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Abstract
Focal adhesion kinase (FAK) is a 125-kDa non-receptor 
protein tyrosine. Growth factors or the clustering of 
integrins facilitate the rapid phosphorylation of FAK 
at Tyr-397 and this in turn recruits Src-family protein 
tyrosine kinases, resulting in the phosphorylation of 
Tyr-576 and Tyr-577 in the FAK activation loop and full 
catalytic FAK activation. FAK plays a critical role in the 
biological processes of normal and cancer cells including 
the gastrointestinal tract. FAK also plays an important 
role in the restitution, cell survival and apoptosis and 
carcinogenesis of the gastrointestinal tract. FAK is over-
expressed in cancer cells and its over-expression and 
elevated activities are associated with motility and 
invasion of cancer cells. FAK has been proposed as 
a potential target in cancer therapy. Small molecule 
inhibitors effectively inhibit the kinase activity of FAK 
and show a potent inhibitory effect for the proliferation 
and migration of tumor cells, indicating a high potential 
for application in cancer therapy.
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INTRODUCTION
Focal adhesion kinase (FAK) is a 125-kDa non-receptor 
protein tyrosine which was originally identified in chick-
en embryo cells transformed by v-Src[1] and BALB/c3T3 
fibroblasts[2] and was shown to localize in focal adhesions 
as well. FAK is a non-receptor and non-membrane as-
sociated protein tyrosine kinase (PTK), which does not 
contain Src homology2 (SH2) or SH3 protein interaction 
domains[3]. FAK contains three main domains: a centrally 
located catalytic kinase domain, a large N-terminal do-
main comprising the FERM (FAK, ezrin, radixin, moe-
sin) region and a C-terminal domain harboring the focal 
adhesion targeting[3-5]. Growth factors or the clustering 
of  integrins facilitate the rapid phosphorylation of  FAK 
at Tyr-397 in adherent cells and this in turn recruits 
Src-family PTKs, resulting in the phosphorylation of  
Tyr-576 and Tyr-577 in the FAK activation loop and full 
catalytic FAK activation[3,5]; while extracellular pressure 
can activate the FAK in suspended cells[6,7].

FAK is associated with gastrointestinal diseases, here 
we will review the progresses which have been made in 
the researches about FAK in the gastrointestinal tract. 
Research data shows that FAK plays an important role 
in the restitution, cell survival and apoptosis and carci-
nogenesis of  the gastrointestinal tract. Due to the crucial 
role of  FAK in intergrin-mediated signal transduction, 
which affects the regulation of  cell survival, prolifera-
tion, spreading and migration, FAK has been proposed 
to be a potential target in cancer therapy. Antisense 
oligonucleotides, the entire C-terminal, non-catalytic do-
main of  FAK (FAK related non-kinase-FRNK), SiRNA 
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and small molecule inhibitors can affect and inhibit the 
activities and expression of  FAK in various tumor cells. 
Small molecule inhibitors targeting FAK have been 
developed as potential cancer treatment modalities. 
PF-573228, PF-562271 and NVP-226 (TAE226) have 
already shown potent inhibitory effect for tumor cell 
growth in vitro and in vivo.

RESTITUTION 
After intestinal superficial mucosal injuries such as erosion, 
ulcerations, inflammatory bowel disease and infection, 
the repair of  epithelial injury in the gastrointestinal tract 
begins in a process known as restitution[8]. The restitution 
is established through migration of  viable epithelial 
cells from areas adjacent to or just beneath the injured 
surface to cover the denuded area, independent of  cell 
proliferation and regulated by cytokines and growth 
factors[9-14]. Intestinal epithelial migration, proliferation and 
differentiation are essential to restitution[15]. FAK has been 
indicated to be involved in the integrin signaling which 
regulates the migration, proliferation and differentiation of  
various normal and cancer cells[16]. Correspondingly, FAK 
plays an important role in the mucosal restitution of  the 
intestine. 

