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Focal adhesion kinase (FAK) has been implicated in
tumorigenesis in various cancers; however, it re-
mains unclear how FAK participates in tumor malig-
nancy in vivo. This study seeks to understand the role
of FAK activation in gastric cancer progression. Using
immunohistochemical staining and Western blotting,
we found that pY397 FAK, an autophosphorylation
site on FAK activation, was abundant in the cancerous
tissues of 21 of 59 patients with gastric carcinomas.
We attempted to correlate clinicopathological param-
eters, including histological types, TNM staging, and
cancer recurrence, with the expression of FAK and
pY397 FAK in cancerous tissues. Intriguingly, pa-
tients with higher levels of pY397 FAK displayed
higher incidences of gastric cancer recurrence after
surgery and poor 5-year recurrence-free survival. Fur-
thermore, multivariate analyses showed that pY397
FAK was an independent predictor of gastric cancer
recurrence. As a result , expression of pY397 FAK is a
significant prognostic factor for the recurrence of gas-
tric cancer. Additionally, in vitro studies showed that
overexpression of Y397F, a dominant-negative mutant
of FAK, in AGS human gastric carcinoma cells impaired
cell migration, invasion, and proliferation com-
pared with cells overexpressing wild-type FAK.
Thus, activation of FAK through autophosphoryla-
tion at Tyr397 leads to the progression of gastric
carcinomas by promoting cell migration, invasion,
and proliferation. Collectively , our results have

provided valuable insights for the development of
novel diagnoses and therapeutic targets for gastric
cancer treatments. (Am J Pathol 2010, 177:1629–1637;

DOI: 10.2353/ajpath.2010.100172)

Gastric cancer is the fifth leading cause of death in
Taiwan, accounting for 2400 deaths per year. The pro-
gression of gastric cancer depends on hematogenous
metastasis, direct invasion, and, mainly, lymphatic
spreading. The prognosis of patients with gastric cancer
correlates with the level and numbers of lymphatic me-
tastases.1 Curative resection is the mainstay of treatment
for gastric cancer; however, up to 40% of patients that
undergo radical gastrectomy for gastric cancer develop
recurring metastases, 87% of which are distant metasta-
ses.2,3 Therefore, it is important to understand the molec-
ular basis by which gastric cancers progress and to
develop individualized therapies that target specific mo-
lecular events.

Focal adhesion kinase (FAK) is a 125-kDa cytoplasmic
protein tyrosine kinase that plays a key role in integrin-
mediated signal transduction pathways.4 FAK was origi-
nally shown to exhibit increased tyrosine phosphorylation
and kinase activity in response to either integrin activa-
tion or v-Src–induced transformation.5–7 On engagement
of integrins with extracellular matrices, FAK is translo-
cated to focal contact sties and autophosphorylated at its
Tyr397 residue, which enables it to couple multiple down-
stream pathways through its interaction with Src family
kinases, Phosphatidylinositol-3 kinase, growth factor re-
ceptor bound protein 7 (Grb7), and/or other signaling
molecules.8 In vitro studies have shown that mutating FAK
Tyr397 to Phe leads to deficiencies in the regulation of
both cell migration and cell cycle progression.8

FAK mediates a number of signaling pathways asso-
ciated with cell adhesion, mitogenesis, motogenesis, and
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oncogenic transformation,9 suggesting that FAK might
contribute to tumor development. It is consistent with the
important role of FAK in fundamental aspects of cell
behavior and cellular responses, including the regulation
of cell adhesion, cell motility, and cell survival. Moreover,
a great deal of circumstantial evidence suggests that
FAK overexpression contributes to the development of
human malignancies. One theme that is consistent
throughout many reports is the correlation between ele-
vated FAK protein expression and tumorigenic and/or
invasive potential in tumor cells.9 For instance, FAK ex-
pression is elevated in cell lines derived from human
melanomas, and FAK protein levels correlate with the rate
of cell migration on fibronectin.10 FAK is also elevated in
primary human sarcomas,11 cervical carcinoma cell
lines,12 prostatic carcinoma tumors and cell lines,13 and
colon and breast tumors and cell lines.14 More recently,
FAK protein expression has also been found to be ele-
vated in ovarian carcinomas15 and associated with liver
metastases derived from colon cancers.16 Therefore, we
hypothesize that overexpression of FAK in a subset of
tumor cells leads to increasing populations of cells with a
high propensity for invasion and metastasis. FAK would
have a dual role in this regard: overexpression of FAK
promotes cell migration and increases cell survival under
anchorage-independent conditions.17

In this study, we investigated the correlation between
the expression of FAK and its autophosphorylation at
Tyr397 in curatively resected gastric cancer specimens
in relation to the clinicopathological characteristics of the
patients. We found that pY397 FAK is intimately corre-
lated with the recurrence of gastric cancer, which is
consistent with the important role of FAK activation in
gastric cancer cell migration, invasion, and proliferation.

