 antibody (Santa Cruz Biotechnology, USA) followed
by precipitation with Protein-G-Agarose for 2 hr at 4°C,
then the beads were washed with NP40 buffer (without
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Protease inhibitor cocktail, sodium orthovanadate and so-
dium fluoride). The samples were prepared for SDS-PAGE
with the addition of Laemmli buffer and elution at 100°C
for 4 min. Western blotting was performed as described.

3.4. Gelatin Zymography

MDA-MB-231 cells (300,000 cells/ml) were grown in
absence and presence of FAK SiRNA in required con-
centrations and time periods in serum free culture me-
dium (SFCM). MDA-MB-231 cells (300,000 cells/ml) were
grown in presence of FN (20ug/ml) for 2 hours and then
were kept with or without a5 antibody for an additional 1
hour. After either of these treatments, Gelatin Zymogra-
phy was performed using a 7.5% SDS-PAGE (sodium do-
decyl sulfate polyacrylamide gel electrophoresis) co-poly-
merized with 0.1% gelatin as described in earlier report
[25].

3.5. Inhibitor Assay

MDA-MB-231 cells (300,000 cells/ml) were grown in ab-
sence (control) and presence of FN (20 pg/ml) for 2 hr
after treatment with ERK inhibitor (PD 98059) (50 uM),
PI-3K inhibitor (LY 294002) (20 uM) for 1 hour in SFCM.
The SFCM was collected and Zymography was performed
as described.

3.6. Immunocytochemistry

MDA-MB-231 (300,000 cells/ml) cells were allowed to
grow on surface coated or not coated (Control) with Fi-
bronectin (20 pg/ml SFCM) upto 2 hr at 37°C in a CO,
incubator. The coverslips were then washed in PBS, fix-
ed with 3.5% formaldehyde, treated with 0.5% Triton-X
100 and nonspecific sites were blocked with 1% BSA.
The cells were then incubated with anti-FAK primary an-
tibody (1:1000 dilution) for overnight at 4°C followed by
wash and incubation with FITC-coupled second anti-bo-
dy (1:1000 dilution) at 37°C for 1.5 hr in a humidified
chamber. After washing with PBS, the coverslips were
mounted with glycerol on glass slides and observed un-
der a fluorescence microscope (Leica).

3.7. Quantitative Real-Time RT-PCR

RNA was extracted from MDA-MB-231 cells (1 x 10°
cells/ml) either grown in absence (Control) or in pres-
ence of Fibronectin (20 pg/ml) for 1 hr and 2 hr; or grown
in absence or presence of FAK SiRNA and control SiRNA
prior to treatment with Fibronectin (20 pg/ml) for 2 hr.
Cells were washed in PBS and total RNA was extracted
(RNAqueous, Ambion, USA) as previously discussed [26].
Real-Time quantitative RT-PCR using relative quantita-
tion by the comparative Cr method was used to deter-
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mine mRNA expression. 2 pl of cDNA was subjected to
Real-Time quantitative RT-PCR using SYBR Green as a
fluorescent reporter. The specific gene primers (MMP-9,
FAK, TIMP-1 and the internal control gene G3PDH) were
amplified in separate reaction tubes. Threshold cycle num-
ber (Cy), of triplicate reactions, was determined using the
ABI-7500 (ABI-7500, Foster City, CA USA) software and
the mean Cr of triplicate reactions was determined using
the protocol previously described [27]. The calibrator
used in our experiments is the control MDA-MB-231
cells and the samples are Fibronectin treated (20 pg/ml, 2
hr) MDA-MB-231 cells. The ACt value being inversely
proportional to the mRNA expression of the samples. No
primer dimers were obtained for either the target genes
or G3PDH as assessed by melt curve analysis. The speci-
ficity of the products was also confirmed by melt curve
analysis. The reaction conditions and the primer sequen-
ces are given below. The PCR cycles in all cases were
started with Taq activation at 94°C for 5 min and followed
by final extension of 72°C for 7 min. Primer sequences,
PCR cycles and conditions:

hFAK: 5’-GCGCTGGCTGGAAAAAGAGGAA-3’
(forward) 5’-TCGGTGGGTGCTGGCTGGTAGG-3’
(reverse);

hMMP-9: 5°-CGCTACCACCTCGAACTTTG-3’-
(forward) 5’-GCCATTCACGTCGTCCTTAT-3-(re-
verse);

hTIMP-1: 5’-CACCCACAGACGGCCTTCTGC-3’-
(forward) 5’-AGTGTAGGTCTTGGTGAAGCC-3’-(re-
verse);