It is well established that intestinal epithelial cells 
undertake a specialized phenotype adapted to motility and 
mucosal healing during mucosal restitution and FAK is 
involved in the cell signaling which regulates the intestinal 
epithelial migratory phenotype[17]. The disruption of  actin 
stress fiber formation with reduced tyrosine phosphorylation 
of  FAK and FAK in focal adhesions can suppress the 
repair of  gastric mucosal injury and ulcer healing[18-20]. FAK 
plays a critical role in lysophosphatidic acid (LPA)-induced 
migration, lamellipodia formation and assembly of  focal 
adhesions in intestinal epithelial cells[21,22].

The expression and activation levels of  FAK protein 
are linked to phenotypic changes which affect cell differ-
entiation, function, adhesion and migration in various tis-
sues[23-29]. Activated FAK397 levels vary with differentiation 
and cell migration in Caco-2 and HT-29 human colon can-
cer cells[30]. The expression level of  activated FAK is related 
to gastric wound healing in vivo[19,31]. Intestinal epithelial cell 
motility regulates FAK protein abundance at the mRNA 
level in both human Caco-2 and rat non-transformed 
IEC-6 intestinal epithelial cells[32]. It has been shown that 
immunoreactivity to FAK is decreased in cells migrating 
across matrix protein compared to static Caco-2 cells[33] and 
immunoreactivity to FAK and FAK397 were lower in epithe-
lial cells at the migrating edge of  the ulcer[34].

FAK mediates the mitogenic response to repetitive 
deformation in intestinal epithelial cells. Two deforma-
tion-activated signal pathways that converge upon FAK 
have been proposed: one is Src- and Rac1-independent-
which stimulates FAK-Tyr397 phosphorylation, and the 
other is Src- and Rac1-dependent, which is required to 
further activate FAK by phosphorylation at FAK-Tyr576 
(within the FAK kinase activation loop)[28]. Repetitive  
deformation stimulates intestinal epithelial motility 

across fibronectin, which requires both Src activation 
and a novel Src-independent FAK-Tyr 925-dependent 
pathway activating extracellular signal-related kinase 
(ERK)[29]. Smad3-dependent disruption of  the trans-
forming growth factor-β (TGF-β) signaling pathway 
impairs the healing of  murine intestinal mucosal ulcers, 
which is followed by altering patterns of  activated FAK 
and ERK immunoreactivity important for cell migration 
at the ulcer edge[15].

Recently, the relationship between TGF-β and FAK has 
been studied. TGF-β was found to enhance FAK protein, 
mRNA levels and FAK promoter activity in human and 
rat intestinal epithelial cells[34]. TGF-β also affected the 
restitution and proliferation partly mediated through its 
induction of  FAK expression[35]. It is considered to play an 
essential role in embryogenesis, host response to tumors, 
and the repair response damaging the tissues by immune 
and non-immune reactions[36].

Taken together, the interaction between inflam-
matory cells, the extracellular matrix, locally released 
cytokines and growth factors guarantee efficient ulcer 
healing[31]. Tissue injury and wound healing spatially and 
temporally activate several growth factors and extracel-
lular matrix facilitates the rapid phosphorylation of  FAK 
at Tyr-397 and this in turn recruits Src-family PTKs, re-
sulting in the phosphorylation of  Tyr-576 and Tyr-577 in 
the FAK activated loop and other focal adhesive proteins 
including talin, α-actinin, vinculin, paxillin and p130Cas  
(Figure 1)[3,5,16,37]. Activated FAK and cell adhesive pro-
tein transduct the signal to the Mek/Erk to down-reg-
ulate proliferation, differentiation and migration in the 
process of  restitution. However, the detailed mechanism 
for the role of  FAK in the process of  restitution is still 
unknown.