Materials and Methods

Clinical Specimens

Tissue samples were obtained from 59 patients with pri-
mary gastric carcinomas who were not given preopera-
tive chemotherapy and who had undergone resection
with curative intent by a single surgeon in our study (Dr.
I-Rue, Lai) in the Department of Surgery, National Taiwan
University Hospital from July 2000 to March 2005. Pa-
tients with distant metastases at initial presentation or
patients who received palliative resections were ex-
cluded from this study. There were 38 males and 21
females between the ages of 31–89 with a mean of 63.5
years old. The average follow-up time was 48.2 � 25.5
months after surgery. After surgical resection, tumors and
contiguous noncancerous parts from each patient were
fixed in 10% buffered formalin and embedded in paraffin.
Paired cancerous tissues and noncancerous mucosa
were also removed and stored at �80 °C until examined.
Clinicopathological factors, including age, gender, surgi-
cal procedures, tumor size, histological types by Lau-
ren’s classification, lymph node metastases, TNM stag-
ing (according to UICC/AJCC),18 and follow-up status
were collected and stored in a personal computer data-

base. This study was approved by the institutional review
board of National Taiwan University Hospital.

Immunohistochemistry

For immunohistochemical analyses, paraffin-embedded
human gastric cancerous tissues were sectioned and
stained after antigen retrieval using a 1:200 dilution of the
anti-FAK primary antibody (C20, Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA) or a 1:250 dilution of the
anti-pY397 FAK antibody (Invitrogen, Carlsbad, CA), fol-
lowed by biotinylated and peroxidase-conjugated sec-
ondary antibodies. The sections were then processed
using the 3,3�-Diaminobenzidine (DAB) immunostaining
assay kit (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) following the manufacturer’s instructions. The sam-
ples were counterstained with hematoxylin before mount-
ing on coverslips. The samples were then examined un-
der a light microscope (model M1, Zeiss, German) with a
�40 objective lens at room temperature and the images
were captured using a Charge-Coupled Device (CCD)
camera (model DP71, Olympus, Japan).

Evaluation of Immunohistochemistry

A semiquantitative evaluation system (a Quick score
method, or Q-score) was used to determine antigen ex-
pression in tissue samples.19 Blood vessels within each
sample were used as internal positive controls for FAK
expression. Grading of expression was based on both
intensity and heterogeneity of the staining patterns. The
staining intensity was scored as 0 (negative), 1 (weak), 2
(moderate), or 3 (strong). The heterogeneity of staining
was scored as 0 (0%), 1 (1 to 25%), 2 (26 to 50%), 3 (51
to 75%), or 4 (75 to 100%), depending on the proportion
of tumor cells that were positively stained for FAK or
pY397 FAK. The Q-score of a given tissue sample, rang-
ing from 0 to 7, is the sum of the intensity and heteroge-
neity scores, both of which were evaluated independently
by two pathologists who were blind to the clinicopatho-
logical information. A Q-score � 2 was considered con-
sistent with antigen overexpression, whereas a Q-score
�2 was considered to be a normal level of expression.
For some rare cases with �5% weakly stained tissues
were considered as negative. Protein expression was
correlated with clinicopathological data.

Statistical Analyses

The association between FAK or pY397 FAK expression
and clinicopathological parameters was evaluated using
a �2 test. Recurrence-free survival was defined as the
time period from resection to the date of clinically de-
tected recurrence. Survival curves were depicted using
the Kaplan–Meier method. Any differences in survival
curves were evaluated by the log-rank test. A P value of
�0.05 was considered to be statistically significant.
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Cell Culture

The AGS human gastric carcinoma cell line was a kind gift
from Dr. Hsinyu Lee (National Taiwan University, Taipei,
Taiwan). Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (Hyclone Laboratories, Inc., Logan, Utah)
containing 10% fetal bovine serum (Hyclone Laboratories
Inc.) under 5% CO2 in a humidified 37 °C incubator. Cells
were infected with adenoviruses harboring wild-type or mu-
tant FAK as indicated. Experiments were conducted 24–48
hours after virus infection.