GAPDH: 5’-CGGAGTCAACGGATTTGGTCGTAT-
3’(forward) 5’-AGCCTTCTCCATGGTGGTGAAGAC-
3’(reverse).

RT-PCR was carried out using Two Step RT-PCR kit
(Retroscript Ambion, USA). Conditions used for PCR
consisted of 40 cycles for FAK, MMP-9, and TIMP-1 at
94°C for 30 sec, 58°C for 30 sec and 72°C for 30 sec with a
final incubation at 72°C for 7 min in DNA thermal cy-
cler.

3.8. Focal Adhesion Kinase Small Interfering
RNA (SiRNA) Treatment

Human breast cancer cell line MDA-MB-231 were see-
ded in 35 mm dishes and grown to 60% confluence. For
the transfection process, FAK SiRNA and negative con-
trol SiRNA were transfected using LipofectamineTM
2000 following the manufacturer’s protocol. The trans-
fection agent (LipofectamineTM 2000) was incubated with
serum-free culture medium for 10 mins at room tem-
perature. Subsequently, respective SIRNA (FAK SiRNA
(h), sense-GCAUGUGGCCUGCUAUGG; antisense-CC-
AUAGCAGGCCACAUGC) mixed with serum-free cul-
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ture medium was added to it and incubated at room tem-
perature for additional 15 min. The mixtures were then di-
luted in serum free culture medium and added to each
dish so that the final concentration of the SiIRNA in each
plate was 100 nM. The mixture was overlaid on the cells
in full media without serum and without antibiotic and
incubated at 37°C in the presence of 5% CO,. After 24 hr,
the transfection mixture was replaced with fresh media
supplemented with 10% FBS and antibiotic and the trans-
fected cells allowed growing for another 48 hr. Cells
were exposed to FN for 2 hr and later collected for west-
ern blot, gelatin Zymography and real-time RT-PCR assays.

3.9. Wound-Healing Assay

Cells were kept in SFCM for 1 h with thrice change and
were exposed or not exposed to FN (20 pg/ml) in culture
dish and grown for 2 hr. The monolayer was scratched
with sterile tip, washing 3x with SFCM. The cells were
maintained in fresh SFCM and cell migration was ob-
served under microscope and photographed at different
time points (0, 12, and 24 hr) [28].

3.10. Treatment of the Natural Products

MDA-MB-231 cells (300,000 cells/ml) were treated with
20 uM of ATRA, Curcumin and EGCG separately for 24
hr [29-31]. Control cells were treated with equal concen-
tration of DMSO. In case of experiments with fibronec-
tin treatment, cell were grown in absence or presence of
20 pg/ml fibronectin for 2 hr. after the treatment of the
natural products.

3.11. Quantification of the Results

Bands of Zymography, Western blots and RT-PCR were
quantitated using Image J Launcher (version 1.4.3.67).

4. RESULTS

4.1. Culture of MDA-MB-231 Cells on FN
Coated Surface Promotes FAK Expression,
Activation and Processing

Western Blot analysis showed increased expression, phos-
phorylation and processing of FAK in time dependent
manner when cells were exposed to FN for upto 2 hr, com-
pared to the FN-untreated control cells. The expression,
phosphorylation and cleavage of FAK were found to be
increased from 30 min to 2 hr (Figure 1(a)).