SURVIVAL AND APOPTOSIS
Programmed cell death, or apoptosis, is a complex and 
tightly regulated process that executes crucial roles in 
tissue homeostasis and repair[38,39]. It is well established 
that the Bcl-2 family of  proteins plays a major role in cell 
survival and apoptosis[38,40,41]. Extracellular signals can 
affect the expression and/or functions of  the Bcl-2 family 
by signaling events to determine if  a cell lives or dies[42]. 
FAK is the canonical mediator of  such extracellular signals 
which originate from intergrin and growth factors[5]. 
Thus, FAK is related to cell survival and apoptosis in the 
gastrointestinal epithelium.

The detachment of  intestinal epithelial cells from 
matrix induces apoptosis through the disruption of  anti-
apoptotic signals transduced by integrin/FAK/Src[43]. 
Induced FAK suppresses apoptosis by activating nuclear 
factor κB (NF-κB) signaling in intestinal epithelial cells[44]. 
FAK inhibition in human intestinal epithelial cells produces 
anoikis while FAK induction in rat intestinal IEC-6 cells 
suppresses apoptosis[44,45].

Recent studies in the function of  FAK in survival 
and apoptosis of  intestinal epithelial cells have focused 
on integrin/Fak/Src, PI3K/Akt and MEK/Erk pathways 
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which are all presumed to modulate the expression and 
function of  multiple Bcl-2 homologs[42,44-46]. Many studies 
showed that integrin/FAK/Src modulate the PI3K/Akt 
and MEK/Erk pathways individually or in combination 
in different cell lines[5,42,47-55]. The Bcl-2 family is the cen-
tral regulator of  caspase activation which executed the 
cell-suicide program and play an anti- or pro-apoptotic 
role in cell apoptosis[56]. Butyrate-induced apoptosis of  
Caco-2 cells might occur via NF-κB activation together 
with a defective b1 integrin-FAK-PI3-kinase pathway 
signaling[47]. A study showed that integrins, FAK, PI3-K/
Akt-1, MEK/Erk, and p38 isoforms play distinct roles 
in the regulation of  HIEC-6 cell survival and/or death, 
accompanied by modulating individual Bcl-2 homo-
logs[46]. β1 integrins/Fak/Src signaling down-regulated 
PI3-K/Akt-1 and MEK/Erk pathways in the suppres-
sion of  anoikis, which play a role in the survival of  
differentiated cells, whereas the PI3-K/Akt-1 pathway 
is crucial for cell survival regardless of  the state of  dif-
ferentiation[45]. β1 integrins/Fak/Src signaling translates 
into integrated, complex regulatory functions by PI3-K/
Akt-1 and MEK/Erk in the expression/activity of  Bcl-2 
homologs, as well as in the specific activation of  the pro-
apoptotic p38b SAPK isoform, thus determining their 
own requirement (or not) in the suppression of  HIEC 
(Human Intestinal Epithelial Crypt) apoptosis/anoikis[42].

Extracellular/Fak/Src signaling down-regulates 
PI3-K/Akt and Mek/Erk and further regulates the 
expression and activity of  Bcl-2, and finally control 
the survival and apoptosis. PI3-K/Akt also specifically 
activates the apoptosis/anoikis driving p38β SAPK, and 
regulates the survival and apoptosis. Besides, extracellular/
Fak/Src signaling has a new pathway to control the 
survival and apoptosis via regulating the NF-κB.

CANCER
FAK is closely associated with cancer. Many studies have 
shown FAK over-expression in various tumor cells and 
its expression correlate with increased tumor malignancy. 
The alteration of  FAK function in normal cells causes 
tumor progression.