Recombinant Adenoviruses

Adenoviruses encoding Green Fluorescent Protein (GFP)
alone, Myc-6XHis tagged wild-type FAK, Y397F mutant,
or FAK-related nonkinase (FRNK) were described previ-
ously.20 For adenovirus preparation, adenoviruses were
harvested approximately 7 days after infection by several
cycles of freezing and thawing in PBS and kept at �80 °C
after centrifugation for future use.

Western Blotting

Various adenovirus-infected cells or tissue samples were
homogenized, washed twice with ice-cold PBS, and lysed
with 1% Nonidet P-40 lysis buffer (20 mmol/L Tris, pH 8.0,
137 mmol/L NaCl, 1% Nonidet P-40, 10% glycerol, 1
mmol/L Na3VO4, 1 mmol/L phenylmethylsulfonyl fluoride, 10
mg/ml aprotinin, and 20 mg/ml leupeptin) on ice for 10
minutes. Subsequently, lysates were collected and clarified
by centrifugation for 10 minutes at 4°C, and total protein
concentration was determined using the Bio-Rad Protein
Assay according to the manufacturer’s instructions. West-
ern blotting was performed using anti-FAK (C20), anti-
pY397 FAK, anti-Myc, and anti-tubulin antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA), followed by incuba-
tion with appropriate horseradish peroxidase-conjugated
IgG secondary antibodies. Proteins were detected using
the Western Lightning�ECL system (PerkinElmer Inc.,
Waltham, MA).

BrdU Incorporation Assay

Cells were serum starved for 24 hours in DMEM with 0.5%
fetal bovine serum to arrest them in G0 phase. Cells were
then washed twice with DMEM and incubated for 24
hours in DMEM supplemented with 10% serum and 100
�mol/L Bromodeoxyuridine (BrdU) (Sigma-Aldrich, St.
Louis, MO) to release them from G0. After the cells were
washed and incubated, they were fixed, permeabilized,
treated with DNase I (New England Biolabs, Ipswich,
MA), and processed for immunofluorescent staining with
anti-BrdU (1:200, Sigma-Aldrich, St. Louis, MO) and anti-
GFP (1:200, Santa Cruz Biotechnology, Santa Cruz, CA)
antibodies, as described previously.21 Cells were
counted in multiple fields and scored for BrdU-positive
staining in each independent experiment.

Boyden Chamber Cell Migration Assays

To perform cell migration assays, a Neuro Probe 48-well
chemotaxis Boyden chamber (Neuro Probe Inc., Gaithers-
burg, MD) was used, as described previously,21 with the
following modifications: 2.5 � 104 cells were trypsinized
and resuspended in DMEM and then added to each upper
well. Cells were allowed to migrate toward the bottom wells
containing either fibronectin (10 or 20 �g/ml; Invitrogen Life
Technologies, Carlsbad, CA) or epidermal growth factor
(EGF; 25 ng/ml; Millipore, Billerica, MA) as the chemo-
attractant, or DMEM only as a control, for 10 hours in a 37°C
humidified 5% CO2 incubator. At the end of each experi-
ment, cells on the upper side of the polycarbonate mem-
brane were removed and cells on the bottom-side were
fixed with methanol for 8 minutes and stained with crystal
violet (Sigma-Aldrich, St. Louis, MO). The cells that had
migrated were counted from five randomly selected fields
from each well under a light microscope equipped with a
DP70 CCD camera (Model IX71, Olympus, Japan) at �20
magnification. Images were captured using Image-Pro
Plus software, version 3.0 (Media Cybernetics, Silver
Spring, MD).

Matrigel Invasion Assays

BD BioCoat Matrigel invasion chambers (BD Bioscience,
Bedford, MA) were used for invasion assays. First, the ma-
trigel chambers were rehydrated in DMEM for 2 hours in a
37°C humidified incubator. After removing the DMEM, 25
ng/ml of EGF, in a total volume of 0.75 ml of DMEM, was
added as a chemoattractant to the lower well of the invasion
chambers and 2 � 105 AGS cells in 0.5 ml of DMEM were
placed into the upper chamber. Cells were incubated for 20
hours to allow them to invade the matrigel. Subsequently,
cells were fixed and stained with crystal violet (Sigma-Al-
drich, St. Louis, MO). The number of cells that had invaded
was counted from five randomly selected fields of each well
under a light microscope at �20 magnification (Model IX71,
Olympus, Japan) using Image-Pro Plus software, version
3.0 (Media Cybernetics, Silver Spring, MD).

