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Inhibition of cell migration by focal adhesion kinase:
Time-dependent difference in integrin-induced signaling
between endothelial and hepatoblastoma cells
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Abstract. Angiogenesis plays an important role in the devel-
opment and progression of tumors, and it involves a series of
signaling pathways contributing to the migration of endothelial
cells for vascularization and to the invasion of cancer cells for
secondary tumor formation. Among these pathways, the focal
adhesion kinase (FAK) signaling cascade has been implicated
in a variety of human cancers in connection with cell adhesion
and migration events leading to tumor angiogenesis, metastasis
and invasion. Therefore, the inhibition of FAK in endothelial
and/or cancer cells is a potential target for anti-angiogenic
therapy. In the present study, a small-molecule FAK inhibitor,
1,2,4,5-benzenetetramine tetrahydrochloride (Y15), was used to
study the effects of FAK inhibition on the adhesion and migra-
tion behaviors of vascular endothelial cells (VECs) and human
hepatoblastoma cells. Furthermore, the time-dependent differ-
ences in proteins associated with the integrin-mediated FAK/
Rho GTPases signaling pathway within 2 h were examined.
The results indicated that the inhibition of FAK significantly
decreased the migration ability of VECs and human hepato-
blastoma cells in a dose-dependent manner. Inhibition of FAK
promoted cell detachment by decreasing the expression of focal
adhesion components, and blocked cell motility by reducing
the level of Rho GTPases. However, the expression of crucial
proteins involved in integrin-induced signaling in two cell
lines exhibited a time-dependent difference with increased
duration of FAK inhibitor treatment, suggesting different
mechanisms of FAK-mediated cell migration behavior. These
results suggest that the mechanism underlying FAK-mediated
adhesion and migration behavior differs among various cells,
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which is expected to provide evidence for future FAK therapy
targeted against tumor angiogenesis.

Introduction

Tumor angiogenesis is crucial for cancer growth and metas-
tasis, as the new blood vessels support progression of the
primary tumor by providing oxygen and nutrients, which
involves a complex interaction among multiple cells and cyto-
kines (1). The interaction between tumor cells and vascular
endothelial cells (VECs) participates in the process of tumor
angiogenesis. The formation of new blood vessels is induced
by pro-angiogenic factors secreted by tumor cells to facilitate
the migration and proliferation of VECs, and VEC migration
is a fundamental process of tumor angiogenesis (2). However,
cancer cells degrade endothelial basement membrane and
extracellular matrix (ECM) components in tumor blood
vessels by releasing matrix metalloproteinases; subsequently,
cancer cells migrate and invade into the circulation, ultimately
forming new metastatic lesions in surrounding tissues (3).
Therefore, preventing the migration of VECs and/or tumor
cells may be a valuable new approach to cancer therapy by
inhibiting tumor growth, invasion and metastasis.

Cell adhesion/migration is a complex and dynamic multi-
step process that involves a balance between assembly and
disassembly of matrix-cell adhesion sites. Focal adhesion kinase
(FAK) is a non-receptor tyrosine kinase that is overexpressed in
several types of tumors. FAK regulates cell adhesion and migra-
tion signals in various cell lines, is involved in the engagement
of integrin and assembly of focal adhesions (FA) through cata-
lyzing several downstream signals, and mediates cell behavior.
The integrin family of cell adhesion receptors are major cellular
receptors of ECM, and they act as signaling centers orchestrating
a network of signaling pathways that mediate cell adhesion and
migration (4). The FA components, including paxillin and talin,
recruit FAK to FA. The phosphorylation of paxillin specifically
induces the recruitment of the cytoskeletal adapter protein
vinculin to FA (5). FAK directly binds to the {3 subunit of integ-
rins, and its FAT domain binds to talin and paxillin. The initial
autophosphorylation of Y397-FAK tyrosine may subsequently
result in the phosphorylation of additional multiple tyrosine
sites (Y-576, -577 and -925) (6). FAK also interacts with the
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p85 subunit of phosphatidylinositol 3-kinase (PI3K) and then
stimulates AKT, also referred to as protein kinase B (PKB),
which may regulate FAK indirectly through interaction with a
joint partner protein that can bind to both FAK and AKT to form
a triple complex (7,8). FAK/PI3K- and Rho GTPase-mediated
signaling is involved in signal integration and crosstalk during
cell adhesion and migration. The Rho family of GTPases,
including Rho, Rac and Cdc42, are crucial for regulating the
formation of stress fibers, lamelipodia and filopodia, respec-
tively, and control FA formation and various cell functions, such
as cell adhesion, cell migration and changes in cell shape (9,10).

Endothelial FAK is required for adult pathological tumor
angiogenesis, and inhibition of FAK in both endothelial
and cancer cells is considered to be a possible target for
anti-angiogenic therapies. Endothelial FAK is required for
tumor angiogenesis (11), and the link between FAK and cancer
is supported by evidence of increased FAK expression in
several different types of cancer (12-17). However, the changes
in those crucial proteins associated with integrin-mediated
FAK signaling, and whether FAK acts in the same manner in
VECs and hepatoblastoma cells, remain poorly understood.

In the present study, the adhesion and migration behavior of
VECs (EA.hy926) and the human hepatoblastoma cells HepG2
was examined following addition of a FAK inhibitor; the expres-
sion of crucial proteins in the integrin-mediated FAK signaling
pathway was also investigated in order to determine whether
inhibition of FAK may be used for the treatment of cancer, as
well as that of other diseases, through inhibition of angiogenesis.