FAK has been indicated to over-express at mRNA and 
protein levels in various tumors including gastrointestinal 
tumors. As early as in 1993, researchers found increased 
levels of  FAK in 1 of  8 adenomatous tissues, in 17 of  
20 invasive tumors, and in all 15 of  15 metastatic tumors, 
which suggests that FAK over-expression may result in 
changes in the signaling pathways involved in tumor cell 
invasion[57]. In human colon cancer cells, increased dosage 
of  the FAK may contribute to the elevated protein expres-
sion during conversion from adenoma to carcinoma[58]. 
Quantitative realtime RT-PCR of  gene expression levels 
in all gastrointestinal stromal tumors (GIST) indicated 
that FAK was over-expressed in malignant GIST[59]. Im-
munohistochemical analysis also demonstrated that FAK 
is over-expressed in colorectal, esophageal, pancreatic and 
mammary cancers, which indicated that FAK and P-FAK 
are involved in the carcinogenesis of  digestive organs[60,61]. 
Another research group got similar results via immunohis-
tochemistry, which showed that high levels of  FAK and 
Src were predictive for recurrence of  colorectal cancer[62]. 
The FAK expression level might be a valuable marker for 
the carcinogenesis and progression of  some types of  car-
cinoma[63,64].

An increased expression of  FAK is associated with 
the invasive potential of  colon and breast tumors[65]. 
Immunohistochemical analysis of  gastric cancer and 
colorectal cancer showed that the expression of  FAK 
is more significantly associated with carcinogenesis,  

Figure 1  FAK mediates the extracellular 
signaling to regulate the proliferation, 
migration and survival/apoptosis of the 
cells. NF-κB: Nuclear factor κB; FAK: Focal 
adhesion kinase.
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differentiation and metastasis, and furthermore FAK 
may not only be a transformation-linked enzyme but also 
a progression-linked enzyme[63]. FAK over-expression 
of  esophageal squamous cell carcinoma was related to 
cell differentiation, tumor invasiveness, and lymph node 
metastasis[66]. The expression of  gastrin-releasing pep-
tide (GRP) and its cognate receptor critically mediates a 
GRP-dependent phase of  cell motility by phosphorylat-
ing FAK at multiple specific sites in colon cancer cells[30]. 
Gastrin can evidently promote invasiveness of  Colo320 
cells via the gastrin-gastrin receptor-FAK signal trans-
duction pathway[67].

Not only the expression level but also the activities of  
FAK are essential for the motility and invasion of  cancer 
cells. Colon carcinomas exhibited a marked elevation in 
FAK tyrosine kinase activity and phosphotyrosine content 
and the catalytic activity of  FAK is enhanced by its phos-
photyrosine content[68]. The amount of  total FAK and 
FAK phosphorylated at Y397 and Y407 correlates closely 
with the differentiation of  human colon cancers[69]. The 
migratory phenotype of  colon cancer cells is controlled by 
the combined activities of  Src and FAK, and the recruit-
ment of  FAK to adhesive sites results in its phosphoryla-
tion by Src and other peripheral tyrosine kinases[70]. 

The over-expression and elevated activities of  FAK 
are associated with motility and invasion of  cancer 
cells, however the exact mechanism is still unknown. 
Integrinα2/FAK/ERK/μ-calpain signaling pathway 
plays a critical role in tumor cell motility and these 
results would cause the interruption of  FAK function 
at the early stages of  colon tumorigenesis[71]. In a colon 
adenocarcinoma, cell proliferation and differentiation can 
occur concomitantly and these deregulated processes are 
controlled by autocrine secretion through the ErbB1/
ERK1, 2 and FAK pathways[72]. The Cholecystokinin-2 
receptor regulates the invasion and motility of  colon 
cancer cells, and supports the role of  CCK2R in the 
progression of  colon cancer through the activation of  
FAK[73]. EGFR pathway substrate 8 could modulate the 
expression of  FAK via mTOR/STAT3, which enable the 
cells to proliferate and migrate[74]. The mechanism of  the 
increasing invasion of  colon cancer cells by gastrin17 is 
probably that gastrin17 makes FAK-Tyr397 phosphorylate 
and localize to lamellipodia, causing the formation of  
FAK-Src-p130(Cas)-Dock180 signaling complex when 
it is bound to its receptor CCK-2 and the activation of  
Rac[75]. The engagement of  α1-integrins with functional 
molecular scaffolds using FAK/Src and p130Cas/JNK 
is involved in human colon cancer cell invasion through 
the induction and activation of  the MMP-2 and MMP-9 
matrix metalloproteinases[76]. A model has been proposed 
to indicate how the interaction of  FAK and SFKs down-
regulate the MAPK/Erk1/2 and PI3K/Akt pathways in 
the early process of  cell adhesion in SW480 colon cancer 
cells: Integrin engagement induces quick FAK-Y397 
autophosphorylation and subsequent translocation of  a 
fraction of  FAK in raft compartments, FAK interacts only 
with Fyn in lipid domains, while it interacts with c-Src and 
Fyn in non-raft fractions. In parallel, PI3K/Akt signaling 