In-Gel Zymography Assays

Gelatin zymography was performed as previously de-
scribed.22 Subconfluent cells were grown in serum-free
DMEM at 37 °C for 18 hours. The conditioned media were
collected, clarified by centrifugation, resolved in nonre-
ducing gels containing 0.05% (wt/vol) gelatin, and pro-
cessed for zones of degradation activity by zymography.

Results

Increased FAK Expression and Elevated pY397
FAK in Gastric Cancer Tissues

To evaluate whether FAK is involved in tumorigenesis in
gastric cancer, we performed immunohistochemical
analyses to detect FAK and pY397 FAK on paraffin-
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embedded specimens from 59 patients diagnosed with
gastric carcinoma. The corresponding Q-score analysis
shows that 41 cancerous tissues (69.5%) overexpressed
FAK (Q-score � 2) and 21 of (35.6%) displayed high
levels of pY397 FAK staining in comparison with noncan-
cerous tissue sections (Figure 1A-D). Consistent with this,
Western blot analyses from the representative samples
show that elevated levels of pY397 FAK were detected in
gastric carcinomas, with only few cases exhibiting equal
or lower levels of pY397 FAK in cancerous tissues. Total
FAK expression was elevated in most of the cancerous
tissues (Figure 1E). These data strongly indicate that FAK
and its signaling are involved in tumorigenesis in gastric
cancer based on the above two approaches.

Expression of pY397 FAK Is Correlated with
Poor Survival in Gastric Carcinoma

To explore the clinical significance of pY397 FAK in gastric
cancer, the clinicopathological profiles between patients
with andwithout pY397 FAK overexpression were analyzed,
as listed in Table 1. These analyses revealed a significant
correlation between pY397 FAK and a higher incidence of
tumor recurrence (57.1% versus 23.7%, P � 0.011). More-
over, the 5-year recurrence-free survival of the pY397 FAK-
positive group was significantly lower than that of the pY397
FAK-negative group in gastric carcinoma tissues (73.2%
versus 28.7%, P � 0.017; Figure 2B). A comparison be-
tween the clinicopathological profiles of the patients with
and without FAK overexpression showed that patients ex-
hibiting FAK overexpression were associated with a higher

ratio of intestinal type (Lauren’s classification) in this disease
(85.2%, P � 0.007; Table 2). However, the incidence of
recurrence was not significantly different between the pa-
tients with and without FAK overexpression (P � 0.441). In
addition, the 5-year recurrence-free survival between the
patients with and without FAK overexpression could not be
statistically discriminated (54.3% versus 62.5%, P � 0.701;
Figure 2A).

pY397 FAK Is a Prognostic Factor Associated
with the Recurrence of Gastric Carcinoma After
Surgical Resection

The prognostic significance of FAK and pY397 FAK ex-
pression was determined using the Cox regression mul-
tivariate analysis and taking into account the clinical fol-
low-up records of each patient. Multiple clinical factors,
including age, sex, tumor location, surgical procedure,
histological types (Lauren’s classification), tumor size,
depth of invasion, lymph node metastasis, TNM staging
(UICC), as well as FAK and pY397 FAK overexpression
levels were correlated with the recurrence of gastric can-
cer after surgery. This analysis revealed that pY397 FAK,
but not FAK expression, was an independent prognostic
factor for the recurrence of gastric cancer (P � 0.023;
Table 3). These results suggest that pY397 FAK overex-
pression is intimately associated with higher recurrence
rates of gastric carcinoma after surgical resection.

Figure 1. Increased expression and elevated Tyr397 phosphorylation of
FAK in gastric cancer tissues. Noncancerous gastric tissues were negatively
stained for FAK (A) and phospho-Tyr397 (pY397) FAK (C). In contrast,
gastric cancer tissues exhibited high expression levels of FAK (B) and pY397
FAK (D). E: The cancerous (T) and noncancerous (N) gastric tissues were
homogenized and subjected to Western blot analyses for detection of FAK
and pY397 FAK proteins. Tubulin was used as a loading control.