Materials and methods

Cell lines. In this study, due to their higher affinity for the tissue
culture polystyrene without fibronectin or collagen precoating,
the human vascular EC line EA.hy926 (Jiangsu Institute of
Hematology, Suzhou, China) was used rather than original
ECs. EA.hy926 cells are a hybridoma cell line between human
umbilical vein eECs (HUVECsS) and epithelioma A549 cells,
and they retain most of the characteristics of HUVECs,
including the expression of endothelial adhesion molecules
and human factor VIII-related antigen (18), which has been
previously identified in our laboratory. Hepatoblastoma is the
most common pediatric malignant hepatic tumor worldwide.
The human hepatoblastoma HepG2 cell line (Institute of
Biochemistry and Cell Biology, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences, Shanghai,
China) is one of the most extensively investigated in the litera-
ture, and was used as a representative cancer cell line in the
present study.

Antibodies. Detailed information on primary antibodies is
provided in Table I. The secondary fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin G (IgG)
and PE-conjugated goat anti-rabbit IgG were purchased from
Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China).
The BODIPY FL phallacidin (Invitrogen Life Technologies;
Thermo Fisher Scientific, Carlsbad, CA, USA) was used for
F-actin staining.

FAK inhibitor (Y15). The FAK inhibitor 1,2.4,5-benzenetetra-
mine tetrahydrochloride (Y15) increases cell detachment and
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inhibits cell adhesion in a dose- and time-dependent manner, as
observed and tested by Golubovskaya et al (19). In the present
study, Y15 (Sigma-Aldrich; Merck KGaA, St. Louis, MO, USA)
was used to investigate whether the migration and adhesion of
EA .hy926 and HepG2 cells depend on FAK signaling, and to
determine the time-dependent expression of crucial proteins in
the integrin-induced FAK/Rho GTPases pathway.

First, Y15 at different concentrations (50, 100, 150, 200
and 250 yM) was added into 6-well polystyrene cell culture
plates for cell migration analysis, and an appropriate concen-
tration of the FAK inhibitor was determined for further
examination.

Cell culture. EA.hy926 cells were cultured in RPMI-1640
nutrient mixture with 10% fetal bovine serum (FBS) (both from
Gibco-BRL; Thermo Fisher Scientific, Grand Island, NY, USA),
HAT supplement (Sigma-Aldrich; Merck KGaA), 100 U/ml
penicillin and streptomycin (both from Beyotime Institute of
Biotechnology, Shanghai, China), and grown at 37°C in 95% air
and 5% CO,. HepG2 cells were cultured in Dulbecco's modi-
fied Eagle's medium-high glucose (Gibco-BRL; Thermo Fisher
Scientific) with 10% FBS, 100 U/ml penicillin and strepto-
mycin, and grown at 37°C in 95% air and 5% CO,.

Parallel cell migration-scratch wound assay. The scratch
wound assay was used to investigate the migration ability of
EA .hy926 and HepG2 cells in parallel directions. Cells were
seeded on a culture dish, the bottom of which was previously
marked with three parallel lines, and cells with 100% conflu-
ence were starved without serum overnight. A uniform scratch
(~500 pm), perpendicular to the lines on the bottom of the dish,
was then made in the monolayer with a plastic cell scraper to
obtain three cross regions. The cell monolayer was washed three
times with phosphate-buffered saline (PBS); Y15 was added to
the serum-free medium and the three cross regions were photo-
graphed with a reflective upright biological microscope. Images
of the wounds under culture were acquired and analyzed at 0, 2,
4,8 and 24 h, the appropriate concentration of FAK inhibitor was
determined, and detailed images of the wounds were captured
at 0,5, 10, 30, 60 and 120 min under an inverted microscope.

Vertical cell migration-Transwell assay. Cell migration was
further determined by the Transwell assay (8-um pore size;
BD Falcon™; BD Biosciences, Franklin Lakes, NJ, USA).
EA.hy926 and HepG2 cells were cultured and adhered in the
Transwell chamber for 4 h, and were serum-starved overnight,
followed by the addition of 50 yuM Y15 for 24 h at 37°C and
5% CQO,. The inner chamber of the Transwell unit was cleaned,
and the migrated HepG2 cells on the bottom of the chamber
were fixed by 4% paraformaldehyde for 10 min and stained with
0.1% crystal violet for 15 min. Each step was followed by washing
with PBS three times. The migrated cells were photographed at
5 different areas under an inverted phase contrast microscope
(CK2; Olympus, Tokyo, Japan). The cell number of each group
in one vision field was counted based on obtained optical images.
At least three parallel experiments were performed, and data are
presented as mean =+ standard deviation (SD).

Immunofluorescence staining. EA hy926 and HepG2 cells were
plated on small circular slides with 50% confluence and serum
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Table I. Detailed information on the antibodies used in the present study.
Blocking
conditions 1 h Primary Ab
Category Antibody Isotype room temperature incubation Manufacturer Cat. nos
Integrins a2 (C-9) Mouse mAb 5% non-fat dry Overnight at 4°C,  Santa Cruz Biotechnology,  sc-74466
milk in PBS 1:200 dilution Inc., Santa Cruz, CA, USA
al (A-11) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-166665
milk in PBS 1:200 dilution
aV (H-2) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-376156
milk in PBS 1:200 dilution
B1 (A-4) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-374429
milk in PBS 1:200 dilution
B3 (B-7) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-46655
milk in PBS 1:200 dilution
FA Talin (8D4) Mouse mAb 5% non-fat dry Overnight at 4°C,  Santa Cruz Biotechnology,  sc-59881
components milk in PBS 1:200 dilution Inc., Santa Cruz, CA, USA
Paxillin (D-9) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-365174
milk in PBS 1:200 dilution
Vinculin (G-11) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-55465
milk in PBS 1:200 dilution
a-actinin (H-2) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-17829
milk in PBS 1:200 dilution
Zyxin (H-200) Rabbit pAb 5% non-fat dry Overnight at 4°C, sc-15338
milk in PBS 1:200 dilution
pFAK FAK (A-17) Rabbit pAb 5% non-fat dry Overnight at 4°C,  Santa Cruz Biotechnology,  sc-557
milk in PBS 1:200 dilution Inc., Santa Cruz, CA, USA
pFAK (2D11) Mouse mAb 3% BSA in PBS Overnight at 4°C, sc-81493
1:200 dilution
PI3K/AKT  PI3K-C28 (16L9) Mouse mAb 5% non-fat dry Overnight at 4°C,  Santa Cruz Biotechnology,  sc-100407
milk in PBS 1:200 dilution Inc., Santa Cruz, CA, USA
AKT1 (B-1) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-5298
milk in PBS 1:200 dilution
pAKTI (Thr308)  Rabbit pAb 3% BSA in PBS Overnight at 4°C, sc-135650
1:200 dilution
Rho Racl (C-11) Rabbit pAb 5% non-fat dry Overnight at 4°C,  Santa Cruz Biotechnology,  sc-95
GTPases milk in PBS 1:200 dilution Inc., Santa Cruz, CA, USA
pRac1 (Ser71) Rabbit pAb 3% BSA in PBS Overnight at 4°C, sc-12924-R
1:200 dilution
RhoA (26C4) Mouse mAb 5% non-fat dry Overnight at 4°C, sc-418
milk in PBS 1:200 dilution
Cdc42 Rabbit mAb 5% non-fat dry Overnight at 4°C,  Abcam®, Cambridge, UK ab64533
milk in PBS 1:100 dilution