4.2. Real-Time PCR of FAK, MMP-9 and
TIMP-1 in FN Treated and Untreated
MDA-MB-231 Cells

MDA-MB-231 treated with FN for 1 hr and 2 hr clearly
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shows that FAK and MMP-9 expression was up-regulated 4
fold whereas TIMP-1 message decreased 2 folds. GAPDH
gene expression was used as standard internal control to
normalize RNA integrity and equal loading (Figure 1(b)).

4.3. Culture of MDA-MB-231 Cells on FN
Coated Surface Shows Localization of FAK
in Adhesion Plaques

When MDA-MB-231 cells were grown on Fibronectin
coated surface for 30 min, 1 hr and 2 hr, FAK (upper pa-
nel) and p-FAK (lower panel) were found to be local-
ized at adhesion plaques. It became increasingly distinct
from 30 min to 2 hr. However these punctuate fashion
was not observed in cells without FN treatment (Figure

1(c)).

4.4. Association of FAK with a541 Integrin,
Paxillin and Actin Increases in FN-Treated
MDA-MB-231 Cells

a5p1 integrin was immunoprecipitated with a5 mono-
clonal antibody from cell extract. With this immunopre-
cipitate a blot was developed with anti-FAK antibody and it
was observed that FAK was associated with a5f1. In an-
other set of experiment Paxillin (upper panel) & Actin (lo-
wer panel) was found to be immunoprecipitated with FAK,
upon immunoprecipitation with anti-FAK antibody. The
associations were increased several folds when cells were
exposed to FN than the untreated control cells (Figure

2(a)).

4.5. Masking of a541 Integrin with a5
Monoclonal Antibody Decreased FAK
Expression, Phosphorylation and MMP-9
Activity

Western Blot analysis indicates when a5 integrin was
masked by treating cells with anti-a5-integrin antibody
for 1 hr prior to FN treatment, the amount of FAK ex-
pression and phosphorylation became as good as FN un-
treated cells (Figure 2(b)). The comparative zymogram
shows MMP-9 activity was appreciably reduced when a5-
integrin was blocked with anti-a5-integrin antibody pri-
or to FN treatment (Figure 2(c)).

4.6. Effect of FAK Silencing on MMP-9 and
FAK

Appreciable decrease in FAK and MMP-9 mRNA ex-
pression was observed by Real-Time PCR (Figure 3(a))
when FAK was silenced followed by FN treatment. The
decrease was also reflected in protein level when subjected
to Western Blot analysis (Figure 3(b)). Again MMP-9 ge-
latinolytic activity by zymography (Figure 3(c)) was also
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Figure 1. (a) Effect of cell-ECM interaction on expression and phosphorylation of FAK in MDA-MB-231 cells: MDA-MB-231 cells
(300,000 cells/ml) were grown in SFCM in absence (C), in presence of 20 pg/ml FN coated for 30 mins (1), 1 hr (2) and 2 hr (3) The
cells were collected; extracted and equal protein (100 pg) was subjected to western blot analysis with anti-FAK (upper panel) and
anti-p-FAK (lower panel) antibody. f-tubulin was used as internal control and done in parallel to all the blots. The accompanying
graphs represent the comparative densitometric/quantitative analysis of the band intensities; (b) mRNA expression of FAK, MMP-9
and TIMP-1 assayed by Quantitative Real-Time RT-PCR: MDA-MB-231 cells (300,000 cells/ml) were grown in absence (C) and in
presence 20 pg/ml FN coated for 30 min, 1 hr and 2 hr in SFCM. Total RNA was extracted from control and experimental MDA-
MB-231 cells (1 x 10° cells). 2 steps RT-PCR was done with equal amounts of total RNA. 2 pl of cDNA was subjected to Real-Time
quantitative RT-PCR with SYBR Green as a fluorescent reporter. Relative levels of expression of MMP-9, FAK and TIMP-1 and the
control G3PDH in control and experimental sets was measured by quantitative real time RT-PCR by calculating the Ct value. The
calibrator used in our experiments is the control FN untreated (C) MDA-MB-231 cells and the samples are the 1 hr (1) and 2 hr (2)
FN-treated cells. In the given graph the Cr value is inversely proportional to the mRNA expression of the samples; (¢) Immunocyto-
chemistry of FAK and p-FAK upon cell-ECM interaction: MDA-MB-231 cells were grown on coverslips in absence (C) and pres-
ence of Fibronectin (20 pg/ml) for 30 min (1), 1 hr (2) and 2 hr (3) Immunocytochemistry was preformed with anti-FAK (upper panel)
anti-p-FAK (lower panel) antibody and then incubated with FITC-labeled respective secondary antibody. Coverslips were observed
under a fluorescence microscope.