Table 1. Correlation of pY397 Expression and
Clinicopathological Factors

Factor

pY397-
positive
(n � 21)

pY397-
negative
(n � 38)

P
Value

Sex (M:F) 15:6 23:15 0.571
Age, years

(mean � SD)
62.6 � 13.0 64.5 � 14.2 0.613

Procedure
(gastrectomy)

0.357

Subtotal:total 14:7 30:8
Tumor size, cm 4.3 � 2.8 3.9 � 2.4 0.560
Lymph node

dissected
29.4 � 12.5 29.7 � 10.2 0.939

Lauren classification 0.896
Intestinal type 10 17
Diffuse type 10 18
Mixed type 1 3

Tumor depth* 0.637
1:2:3:4 3:3:7:8 9:7:13:9

Node metastasis 0.557
No:Yes 5:16 13:25

UICC staging 0.415
I:II:II:IV 5:1:4:11 12:5:9:12

Recurrence 0.011
No 9 29
Yes 12 9

pY397-positive, overexpressed pY397; pY397-negative, low or
nonexpressed pY397.

*Tumor depth: 1, mucosa or submucosa; 2, muscularis propria; 3,
subserosa; 4, serosa or extra-serosal involvement.

M, male; F, female.
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Phosphorylation of FAK at Tyr397 Is Required
for Cell Migration, Invasion, and Proliferation in
Gastric Carcinoma Cells

To elucidate potential mechanisms by which pY397 FAK
contributes to malignancy in gastric carcinomas, an AGS
human gastric carcinoma cell line was used to assess
various cellular functions, such as cell migration, prolifer-
ation, and invasion. Adenoviruses were used to overex-
press FAK, Y397F mutant (mutation of Tyr 397 to Phe
results in an inactive form of FAK to generally act as a
dominant negative mutant by reducing FAK activation),
or FRNK (FAK-related nonkinase, a truncated mutant har-
bors a carboxyl terminus of FAK to serve as a dominant
negative mutant capable of competing endogenous FAK

out from focal adhesion sites),4 in AGS cells, as shown in
Figure 3A. Western blot analyses demonstrated that the
expression levels of exogenous wild-type FAK, Y397F
mutant, and FRNK were fivefold higher than the amount
of endogenous FAK. As expected, the amount of pY397
FAK in AGS cells overexpressing wild-type FAK was
dramatically elevated. In contrast, the total pY397 FAK
levels in AGS cells expressing Y397F mutant or FRNK
were negligible due to their dominantly negative effects
through affecting endogeneous FAK for intermolecular
activation or competing endogenous FAK localization out
from focal contacts,4 respectively.

BrdU incorporation assays revealed that FAK overex-
pressing AGS cells prominently promoted cell prolifera-
tion compared with virus controls and both Y397F and
FRNK expressing cells (Figure 3B). In addition, we used
a modified Boyden chamber to measure migration of

Figure 2. Expression of pY397 FAK in gastric carcinoma correlates with
poor survival. A: Recurrence-free survival time was significantly different
between the pY397 FAK-positive and pY397 FAK-negative gastric carcinoma
groups (P � 0.017). B: Recurrence-free survival was not significantly differ-
ent between the FAK-positive and FAK-negative gastric carcinoma groups
(P � 0.701). Samples were designated positive for overexpression of FAK or
pY397 FAK if the Q-scores were greater than or equal to 2. Samples were
designated negative for low or no FAK or pY397 FAK if the Q-scores were
less than 2, as described in the Materials and Methods section.

Table 2. Correlation of FAK Expression and
Clinicopathological Factors

Factor

FAK-
positive
(n � 43)

FAK-
negative
(n � 16)

P
Value

Sex (M:F) 28:15 9:7 0.897
Age, years

(mean � SD)
64.0 � 13.3 63.3 � 14.8 0.549

Procedure
(gastrectomy)

0.259

Subtotal:total 32:11 13:3
Tumor size, cm 4.2 � 2.3 3.9 � 3.1 0.244
Lauren classification 0.007

Intestinal type 23 4
Diffuse type 20 9
Mixed type 0 3

Tumor depth* 0.175
1:2:3:4 7:7:1:8 5:2:0:9

Node metastasis 0.557
No:yes 13:30 5:11

UICC staging 0.194
I:II:III:IV 11:4:10:18 6:1:5:4

Recurrence 0.441
No 25 10
Yes 18 6

FAK-positive, overexpressed FAK; FAK-negative, low or nonexpressed
FAK; M, male; F, female.

*Tumor depth: 1, mucosa or submucosa; 2, muscularis propria; 3,
subserosa; 4, serosa or extra-serosal involvement.