FAK, focal adhesion kinase; PI3K, phosphatidylinositol 3-kinase; PBS, phosphate-buffered saline; BSA, bovine serum albumin.

starvation overnight, and were incubated with FAK inhib-
itor (50 uM) for 5 min or 2 h. The cells were then washed twice
with PBS for 8 min each time, fixed with 4% paraformaldehyde
in PBS for 15 min, washed three times with PBS for 5 min each
time, permeabilized for 5 min with 1% (v/v) Triton X-100, and
washed three times with PBS for 5 min each time. Cells were
pre-incubated with 1% bovine serum albumin (BSA) in PBS for
15 min to decrease non-specific antibody binding, and washed
for 30 sec to 1 min with PBS. Primary antibody incubation was
performed at 4°C overnight, the slides were washed for 5 min
with PBS, further incubated for 90 min in FITC-conjugated
goat anti-mouse antibody and PE-conjugated goat anti-rabbit

antibody, and then incubated with 4',6-diamidino-2-phenylin-
dole (DAPI) for 30 min to stain the nuclei. The samples were
sealed by 10% glycerol, protected from light and examined
under a laser scanning confocal microscope.

Western blot analysis of proteins associated with FAK signaling
pathways. The western blot assays followed standard protocols.
Briefly, following treatment with the FAK inhibitor for 0, 5, 10,
30, 60 and 120 min, EA.hy926 and HepG2 cells were washed
three times with PBS and lysed by 200 1 cell lysis solution
(Beyotime Institute of Biotechnology). The RIPA lysis buffer
includes phosphatase inhibitor (Na;VO,), protease inhibitor
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mixtures (BestBio Biotechnology Co., Ltd., Shanghai, China)
and phenylmethanesulfonyl fluoride (PMSF; Amresco, LLC,
Solon, OH, USA), at a ratio of 100 (RIPA):1 (phosphatase
inhibitor):1 (protease inhibitor mixtures):1 (PMSF). The total
proteins were collected and centrifuged at 10,000 x g/min at
4°C for 10 min and the supernatant was collected. Following
a protein concentration assay by an ultraviolet spectropho-
tometer using the bicinchoninic acid protein assay kit, the
proteins (20 pg/lane) were separated by 10% SDS-PAGE
and transferred to a PVDF membrane. BSA (5%) powder in
Tris-buffered saline with Tween-20 (TBST) was used to block
non-specific binding for 2 h at 37°C. Incubation with primary
antibodies against integrin a2, a5, aV, pl, f3, vinculin,
paxillin, talin, pFAK, PI3K, pAKT, pRhoA, pRacl and Cdc42
overnight at 4°C was followed by incubation with horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit
antibody for 1 h at 37°C. After washing with TBST, targeted
proteins were detected using enhanced chemiluminescence
(Beyotime Institute of Biotechnology). Images of bands were
determined using Molecular Imager® ChemiDoc™ XRS+
with Image Lab™ software (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Statistical analyses. Data obtained from the present study
are expressed as mean + SD from at least three independent
experiments. To reveal differences among the groups, one-way
analysis of variance followed by Tukey's test was used. The
differences were considered significant at P<0.05.

Results

Effect of FAK inhibitor on cell migration at various concen-
trations and durations. The effect of FAK inhibitor at various
concentrations (50-250 uM) on the migration behavior of
EA.hy926 and HepG2 cells was examined using scratch
wound assays (Fig. 1A and C), and the results were calculated
as shown in Fig. 1B and D. It may be seen from Fig. 1 that
the FAK inhibitor significantly inhibited the migration of ECs,
as well as that of tumor cells. Under high concentrations of
Y15 (>150 uM), the migration distance of ECs at 2 h differed
significantly from that of control cells (cells without addition
of Y15) and low concentration groups (50 and 100 x#M). The
migration distance at 24 h of all groups treated with FAK
inhibitor differed significantly from that of control cells. As
shown in Fig. 1A, the ECs in the control group reached a
~90% confluence at 24 h, while Y15 prevented EC migration. In
HepG2 cells, the migration distance in all Y15-treated groups
differed significantly from that of control cells throughout the
duration of the assay (from the initial 2 to 24 h). However,
a confluence of only 50% was observed in the control group
at 24 h due to the weakened motility of HepG2 cells. The
statistical results demonstrated that Y15 significantly inhibited
cell motility in a dose-dependent manner (Fig. 1B and D).
Based on the previous results, 50 uM Y15 was selected to
further investigate its inhibitory effect on cell migration by the
Transwell assay. It was observed that, with FAK inhibition for
24 h, the migrating numbers of both endothelial EA .hy926 cells
and HepG?2 cells decreased significantly compared with
the control group (P<0.05), suggesting that Y15 suppressed
migration in the two cell lines (Fig. 2A and B). Furthermore,
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50 uM Y15 was also used to examine its inhibitory effect
on parallel cell migration by the scratch wound assay within
2 h. The local changes of migrating cells are described in
Fig. 2C and D. Migrating cells were clearly observed in the
control group (Fig. 2C and D, white arrows) after 120 min, but
could hardly be identified in the 50-uM group of EA.hy926
and HepG2 cells. Therefore, migration in the two types of cells
was distinctly inhibited by 50 uM Y15.