downregulated in response to FAK inhibition. Observations appreciably downregulated FAK, MMP-9 expression and
revealed expression of FAK, MMP-9 and MMP-9 activity MMP-9 activity. Cells treated with control SiRNA did
were increased upon exposure of cells to FN. Whereas, not show any notable change of FAK, MMP-9 expres-
treatment of cells with FAK SiRNA prior to FN-exposure sion or MMP-9 activity.
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Figure 2. (a) Interaction of FAK with of integrin receptor a541, Paxillin and Actin in MDA-MB-231 cells: MDA-MB-231 cells
(300,000 cells/ml) were grown in SFCM in absence (C), in presence of 20 pg/ml FN coated for 2 hours (2 hr). The cells were col-
lected; extracted and equal protein was immunoprecipitated with anti-f1 antibody or anti-FAK antibody and subjected to western
blot analysis with anti-FAK (upper panel), anti-paxillin (middle panel) and anti-Actin antibody. The accompanying graphs represent
the comparative densitometric/quantitative analysis of the band intensities; (b) Integrin a541 is involved in fibronectin-induced FAK
phosphorylation (Tyr-397) and modulate MMP-9 activity: MDA-MB-231 cells (300,000 cells/ml) were grown in absence (C) or
presence of fibronectin (20 pg/ml for 2 hours) (1) In other set cells were treated of 1 pg/ml anti-a5 antibody (2) for 1 hour prior to
growing on 20 pg/ml fibronectin for 2 hours. The cells were collected; extracted and equal protein (100 pg) was subjected to western
blot analysis with anti-FAK and anti-p-FAK antibody. S-tubulin was used as internal control and done in parallel to the blot. The
accompanying graph represents the comparative densitometric/quantitative analysis of the band intensities; (c) The SFCM of control
(C), FN treated (1) and FN and a5 antibody treated (2) sets were collected. The culture supernatants were collected and gelatin zy-
mography was performed by using a 7.5% SDS-PAGE co-polymerized with 0.1% gelatin. The accompanying graph represents the
comparative densitometric/quantitative analysis of the band intensities.

4.7. FAK Physically Associates with PI3K and
ERK in MDA-MB-231 Cells

From the Western Blot it was found that PI3K and ERK
co-precipitate with FAK when it is immunoprecipitated
with anti-FAK antibody. The association increases sev-
eral folds in FN-treated cells (Figure 4(a)).

activity remain unaltered when cell were treated with Con-
trol SIRNA prior to FN treatment (Figure 4(b)).

4.9. Inhibition of ERK and PI13K Downregulated
MMP-9 Gelatinolytic Activity

When MDA-MB-231 cells were treated with ERK or PI3K
inhibitor prior to FN treatment, MMP-9 activity was found
to be downregulated a several folds, compared to only FN
treated cells (Figure 4(c)).