is quickly activated which is dependent on lipid domain 
integrity, while MAPK/Erk1/2 signaling is activated with 
longer kinetics which is not dependent on lipid domain 
integrity. Both signaling pathways contribute to the 
adhesive process of  SW480 cells[77].

These data show the strong relationship between the 
expression and activity level of  FAK and the generation 
and progression of  gastrointestinal tumors, however the 
exact mechanism needs further studies. 

Inhibitor
Due to the crucial role of  FAK in integrin-mediated 
signal transduction, which affects the regulation of  cell 
survival, proliferation, spreading and migration, FAK 
has been considered a potential target in cancer therapy. 
There are many ways to suppress the activity and expres-
sion of  FAK, thereby inhibiting the growth of  tumor 
cells. The attenuation of  FAK expression via antisense 
oligonucleotides induces detachment and apoptosis in tu-
mor cells[78]. The entire C-terminal, non-catalytic domain 
of  FAK (FAK related non-kinase-FRNK) is autono-
mously expressed in some cell types, and has been used 
as a dominant negative mutant to elucidate FAK func-
tion[79-82]. Specific short interfering RNA is often used 
to reduce the expression of  FAK. Knockdown of  FAK 
protein through FAK-SiRNA significantly inhibited LPA-
induced migration of  both IEC-18 and IEC-6 cells[22].

As described earlier in this article, phosphorylation 
of  Tyr-397 at FAK is essential to the phosphorylation 
of  Tyr-576 and Tyr-577 in the FAK activation loop, full 
catalytic FAK activation, the activity of  other adhesive 
protein and its downstream molecules which all play 
important roles in integrins or growth factors initiated 
signaling pathways. So targeting the phosphorylation of  
FAK seems to be promising for the cancer therapy. Small 
molecule inhibitors targeting FAK as potential cancer 
therapies have been developed. Sulindac sulfide (NSAID) 
and the phenolic antioxidant caffeic acid phenethyl ester 
were used to reduce the phosphorylation of  FAK and 
cell invasion in human colon carcinoma cells[83]. Butyrate 
treatment results in a significant down-regulation of  c-Src 
and FAK in human colon cancer cells and finally inhibits 
tumor growth and invasion[84]. Exposure of  HT-29 cells to 
10 mmol/L garcinol inhibited cell invasion and decreased 
the dose-dependent tyrosine phosphorylation of  FAK, 
which suggests that garcinol reduces cell invasion and 
survival through inhibiting the downstream signaling of  
FAK[85].

Recently, compounds PF-573228, PF-562271 and 
NVP-226 (TAE226) have been generated by two groups. 
These compounds are ATP analogs and effectively 
inhibit the kinase activity of  FAK[86,87]. PF-573228 
inhibited phosphorylation of  FAK and its downstream 
effector paxillin, and affected cell migration and adhesion 
turnover[86]. But PF-573228 had little inhibitory effect 
on the growth and apoptosis of  normal and cancer cells 
possibly because the FAK kinase activity is not essential for 
cell growth-proliferation mediated through FAK FERM 
regulation of  p53[88]. 
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PF-562271 is a newly developed diaminopyrimindine-
type compound that inhibits FAK and Pyk2 and shows 
a high degree of  selectivity in the inhibition of  PTKs[89]. 
PF-562271 have inhibited the tumor growth of  prostate, 
pancreatic, colon, glioblastoma, and H460 lung xeno-
tropic tumor models[89] and blocked bFGF-stimulated 
blood vessel angiogenesis as shown in chicken chorioal-
lantoic membrane assays. Low dosage of  PF-262271 po-
tently blocked blood vessel sprouting without detectable 
changes in vascular leakage[88]. The oral administration of  
PF-562271 suppressed the growth and local spread of  in-
tratibial tumors and restored tumor-induced bone loss[90]. 
The combination of  PF-562271 and sunitib could effec-
tively block the growth and recovery of  human hepato-
cellular carcinoma in a rat xenograft model[91]. PF-562271 
has since moved to clinical trials, and has shown minimal 
toxicity along with tumor regression[92]. 