Effect of FAK inhibition on the cytoskeleton. Furthermore,
changes in the localization of F-actin were examined in order
to determine the effect of FAK inhibition on cell adhesion.
Cell adhesion is closely coupled with the protrusions of the
leading edge of migrating cells (filopodia and lamellipodia).
It was observed from confocal immunofluorescence images
of F-actin staining that the formation of filopodia was mark-
edly impaired by FAK in EA.hy926 (Fig. 3A) as well as in
HepG?2 cells (Fig. 3B). In the control groups of the two cell
lines (Fig. 3), all spreading cells displayed polymerized F-actin
in the protrusions, and more obvious spike-like filopodia and
intercellular filaments were observed among cells. However, in
the treated groups (2-h FAK inhibition; right panels in Fig. 3),
endothelial as well as hepatoblastoma cells exhibited decreased
cell spreading areas, and fewer filopodia were present at the
edge of any single cell. In HepG2 cells (Fig. 3B), in particular,
it was observed that the cells became round and lost their filo-
podia and lamellipodia, whereas cell adhesion was evidently
inhibited. However, the enlarged images revealed a distinct
filamentous stress fiber structure (Fig. 3, yellow arrows) in
single cells following addition of Y15 for 2 h, while there was
no ordered stress fiber structure found in the control group
(without Y15 treatment). These results suggested that inhibi-
tion of FAK reduced the adhesion sites between the cells and
the matrix, which may result in promotion of cell detachment
and inhibition of cell adhesion. Furthermore, the inhibition
of FAK induced retraction of protrusive filopodia and lamel-
lipodia, which was responsible for actin polymerization and
stress fiber formation in the retractile cell bodies.

Expression and distribution of FAK with the addition of the FAK
inhibitor Y15. The initial autophosphorylation of FAK at Y397
results in phosphorylation of additional multiple tyrosine sites
(Y-576, -577 and -925) in FAK, which regulate a number of
cell functions, including cell adhesion and cell migration.
Therefore, the effect of 50 M Y15 on total phosphorylation
and phosphorylation at the Y397 site of FAK within 2 h was
first examined by western blot analysis (Fig. 4A and B), and
the relative quantification of the phosphorylated FAK (pFAK)
level against total FAK (tFAK) expression is presented in
Fig. 4C and D in EA.hy926 and HepG2 cells, respectively.
Increased duration of FAK inhibition resulted in a significant
decrease of the total and phosphorylated FAK level in
ECs (Fig. 4A). tFAK exhibited a gradual reduction tendency.
However, pFAK decreased initially, followed by a transient
increase over 10-30 min, suggesting that inhibition of FAK may
activate compensatory effects by other signaling molecules.
The statistical result of the relative quantification of the pFAK
level in tFAK (Fig. 4C) revealed that the pFAK/tFAK ratio at
5 and 10 min was significantly decreased compared with the
control (P<0.05); subsequently, the increased pFAK/tFAK
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Figure 1. Inhibition of focal adhesion kinase (FAK) blocked endothelial and hepatoblastoma cell migration in a concentration-dependent manner. Effect of the
FAK inhibitor Y15 at increasing concentrations on the migration of (A) endothelial cells and (C) hepatoblastoma cells; scale bar, 500 gm. Statistical analysis
of the mean cell migration distance of (B) endothelial cells and (D) hepatoblastoma cells in three independent experiments. "P<0.05 denotes a statistically
significant difference. The mean + standard error of three independent experiments are shown.

ratio at 30 min was significantly different compared with that
at 5 and 10 min (P<0.05), indicating a temporarily higher
expression of pFAK at 10-30 min with a continuous decline of
tFAK. The pFAK/tFAK ratio at 120 min was relatively higher,
suggesting a weak effect of FAK inhibition on pFAK, but a
strong effect on tFAK. By contrast, tFAK in HCC cells was
greatly inhibited at the initial stage, both tFAK and pFAK
increased at 10-30 min, and then decreased at 120 min. Initially,
tFAK sharply decreased, but pFAK was not inhibited; therefore,
the relative pFAK/tFAK ratio at 5 and 10 min was significantly
increased compared with the control (Fig. 4D; P<0.05), and the
ratio decreased significantly at 30 min compared with that at 5
and 10 min and at 60 and 120 min (P<0.05), indicating that the
expression of pFAK was not inhibited initially with the changes
in tFAK in HCC cells. The results also indicated that inhibition
of FAK in various cell lines exerted different time-dependent
effects on tFAK and pFAK expression.

Furthermore, the distribution of tFAK and pFAK at
5 min and 2 h was examined by double immunofluorescence
staining (Fig. 4E). The expression levels of tFAK and pFAK
were consistent with the results of the western blot analysis.
With a 2-h inhibition of FAK, the levels of tFAK and pFAK
decreased in both endothelial and hepatoblastoma cells. It was
observed that pFAK expression was significantly inhibited in

ECs; in addition, the intensity of tFAK was also reduced. The
expression level of tFAK in hepatoblastoma cells decreased,
and pFAK exhibited a lower intensity after 5 min of treatment
with the inhibitor. When combining the distribution of FAK
and its phosphorylated counterpart, pFAK (green) is clearly
more highly expressed at the leading edge of the cell in the
control groups compared with the groups undergoing FAK
inhibition for 2 h (Fig. 4E and F). Compared with the control
groups of both cell lines, weak green fluorescence (pFAK)
was observed at the leading edge of the cells, suggesting that
the FAK inhibitor used in the present study clearly inhibited
the expression of pFAK and also decreased the level of tFAK.
In conclusion, the results demonstrated that the response time
of FAK differs among various cells treated with FAK inhibitor,
resulting in time-dependent differences in protein expression in
the entire signaling cascade. Furthermore, the inhibitory effect
of FAK on the integrin-induced signaling pathway involved in
cell adhesion and migration was further investigated.