4.8. FAK-Silencing Appreciably Downregulated
the Phosphorylation of PI3K and ERK in
MDA-MB-231 Cells

4.10. Treatment of MDA-MB-231 Cells with

FAK SiRNA Results in a Loss of Cell
Migration

Western blot analysis shows, phosphorylation of PI3K
and ERK is increased a several folds when cell are ex-
posed to FN. But the phosphorylation of PI3K and ERK

was appreciably down regulated when cell were treated
with FAK SiRNA prior to FN treatment. In contrary, the
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Effect of FAK silencing on cell migration was observed
in FN treated and untreated conditions. Depletion of
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Figure 3. (a) Effect of FAK silencing on FAK and MMP-9 mRNA expression: after FAK silencing MDA-MB-231 cells were lysed
and RNA was extracted. After reverse transcription level of FAK and MMP-9 expression was measured by Real time PCR. Relative
levels of expression of FAK, MMP-9 and the control G3PDH in control, FN treated (20 pg/ml for 2 hours) and siRNA (control
siRNA and FAK siRNA) treated MDA-MB-231 cells as measured by calculating the Ct value. The calibrator used in our experi-
ments is the control untreated (-FN) MDA-MB-231 cells and the samples are the FN treated (20 pg/ml, 2 hours) (+FN) and siRNA
treated (+FN+ control siRNA or +FN+FAK siRNA) MDA-MB-231 cells. In the given graph the Ct value is inversely proportional to
the mRNA expression of the samples; (b) Effect of FAK silencing on protein levels of FAK & MMP-in MDA-MB-231 cells:
MDA-MB-231 cells were grown in SFCM for 24 hours, transfected with control SIRNA (lane 3) and FAK siRNA (lane 2) (100 nM
each) for 48 hr before treating the cells with 20 pg/ml FN coated for 2 hours. Control cells were untreated with FN (C), where only
FN treated cell are in lane 1. The cells were collected; extracted and equal protein (100 pg) was subjected to western blot analysis
with anti-FAK (upper panel), anti-MMP-9 (lower panel) antibody. S-tubulin was used as internal control and done in parallel to the
blots. The accompanying graphs represent the comparative densitometric/quantitative analysis of the band intensities; (c) Effect of
FAK silncing on MMP-9 activity: MDA-MB-231 cells were grown in SFCM for 24 hr, transfected with control (lane 5) and FAK
SiRNA (lane 4) (100 nM each) for 48 hr before treating the cells with 20 pg/ml FN coated for 2 hours. The culture supernatants were
collected and gelatin zymography was performed by using a 7.5% SDS-PAGE co-polymerized with 0.1% gelatin.

4.12. Treatment of the Natural Products
Downregulate FAK Expression

FAK was found to retard cell migration even after 24 hr
of making wound compared to the control cells (Figure

®)- Western blot analysis showed that expression of FAK

was downregulated upon treatment of MDA-MB-231 cells
with Curcumin (20 pM), ATRA (20 uM) and EGCG (20
uM) for 24hr. Upon treatment with Curcumin, ATRA
and EGCG, FAK expression was to found to be down-
regulated by 2.14, 1.68, 1.81 folds respectively. f-Tu-
bulin was taken as loading control (Figure 6(b)).

4.11. Treatment of MDA-MB-231 Breast Cancer
Cells with Some Natural Products Changes
Pattern of Cell-Attachment and Cell
Morphology

When MDA-MB-231 cells were treated with Curcumin
(20 uM), ATRA (20 uM) and EGCG (20 pM), the cell

were found to become constricted, spindle shaped and/or 4.13. Treatment of the Natural Products

roundish with stretched attachment after 24 hr, compared to
the untreated cells (Figure 6(a)).

Copyright © 2012 SciRes.