Table 3. Multivariate Analysis of Predictive Factors for
Recurrence in Gastric Cancer

Odds ratio
(95% CI) P Value

Age 0.932–1.041 0.590
Sex 0.104–3.003 0.399
Tumor site 0.337–1019 0.058
Procedure 0.440–15.902 0.602
Lauren 0.137–2.212 0.913
Tumor Size 0.899–4.531 0.089
Tumor depth 0.351–30.476 0.277
Lymph node metastasis 0.350–2.051 0.879
FAK 0.212–2.416 0.299
pY397 1.06–5.276 0.023*
UICC staging 1.314–2.514 0.001*

*P values of �0.05 were considered to be statistically significant.
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cells toward fibronectin or EGF in AGS cells (Figure 3C).
We found that AGS cells overexpressing either Y397F or
FRNK showed a prominent inhibition of cell migration to
both chemoattractants compared to cells overexpressing
wild-type FAK or virus controls. In invasion assays, over-
expression of wild-type FAK led to increased invasive-
ness of AGS cells into Matrigel relative to Y397F or
FRNK (Figure 4A). Moreover, matrix metalloprotein-
ase-2 (MMP-2) has been reported to play a key role in
tumor invasion22 and its expression and/activity could be
regulated by FAK.23 Using in-gel zymography assays, we
observed that the activity of MMP-2 was up-regulated on
overexpression of wild-type FAK compared with that of
the virus alone in AGS cells. Conversely, both Y397F- and
FRNK-infected cells did not augment the activity of
MMP-2 (Figure 4B), which is consistent with a less-inva-
sive phenotype (Figure 4A). These results indicate that
phosphorylation of FAK at Tyr397 is required for the
induction of gastric carcinoma cell migration and inva-
sion, which play key roles in tumor malignancy. Taken
together, these results further support a strong link be-
tween phopshorylation of FAK at Tyr397 and malignancy
of gastric cancer.

Discussion

FAK is known to be a key mediator of cell migration, inva-
sion, and proliferation. Given its essential role in FAK acti-
vation and signaling, autophosphorylation of FAK at Tyr397
has been shown to be a pivotal event in the activation of
FAK-mediated cellular functions in response to a variety of
extracellular stimuli. Increased expression and elevated ac-
tivity of FAK has been linked with pathological relevance in
different types of cancer; however, few studies have fo-
cused on the role of FAK and its activation/signaling in
gastric cancer development and progression. In this study,
we found that pY397 FAK, rather than FAK per se, is an
independent prognostic factor for the recurrence of gastric
cancer. Accordingly, we demonstrated the pY397 FAK is
required for gastric cancer cell migration, invasion, and
proliferation in vitro. Therefore, for patients with a high risk of
recurrence, our results may justify the use of molecular
markers such as pY397 FAK that could predict the recur-
rence of this disease. Furthermore, our study suggests that
novel therapeutic approaches may be used to alter FAK
phosphorylation and its resulting function in an effort to treat
advanced gastric cancer.

Figure 3. Requirement of FAK Tyr397 phosphorylation for FAK-mediated cell proliferation and migration in gastric carcinoma cells. A: A fivefold excess of
exogenous FAK or mutant FAK relative to endogenous FAK was expressed in AGS cells via an adenovirus-based gene expression system harboring a GFP reporter,
as described in the Materials and Methods section. The amount of pY397 was dramatically elevated in cells in which wild-type FAK was overexpressed, whereas
it was absent in cells overexpressing either the Y397F mutant or FRNK. B: AGS cells overexpressing wild-type FAK, the Y397F mutant, or FRNK were subjected
to BrdU incorporation assays as described in the Materials and Methods section. Results show the mean � SD of the relative percentage of BrdU-positive cells
from at least three independent experiments. C: Cell migration assays were performed with AGS cells overexpressing wild-type FAK, the Y397F mutant, or FRNK.
The capability of cells to migrate toward fibronectin (10 and 20 �g/ml) or EGF (25 ng/ml) was measured using a modified Boyden chamber as described in the
Materials and Methods section. Compared to cells expressing wild-type FAK or GFP alone, cell migration was impaired in Y397F- and FRNK-overexpressing cells.
Cell migration was quantified by counting the number of cells that migrated toward the chemoattractants in the bottom wells. Mean cell counts from at least nine
fields of polycarbonate membranes (under an Olympus IX71 20X objective microscopic lens) and three experiments are shown. Error bars represent � SD. *P �
0.05, as compared with GFP controls; **P � 0.01 as compared with wild-type FAK.
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FAK overexpression has been reported to be a prog-
nostic factor in liver, lung, and cervical cancer.24–26 It is
also reported that FAK has an insignificant impact on the
outcome of different types of cancer.27,28 These contra-
dictory results suggest a complicated regulatory role for
FAK in cancer progression. Moreover, there is a lack of
direct in situ evidence for FAK activation and signaling in
relation to clinicopathological parameters and patient
survival.29 Several studies have implied that FAK activa-
tion and its related signaling might be involved in tumor
progression. For example, Yu et al showed that chole-
cystokinin-2 activation of FAK promotes colon cancer
progression.30 The motility and invasiveness of EBV-ex-
pressing AGS gastric carcinoma cells are associated
with an increase in FAK phosphorylation.31 Overexpres-
sion of lysyl oxidase-like 2 (LOXL2)-mediated gastric car-
cinoma invasion and metastasis require the Src/FAK
pathway.32 In support of these studies, our current re-
search provides additional in vivo evidence that FAK is
intimately involved in gastric carcinoma development.