Time-dependent expression of integrins with inhibition of
FAK. Integrins are transmembrane ECM receptors containing
o and [ subunits that bind to cytoskeletal proteins and
transduce signals from extracellular stimuli to intracellular
events (20). It has been reported that pFAK regulates cell
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adhesion and migration via binding activated integrin (16). In
the present study, the expression levels of integrin a2, a5, aV, 1
and 3 subunits in response to FAK inhibition were investigated.
It was observed that, as in EA.hy926 cells, integrin a2 and (33

significantly decreased at 5-10 min with inhibition of FAK, and
were restored to a higher level at 10-30 min, consistently with
the recovery of the pFAK level at 10-30 min; the 1 subunit
exhibited a stronger expression at 10-30 min; a gradually
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Figure 5. Inhibition of focal adhesion kinase (FAK) regulates the changes in the expression of integrin a and (3 subunits in endothelial EA.hy926 and
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toblastoma cells. (C and D) Quantification of each integrin subunit expression level by image analysis of the western blot bands in (A and B). The expression
level of B-actin in each group was used as an internal control, and the relative expressions of integrins were calculated. Data are presented as means + standard
error of the mean from three independent experiments. “P<0.05 denotes statistically significant differences.

weakened expression level of the a5 subunit was associated with
increasing duration of Y15 treatment, whereas the expression
of aV exhibited a gradual decrease within 30 min and then
remained stable (Fig. 5A and C). In HepG2 cells, 3 exhibited
a similar tendency to that in EA.hy926 cells within 60 min, but
exhibited a sharp increase at 1 h, while the expression of a2 was
gradually downregulated after 30 min. The expression of a5
decreased sharply after 10 min, but appeared to recover after
2 h. The expression of aV exhibited an acute decrease at 30 min,
and then remained stable, similar to ECs (Fig. 5B and D). Of
note, with inhibition of FAK within 2 h, the expression of the
B1 subunit appeared to be correlated with the level of tFAK in
HepG2 cells (decreased initially at 5 min, was upregulated at
10-30 min, and reached a maximum level at 1 h). Since FAK
directly and indirectly binds to the [ tails of integrins, these
results suggest that inhibition of FAK initiated a feedback signal
to upstream events and decreased the expression of integrins,
blocked integrin-induced loss of clustering and resulted in cell
detachment. However, the responses of integrin subunits in
various cell lines with FAK inhibition were different.

Expression of FA components with FAK inhibition. Integrins
bind to the intracellular actin cytoskeleton through a complex
network of regulatory proteins referred to as FA. The FA complex

consists of several proteins, such as talin, vinculin and paxillin,
and is located at the cytosolic face of the cell membrane. As a
ligand of f integrin cytoplasmic domains, talin plays a key role
in the first step of focal complex formation following initial
integrin engagement, and talin degradation plays a crucial role
in FA turnover (4). The integrin-binding proteins paxillin and
talin recruit FAK and vinculin to focal contacts. Vinculin, as a
binding partner of talin, promotes and stabilizes initial integrin
clustering, which may promote cell spreading by mechanically
coupling integrins with the cytoskeleton, with the migration
velocity of cells lacking vinculin being twice that of wild-type
cells (21). Zyxin is a zinc-binding phosphoprotein that concen-
trates at FAs and along the actin cytoskeleton, and a-actinin
is an actin-binding protein that binds actin to the membrane.
The assembly of these cytoskeletal proteins form actin-rich
structures of FA, and contribute to support stable cell-matrix
adhesion. Therefore, the time-dependent changes in the levels
of talin, vinculin, paxillin, zyxin and a-actinin with inhibition
of FAK within 2 h were investigated.

As seen in Fig. 6A, the vinculin level in ECs exhibited no
significant differences with increased duration of Y15 treatment.
However, the expression of talin and paxillin in ECs showed an
identical tendency (decreased at 5-10 min, but was upregulated
at 30 min and subsequently decreased). The expression of zyxin
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exhibited a slight decrease, while that of a-actinin exhibited a
slight increase at 10-30 min, but there were no significant differ-
ences among groups (Fig. 6A).

Similar to ECs, increased duration of 50 yuM Y15 treatment
did not affect the vinculin level in HepG2 cells (Fig. 6B). The
expression of talin and paxillin in HepG2 cells exhibited a
similar tendency, remaining at a lower level after 30 min. There
was no significant change in talin expression within 10 min, but
the level of paxillin initially increased at 5 min compared with
the control (P<0.05; Fig. 6B). Another difference between the
two cell types is that inhibition of FAK significantly affected
zyxin and a-actinin expression in HepG2 cells, with a significant
decrease in zyxin expression at 10 min and the a-actinin level
at 60 min (Fig. 6B). These results demonstrated that partial FA
complexes disassembled with inhibition of FAK, resulting in
cell detachment and inhibition of cell adhesion. Furthermore,
inhibition of FAK exerted different time-dependent effects on
FA components in the two cell lines.