Downregulate MMP-9 Activity
When MDA-MB-231 cells were treated with Curcumin
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Figure 4. (a) Effect of FN treatment on the association of FAK with PI-3K and ERK in MDA-MB-231 cells: MDA-MB-231 cells
(300,000 cells/ml) were grown in SFCM in absence (C), in presence of 20 pug/ml FN coated for 2 hours (2 hr). The cells were col-
lected; extracted and equal protein was immunoprecipitated with anti-FAK antibody and subjected to western blot analysis with
anti-PI-3K (upper panel) and anti-ERK (lower panel) antibody; (b) Effect of FAK silencing on PI3K and ERK: MDA-MB-231 cells
were grown in SFCM for 24 hours, transfected with control SIRNA (lane 3) and FAK siRNA (lane 2) (100 nM each) for 48 hr be-
fore treating the cells with 20 pg/ml FN coated for 2 hours. Control cells were untreated with FN (C), where only FN treated cell are
in lane 1. The cells were collected; extracted and equal protein (100 pg) was subjected to western blot analysis with anti-anti-p-PI3K
(panel a) and p-ERK1/2 (panel b) antibody. S-tubulin was used as internal control and done in parallel to the blots; (c) Involvement
of PI3K and ERK in FN induced MMP-9 activity in MDA-MB-231 cells: MDA-MB-231cells (300,000 cells/ml) were grown in ab-
sence (lane Con) and presence of FN (lane FN). Again cells were also grown in PI-3K inhibitor (LY 294002) (lane 4), ERK inhibitor
(PD 98059) (lane 5) at a concentration of 50 uM for 1 hour in SFCM prior to FN treatment. The culture supernatants were collected
and gelatin zymography was performed by using 7.5% SDS-PAGE co-polymerized with 0.1% gelatin. The accompanying graph
represents the comparative densitometric/quantitative analysis of the band intensities.

(20 uM), ATRA (20 uM) and EGCG (20 uM) for 24 hr,
MMP-9 activity was found to be downregulated by 49.32,
4.81, 7.33 folds (Figure 6(c)).

4.14. Migration of MDA-MB-231 Cells Are
Decreased upon Treatment of the Natural
Products

Cell migration assay demonstrated that the migration of
MDA-MB-231 cells was accelerated when the cells were
exposed to Fibronectin (FN) for 2 hr. But when the cells
were treated with Curcumin (20 uM), ATRA (20 pM)
and EGCG (20 pM) for 24 hr prior to exposure to FN,
cell migration were drastically decreased (Figure 7).

5. DISCUSSION

Overexpression and increased phosphorylation of Focal

Copyright © 2012 SciRes.

Adhesion Kinase (FAK) in human breast cancer tissue
have been reported by several groups. Studies have shown
that increase of FAK have relation with progression of
several cancers including breast cancer [32-35]. In in-
vitro studies, depletion of FAK shows its importance in a
number of cellular activities like cell migration and cy-
toskeletal organization, as well as cell survival and cell
cycle progression [14,36-38]. An important ECM glyco-
protein Fibronectin (FN) plays crucial role in regulating
activity of FAK both in physiological and pathological
conditions. A number of groups have reported FN-medi-
ated FAK activation and its participation in transducing
the signal from ECM to cell interior [10,39]. Involve-
ment FAK in regulation of MMP-9 has also been re-
ported in different cell type [16,22]. Our lab has shown
induction of MMP-9 expression and activity in FN in-
duced MDA-MB-231 [40]. In this communication we have
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Figure 5. Inhibition of FAK decreases cell migration: FAK SiRNA or Control SiRNA treated or untreated MDA-MB-231 cells were
cultured in a monolayer in absence (—FN) and presence (+FN) of fibronectin (20 mg/ml) for 2 h. The monolayer was scratched with a
sterile pipette tip, followed by washing thrice with SFCM to remove cellular debris. The cells were maintained in fresh SFCM and
cell migration was observed by microscopy and documented by photography at 0 hr, 16 hr and 24 hr.

used FN-treated MDA-MB-231 model to study the par-
ticipation of FAK in regulation of MMP-9 and thereby
cell migration.

Our current findings clearly indicate FAK plays the
pivotal role in regulation of cell migration in FN induced
MDA-MB-231 breast cancer cells. Consistent with ear-
lier reports we found an increased expression and phos-
phorylation (Tyr 397) of FAK, increased expression and
activity of MMP-9, and reduced expression of TIMP-1 in
this model [40]. So, FN induces FAK and MMP-9 but
negatively regulate the inhibitor of MMP-9. The impor-
tance of FAK in Fibronectin-mediated cell migration was
supported by our data showing that these processes are
appreciably inhibited after the depletion of FAK by spe-
cific SIRNA.