The statistical analyses, however, show that the expres-
sion of FAK is only associated with the occurrence of the
intestinal type gastric carcinoma, but not significantly
related to the incidence of recurrence (Table 2). Con-
versely, pY397 FAK is a bona fide prognostic marker for
recurrence (Table 1 and 3). Consistent with this, we also
demonstrated that elevated levels of pY397 FAK result in
enhanced cell migration, invasion, and proliferation in
AGS human gastric cancer cells. In fact, phosphorylation
of FAK at Tyr397 dictates its function in response to
integrin-mediated cell adhesion, migration, and anti-
apoptosis, as well as growth factor–stimulated cell prolif-
eration, as described in previous reports.33 Recently, two
ATP-competing FAK inhibitors, PF-562271 (Pfizer) and
TAE226 (Novartis), reduce its kinase activity and tyrosine
autophosphorylation; these two inhibitors were also re-
ported to impair tumor cell migration, proliferation, inva-
sion, and metastasis in vitro and in vivo,9,34 thus support-
ing the importance of FAK activation and signaling in
tumor development and progression. Our findings show
a concomitant relationship between FAK activation (ie,
pY397 FAK) and gastric cancer malignancy in vitro and in
vivo, which may provide a better understanding of the
diagnostic and prognostic relevance of FAK phosphory-
lation in gastric cancer.

The role of FAK in gastric cancer development is not
well understood. Previous studies have only showed an
association between enhanced FAK expression and poor
differentiation, deep invasion, and lymph node metasta-
sis of gastric carcinoma but have not provided any diag-
nostic and prognostic relevance.35 As shown by Giaginis
et al,36 FAK is mildly, moderately, and intensely ex-
pressed in 47%, 35%, and 18% of gastric carcinomas,
respectively. In this study, the authors found that, in dif-
fuse type carcinomas, FAK was correlated with tumor
size and disease stage. Enhanced FAK expression was
also found to be positively associated with overall survival
time in diffuse type gastric carcinomas, but no significant
relevance was found in intestinal type carcinomas. Al-
though the authors concluded that FAK can be consid-
ered as a diagnostic and prognostic marker in gastric
neoplasia, the association of FAK with patient survival
was not significant. Consistently, in our study, we also
found that FAK itself is not a significant predictor of
patient survival. In contrast, we found a significant asso-
ciation between FAK overexpression and the develop-
ment of the intestinal type of gastric cancer. More impor-
tantly, we observed that 35.6% of samples with pY397
FAK, compared to 69.5% of samples with FAK, were
significantly associated with 5-year recurrence-free sur-
vival from gastric carcinomas. This result indicated that
pY397 FAK is a bona fide prognostic factor for malignant
development of gastric carcinomas. Indeed, more than
50% of the FAK-positive group contains more active FAK
in their cancerous tissues in our study. Nevertheless, only
few reports have addressed the in vivo function of FAK
phosphorylation and its activation in tumorigenesis. By
immunostaining in colorectal, esophageal, pancreatic,
and mammary cancers, pY397 FAK was found in the
nuclei, which has been attributed to the enhancement of
the cell cycle in cancer cells.37 However, the authors