Expression and distribution of PI3K/AKT signaling with
FAK inhibition. The autophosphorylation of FAK at Y397 is
a binding site for Src and PI3K and, as downstream molecules
of FAK, activated PI3K/AKT signaling events are crucial
in regulating cell viability and migration. The SH2 domain

phosphorylation of the p85 subunit of PI3K binding to
FAK at Y397 may activate the p110 catalytic subunit of the
PI3K/AKT signaling pathway. Therefore, PI3K/AKT signaling
was investigated to determine whether inhibition of FAK
induces changes in the PI3K/AKT pathway in the two cell
lines. The PI3K/AKT expression levels with inhibition of FAK
are shown in Fig. 7. Of note, the results demonstrated that the
PI3K expression in response to FAK inhibitor treatment was
opposite in the two cell lines (Fig. 7A and B). In endothelial
EA .hy926 cells, blocking FAK increased the PI3K level
during the initial 5 min, which then gradually decreased to
a relatively lower level. However, weaker expression of PI3K
was found during the first 5-10 min in HepG2 cells when FAK
was inhibited, subsequently increasing at 30 min and reaching
a maximum level at 1 h. The result was opposite in terms of
PI3K expression in the two cell lines, but it was consistent with
the expression of tFAK (Fig. 4A and B).

AKTI1 may be activated and phosphorylated at Thr308
and Ser473 in a PI3K-dependent as well as -independent
manner (22). Therefore, tAKT1 and pAKT1 were examined,
and the relative ratio (pPAKT/tAKT) was calculated in the two
cell lines according to the results of western blot analyses.
The results revealed a statistically significant difference of
pAKT/tAKT in EA.hy926 cells during the initial 30 min
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two cell lines within 2 h. Expression level of PI3K by western blot assays and quantification of PI3K expression level by image analysis of the western blot
bands within 2 h in (A) endothelial cells and (B) hepatoblastoma cells, respectively, with inhibition of FAK. The expression level of 3-actin in each group
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compared with that after 30 min, while the pAKT/tAKT ratio at
5 minin HepG2 cells exhibited a significant difference compared
with other groups (P<0.05; Fig. 7C and D). Furthermore, the
distribution of pAKT was examined by immunofluorescence
staining (Fig. 7E). With the 2-h inhibition of FAK, the
expression levels of pAKT decreased in both endothelial and
hepatoblastoma cells, consistently with the western blot results.

Time-dependent expression and distribution of Rho GTPases
with addition of Y15. Rho family GTPases (RhoA, Racl
and Cdc42) result in direct local actin assembly to form stress
fibres, lamellipodia or filopodia, respectively, and regulate cell
polarity and motility through their effects on the cytoskeleton,
membrane trafficking and cell adhesion (23). The Rho family
small GTPases are important regulators of actin dynamics that
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potentiate cell migration. Cdc42 and Racl act at the leading
edge of the cell to induce cell polarization and lamellipodia
formation, respectively, whereas RhoA acts in the cell body
to facilitate contraction (10). The phosphorylation of Racl at
Ser71 (pRacl) predominantly modulates affinity to guanine
nucleotide dissociation inhibitor and subcellular localization
of GTPases, negatively regulating activation (24). As the
downstream molecules of the integrin-FAK signaling pathway
associated with cell adhesion and migration, the expression of
RhoA, pRacl and Cdc42 was examined following inhibition
of FAK. With FAK inhibition for 2 h, the expression level of

RhoA decreased in both endothelial and hepatoblastoma cells
at 5-10 min, but had increased at 2 h (Fig. 8A and B), which is
consistent with previous results, indicating that inhibition of
FAK induced the retraction of lamellipodia at the cell protru-
sions and the formation of filamentous stress fibers in the cell
body (Fig. 3). The total expression and phosphorylation levels
at Ser71 of Racl were different between the two cell types; the
expression of Racl in EA.hy926 cells decreased during the
initial 5 min, and pRacl was also lower after 5 min (Fig. 8A).
While the expression of Racl in HepG2 cells decreased with
FAK inhibition during the initial 5 min, and immediately
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increased and remained at a higher level thereafter, pRacl
exhibited a lower level at 10 min (Fig. 8B). The results
revealed a statistically significant difference of pRacl/Racl in
EA.hy926 cells during the initial 10 min compared with that
thereafter, while the pRacl/Racl ratio at 5 min in HepG2 cells
exhibited significant differences compared with other
groups (P<0.05; Fig. 8C and D). As regards the Cdc42 level
in ECs with inhibition of FAK, it was similar compared with
that in the control group from the initial 5 min up to 30 min,
but decreased from 30 min to 1 h (Fig. 8A). In HepG2 cells,
the expression of Cdc42 fluctuated, exhibiting a relative lower
level at 10 min, which recovered thereafter and was maintained
at a higher level after 30 min (Fig. 8B). The time-dependent
difference in Rho GTPase expression indicates different
mechanisms of FAK-mediated migration behavior in various
types of cells.

Distribution of FA proteins (talin) and Rho GTPases (Racl)
with FAK inhibition. To further investigate the distribution of
FA complexes and Rho GTPases, the cytoskeletal protein talin,
which binds to integrin f3 tails to form intercellular FA plaques
associated with cell adhesion, and the Rho family GTPase
Racl, which mediates lamellipodia formation and regulates
cell migration behavior, were selected to study their respective
distribution by double-labeled immunofluorescence analysis.
As shown in Fig. 9, talin (green) and Racl (red) were mainly
distributed in the entire cytoplasm. The expression levels of
talin and Racl were downregulated with FAK inhibition for 2 h,
consistently with the western blot results for talin (Fig. 6) and
Racl (Fig. 8). However, the expression of talin exhibited a more
prominent decrease, with weakness of fluorescence intensity in
HepG2 cells after 2 h of Y15 treatment, while the expression of
talin in EA.hy926 cells exhibited a relatively mild downregula-
tion. It was suggested that inhibition of total and phosphorylated
FAK provided feedback signals to FA components, which may

result in cell detachment, and also exert stronger effects on
downstream Rho GTPases, which may weaken cell motility.

Discussion

Tumor-induced angiogenesis results from neovascularization
of migrated ECs in solid tumors. Once adequate vasculature
has been developed and established, the tumor invades the
vessel wall and spreads to distant organs to form dormant
micrometastases (25). Therefore, controlling tumor-associated
angiogenesis is a promising strategy in limiting cancer
progression.