Induction of FAK and signaling events at downstream
of it that affect cell migration is complex. For example,
after binding of FN-integrin interaction FAK is activated
by autophosphorylation at Tyr 397. This event initiates
the signaling, which leads to interaction of FAK with se-
veral proteins and its phosphorylation at other sites. The
SH2 domain of p85 subunit of PI3K interacts with FAK
at Tyr397 [18,41]. In addition, activation of FAK induces
ERK activation [1,42]. Again reports show in different
systems that FAK regulates MMP-9 activity which is an

Copyright © 2012 SciRes.

important modulator of cell migration by degradation of
ECM [16].

To better understand the mechanism by which FAK
regulates Fibronectin-induced cell migration, we exam-
ined the expression and activity of MMP-9 which is the
downstream target of integrin receptors, responsible for
ECM degradation. Upon treatment of MDA-MB-231 cells
with the FAK SiRNA; we found reduced activation of
FAK as evidenced by reduced phosphorylation at its
Tyr397 residues. This inhibition showed the reduction of
MMP-9 expression and activity. Thus, it seems that FAK
promotes MDA-MB-231 breast cancer cell migration throu-
gh modulation of MMP-9.

We examined signaling involved in FN induced FAK
activation. Consistent with earlier reports in other cell
types [43]; we found association of FAK with integrin
a5p1, which is enhanced upon FN treatment. The study
was further supported by the observation that downregu-
lation of FAK expression and phosphorylation at Tyr 397
occurred after blocking the interaction of FN and integrin
a5. This treatment also appreciably reduced MMP-9 ac-
tivity. These results indicate, FN treatment induces FAK-
integrin a5f1 association. This interaction is essential for
FAK phosphorylation, which in turn triggers MMP-9
activity. Moreover, FN treatment increased localization
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Figure 6. Effect of the Natural products on cell attachment, FAK expression and MMP-9 activity: MDA-MB-231 cells were grown
for overnight and allowed to attach properly in presence of 10% serum. Cells were washed thrice with SFCM to remove serum. Then
the cells were grown in SFCM in absence (C) or in presence of natural products (Curcumin, ATRA, EGCG) for 24 hr. (a) Cell mor-
phology was observed; (b) Cells were harvested and protein was extracted. Equal amount (100 pg/well) was resolved and western
blot was developed with anti-FAK antibody (1:2000 dilution). S-tubulin was used as internal control and done in parallel to the blots;
(c) After the treatment SFCM was collected and gelatin zymography was performed by using 7.5% SDS-PAGE co-polymerized with
0.1% gelatin. SFCM from HT1080 culture was run as molecular standard molecular weight marker for MMP-9.

of FAK at Focal Adhesion sites as well as its association
with Paxillin and Actin. So, in response to FN treatment
FAK recruited in Focal Adhesion points where it is phos-
phorylated after interaction with integrin a5f1. Paxillin
is a focal adhesion protein. FAK-Paxillin association and
their interaction with integrin 1 was reported as positive
modulator of cancer cell migration [43]. FAK is a modu-
lator of Actin assembly [44] which is an important part
of cytoskeletal remodeling and cell migration.

Consistent with previous report [40] we found en-
hanced phosphorylation of ERK and PI3K in FN-treated
MDA-MB-231 breast cancer cells. The importance of
FAK in the phosphorylation of these effectors was noted

Copyright © 2012 SciRes.

through their down regulated phosphorylation after the
depletion of FAK with specific SiRNA. On the basis of
our results, it appears that FAK promotes Fibronectin-
mediated signaling in MDA-MB-231 breast cancer cell
through phosphorylation of ERK, PI3K.