Figure 4. An essential role for FAK Tyr397 phosphorylation in tumor cell
invasion. A: AGS cells were infected with adenoviruses harboring wild-type
FAK, the Y397F mutant, or FRNK and then subjected to tumor invasion assays
using matrigel transwells. B: In-gelatin zymography assays were conducted
to detect the MMP2 activity of the cells as described in the Materials and
Methods section. The mean � SD from at least three experiments is shown.
*P � 0.05; **P � 0.01 as compared with GFP controls.
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could not recapitulate the similar localization of pY397
FAK in the corresponding cancer cell lines, suggesting
that carrier proteins such as Hic-5 or Zyxin may be re-
quired for the observed translocation.37 Activation and
autophosphorylation of FAK leads to its association with
several signaling molecules, which triggers signal trans-
duction to modulate a diverse array of signaling events
that regulate cell adhesion, spreading, proliferation, sur-
vival, migration, and differentiation.38 Such functions of
FAK, recapitulated in tumor cells, are believed to promote
tumor growth, survival, migration, invasiveness, metasta-
sis, and angiogenesis.39 Therefore, the future for target-
ing FAK for cancer therapy requires further studies to
delineate the link between FAK and its phosphorylation/
activation.

Based on several in vivo studies, including ours, one
potential question has arisen with respect to the dispar-
ate expression of FAK and pY397 autophosphorylated
FAK. One possibility is likely due to the complicated
regulation of pY397 FAK mediated by a coordinated con-
tent among up-regulation and/or down-regulation of cer-
tain phosphatases. For example, Shp2 (Src homology
region 2, phosphatase 2),40 PTEN (phosphatase and ten-
sin homolog),41 or low M(r) phosphotyrosine protein
phosphatase42 as well as PTP-PEST (protein tyrosine
phosphatase containing PEST motif)43 and PTP-1 � (pro-
tein tyrosine phosphatase 1 �)44 can suppress pY397
FAK and its mediated signaling and cellular functions in
the context of FAK overexpressing cancer tissues. Alter-
natively, the impairment of kinase activity or mutagenesis
of tyrosine residues, including Tyr-397, may occur during
carcinogenesis. In this regard, the up-regulation of Pyk2
expression, the other member of the FAK family kinases,
has been reported to rescue certain functions of FAK-
deficient cells in vitro and in vivo.45,46 Accordingly, the
contribution of Pyk2 and FAK to turmorigenesis and pro-
gression are currently emerging as targets for investiga-
tion.23,47 Therefore, a comprehensive in vivo study for
FAK-mediated tumorigenesis and malignancy is needed
before targeting FAK for cancer therapy.

To be noted, in Figure 1E, an unexpected observation
for the higher pY397 in the normal than in the tumor
sample in gastric cancer patient 149 with multiple liver
metastasis is likely due to its rare and distinct progression
type. Lymphatic metastasis is the most common meta-
static pathway of gastric cancers, while hematogenous
spread to liver happened in this patient case. Hence,
these data implied a featured molecular characteristic for
this patient in tumorigenesis and progression, at least
with respect to FAK activity. Indeed, some emerging
reports provide novel insights on the roles of FAK de-
phosphorylation (ie, Tyr397) and/or a dynamic regulation
of FAK activation during tumorigenicity and metastasis.
For example, reduced expression of FAK in liver metas-
tases compared with matched primary human colorectal
adenocarcinoma was observed.48 Moreover, Helicobac-
ter pyroli CagA was demonstrated to enable reducing the
level of FAK tyrosine phosphorylation and led to in-
creased cell motility during the development of gastric
adenocarcinoma.40 Furthermore, recent studies also re-
veal that oncogene-induced FAK dephosphorylation,

such as Ras, EGFR, HER2/ErbB2, etc, could facilitate
cancer invasion and metastasis,43,49 implicating a nega-
tive role of FAK activation in regulating cancer cell pro-
gression under certain oncogenic signaling in various
tumors.50 Nevertheless, the significance for the involve-
ment of pY397 FAK in tumor progression and cancer
recurrence in most common types of gastric cancers is
convinced based on our statistical data.

In conclusion, we found that the phosphorylation of
FAK at Tyr397, rather than FAK expression per se, is
strongly predictive of recurrence of gastric cancer after
curative resection. Activation of FAK, by way of its auto-
phosphorylation at Tyr397, may contribute to the progres-
sion of gastric carcinoma by enhancing cell migration,
invasion, and proliferation. For patients with high risk of
recurrence, our results may justify the use of molecular
markers that are able to predict recurrence of diseases,
such as phosphorylated FAK, to select patients for adju-
vant therapy after surgical resection of gastric cancer.
Furthermore, targeting FAK phosphorylation might repre-
sent a novel therapeutic approach to inhibit advanced
gastric cancer.
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