The migration of endothelial and cancer cells plays a
key role in the process of tumor-induced angiogenesis. Cell
migration is an integrated process requiring continuous,
coordinated assembly and disassembly of adhesion
structures. To investigate the time-dependent differences
in FAK-dependent signals in various cell lines, VECs and
hepatoblatoma cells were selected for the experiments. In
the present study, EA.hy926 cells were used rather than
original VECs, as they exhibit a higher affinity to substrate,
they express EC markers to the same extent as HUVECs,
particularly vVWF, PECAM-1, ICAM-1, E-selectin, and uptake
of Dil-Ac-LDL, and have no tumorigenic potential, whereas
they have been widely used to investigate different aspects of
EC biology. By using the EA .hy926 cells as a model cell line,
the expression level of integrins could be accurately studied,
and it may help to better describe the direct effect of FAK
inhibition on integrin signals (primary ECs, such as HUVECs,
exhibit low affinity to tissue culture polystyrene without
fibronectin or collagen pre-coating). However, the marked
phenotype differences between EA.hy926 cells and primary
VECs should be noted (26). The human hepatoblastoma cell
line, HepG2, was selected as an in vitro model system for the
study of adhesion and migration of tumor cells. Integrin- and
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growth factor-stimulated migratory cues were considered as
significant events for activating FAK (27).

Ithas been proved that endothelial FAK is crucial for vascular
network stability, cell survival and lamellipodia formation (28).
Increased level of FAK was found in a variety of human tumors,
and inhibition of FAK reduced tumor formation in the early
stages (29), suggesting that FAK may be a new therapeutic target
in cancer (30). The FAK inhibitor used in the present study was
selected by Golubovskava et al (19), who reported that treat-
ment with Y15 effectively decreased Y397 phosphorylation in
BT474 breast carcinoma cells at 8 h. Their studies also reported
that this small-molecule FAK inhibitor increased cancer cell
apoptosis and decreased tumor growth (31,32). Thus, targeting
the Y397 site may be an effective therapeutic approach to devel-
oping novel FAK inhibitors (33-36).

However, the role of FAK in cell migration and metastasis
remains controversial in various cell types (37). It has been
demonstrated that the overexpression of wild-type FAK in
various different cell types may enhance cell migration (17).
In HeLa cells, reduced expression level of FAK by siRNA and
FAK-null were associated with increased cell motility, while
FAK-null fibroblasts derived from FAK’ embryos exhibited
reduced cell motility. FAK-deficient ECs exhibit defective but
not reduced motility (38). Although in different cancer cell
types, a substantial body of evidence demonstrated the contra-
dictory roles of FAK as a positive or negative regulator of tumor
cell migration and metastasis (37). In addition, elevated expres-
sion of FAK in cancer cells had been correlated with increased
migration and invasiveness. Hauck et al (39) found that inhibi-
tion of FAK expression reduced the migration and invasion of
EGF-stimulated human carcinoma cells (A549). Our results
also supported the conclusion that inhibition of FAK was able
to decrease the migration behavior of both ECs and hepatoblas-
toma cells. Additionally, inhibition of FAK exerted different
time-dependent effects on tFAK and pFAK expression in ECs
and hepatoblastoma cells. The tFAK level in ECs gradually
decreased with increased duration of Y15 treatment. Of note,
the tFAK level rapidly declined in HepG2 cells, suggesting
that these cells are sensitive to this type of small-molecule
compound FAK inhibitor, and FAK signaling is possibly the
most dominant pathway in regulating HepG2 cell functions.
However, other evidence supported that dephosphorylation of
FAK increased tumor cell motility, invasion and metastasis
in various human carcinoma cells (40). Furthermore, FAK
signaling has been shown to participate in the process of trans-
forming growth factor-f3-induced epithelial-to-mesenchymal
transition in hepatocytes (41). Kallergi et al (42) demonstrated
that activation of FAK/PI3K/Racl signaling regulated actin
reorganization and inhibited cell motility in A375 melanoma
cells. In the present study, a simple inhibitor technique and
scratch wound assays were used for cell migration analysis, and
some crucial proteins in integrin-induced signaling pathways
were extensively investigated to reveal possible alterations in
the mechanisms of cell adhesion and migration under FAK
inhibition.

The effect of integrins on the phosphorylation of FAK and
the downstream signaling events associated with cell adhesion
and migration in various cells has been widely investigated.
Vinculin and the actin-binding protein talin, as the ligands of
Pintegrincytoplasmictails,assemblearoundenriched integrins
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at cell adhesion sites to form nascent FA plaques (43). The
maturation of intracellular nascent FAs involves a sequential
cascade of compositional changes. At the early phase of
integrin activation, the adapter protein paxillin is recruited
and integrins are clustered into FAs. The detailed sequence of
events leading to the assembly of adhesion complexes remains
unclear (44). The cluster of FA complex recruits and binds
FAK via the C-terminal FA targeting (FAT) domain. The
initial tyrosine phosphorylation at the Y397 site of FAK may
subsequently result in phosphorylation of additional multiple
tyrosine sites (Y-576, -577 and -925). FAK preferentially
interacts with the tyrosine phosphorylated paxillin (p-pax),
and its recruitment is implicated in the high turnover of focal
complexes and FA translocation. The p-pax is present in
focal complexes, but not in fibrillar adhesions (45). Recently,
Lawson et al (46) demonstrated that FAK promotes talin
recruitment to nascent adhesions occurring independently
from talin binding to 1 integrins. In the present study, we
observed that gradually decreasing FAK in ECs by an inhibitor
significantly downregulated the expression levels of integrin
a2, a5 and B3 at 5-10 min; a2 and B3 returned to higher
levels with longer duration of treatment, but the a5 subunit
continued to decrease with increasing treatment duration.
The inhibition of FAK in HepG?2 cells has different inhibition
level in different treatment durations, and resulted in relatively
lower levels of a2 and a5, but a higher level of 1 over
30-60 min (Fig. 5). These results demonstrated that inhibition
of FAK transmitted feedback signals to upstream integrins
in both types of cells. The difference in tFAK and pFAK
expression suggested the presence of diverse mechanisms
in the two cell lines. Some evidence indicated that lack of
FAK (by knockout, FAK siRNA or inhibition) in cells may
activate compensatory effects by other signaling molecules.
The compensatory switch from FAK to Pyk2 (FAK-related
proline-rich tyrosine kinase 2) was reported in angiogenesis
in adult mice lacking endothelial FAK, suggesting the
adaptive capacity of cells to switch to Pyk2-dependent
signaling following deletion or inhibition of FAK (47.48).
Therefore, some potential signals possibly compensate for
the loss of FAK, and induce transient upregulation of pFAK
in ECs. In HepG2 cells, the Y15 inhibitor sharply decreased
total FAK and B1 expression during the initial 5 min,
indicating rapid degradation of FAK, as it directly binds to the
B1 cytoplasmic domain. We hypothesized that HepG2 cells
were sensitive to this type of small-molecule FAK inhibitor,
and FAK signaling was possibly the most dominant pathway
in regulating HepG2 cell functions. Furthermore, similar
changes in the a5 and B3 subunits were found in the two
different cell types. Integrin a5 is primarily regarded as the
fibronectin receptor, while 33 non-covalently connecting to
the aV subunit regulates cell migration speed. The different
expression levels of the a2 and 1 subunits in the two cell
types suggested changes in different ECM proteins with
FAK inhibition, which may control cell adhesion, spreading,
migration and detachment with specified treatment durations.