In this model, reduction of MMP-9 activity after inhi-
bition of ERK indicates the involvement of ERK in FN
induced MMP-9 regulation. Studies in ovarian carcinoma
cells have shown that FAK and ERK are important for
Fibronectin stimulated invasiveness and MMP9 secretion
by these cells [21]. A number of groups have suggested
that activation of PI3K regulates the expression and ac-
tivity of MMP-9 in various cancer cells. In a model of
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Figure 7. Effect of the natural products on cell migration: MDA-MB-231 cells were plated in such a cell density that it form conflu-
ent cell layer after growing for overnight in 10% serum. Cells were washed thrice with SFCM to remove serum. Then the cells were
grown in SFCM in absence (C) or in presence of natural products (Curcumin, ATRA, EGCG) for 24 hr. Cells were grown in absence
(C) or in presence FN (panel FN, Curcumin, ATRA and EGCG) for 2 hr. Scratch wound was given with sterile 200 pl. Cells were
washed to remove the suspending cells and incubated in SFCM for 24 hr. Within this period photograph was taken after 0 hr, 6 hr, 15
hr and 24 hr. Cell migration was compared depending the initial scratch width as marked by parallel lines.

Chinese hamster ovary (CHO) cells, Heinz ef al. have
shown involvement of PI3K in FAK-promoted cell mi-
gration [45]. In spite of these findings, the specific role
of PI3K in controlling the cell migration, particularly in
relation to FAK signaling in breast cancer has been sub-
tle. Here, we found that PI3K associates with FAK and
its phosphorylation is regulated by FAK. Inhibition of
PI3K in MDA-MB-231 breast cancer cells by LY294002,
showed appreciable decrease in activity of MMP-9, sug-
gesting that PI3K is also involved in the Fibronectin-
induced, FAK-mediated regulation of MMP-9. So we in-
dicate that in FN-induced MDA-MB-231, FAK regu-
late MMP-9 activity involving ERK and PI3K in its sig-
naling cascade. Again FAK regulate cell migration by mo-
dulating MMP-9 activity.

Recently, several groups are trying to develop thera-
peutic strategies making FAK as a target molecule. These
include inhibitory-RNA, small molecular inhibitory pro-
teins or natural products. Different groups including our
laboratory have demonstrated inhibitory role of some na-
tural and/or synthetic compounds on Integrin mediated
signaling [29,30,46]. But studies are required in detail to
confirm their effects on FAK. We have tried to search
whether these products can regulate FAK/MMP-9 sig-
naling and thereby cell migration. In a part of this study

Copyright © 2012 SciRes.

we have focused on the effect of some natural products
on FAK.

Interestingly, treatment of the natural products like
ATRA, Curcumin and EGCG were found to decrease cell
attachments. Results suggested ATRA, Curcumin and
EGCQG as inhibitor of FAK expression and MMP-9 activ-
ity in MDA-MB-231 breast cancer cell line.

We have also shown that FAK is the regulator of MMP-
9 activity. So here we may say that ATRA, Curcumin and
EGCG downregulate MMP-9 activity probably by regu-
lating FAK expression.

Cell migration is an important event which depends on
efficient coordination between cell attachment and de-
tachment on extracellular matrix [2]. FAK and MMP-9
are the key regulators of cell attachment-detachment and
extracellular matrix invasion respectively [2]. Leu et al.
have shown Curcumin can retard cell migration via down-
regulation FAK kinase activity [47]. In our system ATRA,
Curcumin and EGCG was found to reduce cell migration,
suggesting these natural products as regulators of migra-
tion of breast cancer cells.

6. CONCLUSION

In summary, we propose that Fibronectin induced MDA-
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MB-231 breast cancer cell migration is regulated by FAK.
FAK is potent regulator of MMP-9 expression and activ-
ity. FN induces FAK through integrin a561. Again FAK
transduces signal through ERK and PI3K by regulating
their phosphorylation which regulate MMP-9 activity.
Moreover, we have shown that Curcumin, ATRA and
EGCG downregulate FAK expression MMP-9 activity
and thereby cell migation. These signaling pathways may
have crucial roles in modulating migration of breast can-
cer cells. The findings in this communication strengthen
the role of FAK in regulation of cell migration and it’s
potential therapeutic implication in breast cancer.
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