As mentioned above, the FA components recruit actin fila-
ments to the cytoplasmic domain of integrins, and contribute
to stabilization of cell adhesion. As is known, the recruitment
of paxillin, which contains binding sites at its LIM domains
that directly bind to the FAT domain of FAK (49), and talin,
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plays a central role in the first step of focal complex formation
following initial integrin engagement, while vinculin acts in
linking the actin cytoskeleton to FAs as a paxillin-binding
partner. Our results demonstrated that both talin and paxillin
in the two cell lines exhibited a gradually downregulated
tendency, while vinculin maintained a stable expression level
over the duration of FAK inhibition (Fig. 6). Long-lasting inhi-
bition of FAK possibly resulted in the degradation of paxillin
and talin, and turnover of FA, which regulate morphological
changes and detachment in various cells (Fig. 3). However, the
decrease in FAK expression with inhibition did not signifi-
cantly affect vinculin, in part because it indirectly binds to FA
as a paxillin-binding partner, participating in the formation of
FAs.

FAK is considered to be upstream of PI3K regulating
cell apoptosis and other functions (50). Activated FAK,
serving as a scaffold or adaptor, provides a binding site and
recruits a number of signaling molecules for Src family
kinases and PI3K at SH2 domains, activating a cascade of
downstream signaling pathways. The phosphorylation of
FAK at the Y397 site is known to serve as a binding site for
the p85 subunit of PI3K, and activated PI3K can stimulate
several intermediates, including AKT, which is required for
FAK to promote cell migration (51). Inhibition of FAK phar-
macologically or by dominant-negative FAK, attenuated
the phosphorylation of p85 subunit of PI3K and AKT (50),
and it is consistent with our results from EA.hy926 cells
(Figs. 4 and 7A and C). However, the expression of AKT1
was downregulated in HepG2 cells, which was in contrast
to PI3K (Fig. 7B and D), indicating that AKT was likely
activated independently of PI3K. Thamilselvan et al (7)
reported that FAK siRNA did not affect the activation of
PI3K induced by pressure, but blocked AKT phosphoryla-
tion. The difference between EA.hy926 and HepG2 cells in
response to the same stimuli, suggested the diverse func-
tional role of FAK/PI3K/pAKTI signaling in controlling
the motility of various types of cells.

Rho family GTPases, including RhoA,Racl and Cdc42, are
key regulators of actin dynamics and cell adhesion/migration
in a variety of cellular processes. The contribution of FAK to
actin remodeling, which is required for cell migration, is medi-
ated through binding to Rho protein effectors and subsequent
effects on Rho GTPases. FAK may up- and downregulate the
Rho GTPases by modulating various upstream regulators (52).
Ren et al (53) indicated that FAK is required for Rho inhibi-
tion to promote FA turnover and cell migration. In the present
study, the expressions of RhoA, Racl and Cdc42 under FAK
inhibition were generally downregulated, but reactivated
in different treatment durations. RhoA was reactivated and
exhibited a higher level at 2 h in both endothelial and hepa-
toblastoma cells, while Racl and Cdc42 in hepatoblastoma
cells exhibited high levels after 10 and 30 min of FAK inhibi-
tion (Fig. 8A and B). Combined with previous cell migration
analysis findings, cell motility was significantly inhibited by
long-lasting FAK inhibition (24 h) compared with control
cells (Fig. 1). This time-dependent effects of Rho GTPases
in response to FAK inhibition prompted us to investigate the
mechanisms of blocking cell migration in our future study.
However, it should be noted that only total expression and
phosphorylated levels of Rac and Rho were examined in the
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present study, while the activation of Rho GTPases should also
be addressed.

In the present study, the time-dependent effects of FAK
inhibition on integrin-induced signaling pathways associ-
ated with endothelial and hepatoblastoma cell migration in
tumor angiogenesis were investigated. Our results demon-
strated that the inhibition of FAK promoted cell detachment
by decreasing the expression of FA components (talin and
paxillin), and inhibiting cell motility by reducing the levels
of Rho GTPases (Racl, Cdc42 and RhoA). Most signaling
proteins in the two cell lines exhibited a different time-depen-
dent expression within 2 h of FAK inhibitor treatment,
suggesting that the mechanisms underlying FAK-mediated
migration behaviors differ between various types of cells.
Elucidating the potential mechanism may help design novel
drugs targeting FAK to inhibit endothelial and cancer cell
migration in tumor angiogenesis.
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