TAE226 is a novel ATP-competitive tyrosine kinase 
small-molecule inhibitor designed to target FAK, and can 
effectively prevent FAK phosphorylation, ERK, S6 ribo-
somal protein phosphorylation and downstream signal 
transduction, as determined by decreased AKT. TAE226 
inhibits insulin receptor (InsR) and insulin-like growth 
factor-I receptor (IGF-IR), albeit, 10 fold less potently 
(IC50 = 44 nmol/L for InsR and IC50 = 140 nmol/L 
for IGF-IR), and is a potent inhibitor of  FAK (IC50 = 
5.5 nmol/L)[87,93]. TAE226 was shown to induce apop-
tosis in breast cancer cell lines[94]. Furthermore, TAE226 
can significantly prolong the survival of  animals bearing 
intracranial glioma xenografts and ovarian tumor cells or-
thotopic implantation[86,95]. TAE226 also showed a potent 
inhibitory effect of  tumor cell growth in gastrointestinal 
tract. When esophageal adenocarcinoma cells were treated 
with TAE226, cell proliferation and migration were greatly 
inhibited with an apparent structural change of  actin fiber 
and a loss of  cell adhesion, which suggest that TAE226, a 
dual tyrosine kinase inhibitor for FAK and IGF-IR, might 
become a new remedy for Barrett’s esophageal adenocar-
cinoma[96]. Furthermore, TAE226 has shown significant 
inhibitory effects on mTOR signaling and the esophageal 
cancer cell growth[97]. TAE226 can effectively suppress 
the growth of  imatinib-resistant GIST cells, indicating 
its potential application for treating the imatinib-resistant 
GISTs[98]. So the small molecule inhibitors show a signifi-
cant promise for cancer therapy.

CONCLUSION
FAK plays a critical role in the biological processes of  
normal and cancer cells including the gastrointestinal 
tract. Research data shows that FAK plays an important 
role in the restitution, cell survival and apoptosis and 
carcinogenesis of  the gastrointestinal tract, however 
the exact mechanism needs further studies. FAK is 
over-expressed in cancer cells and over-expression and 
enhanced activities of  FAK are associated with motility 
and invasion of  cancer cells. So FAK has been proposed 
as a potential target in cancer therapy. Small molecule 
inhibitors effectively inhibit the kinase activity of  FAK 

and show a potent inhibitory effect in the proliferation 
and migration of  tumor cells, indicating a high potential 
for future application in cancer therapy.

REFERENCES
1	 Schaller MD, Borgman CA, Cobb BS, Vines RR, Reynolds 

AB, Parsons JT. pp125FAK a structurally distinctive protein-
tyrosine kinase associated with focal adhesions. Proc Natl Acad 
Sci USA 1992; 89: 5192-5196

2	 Hanks SK, Calalb MB, Harper MC, Patel SK. Focal adhesion 
protein-tyrosine kinase phosphorylated in response to cell 
attachment to fibronectin. Proc Natl Acad Sci USA 1992; 89: 
8487-8491

3	 Schaller MD. Biochemical signals and biological responses 
elicited by the focal adhesion kinase. Biochim Biophys Acta 
2001; 1540: 1-21

4	 Zachary I. Focal adhesion kinase. Int J Biochem Cell Biol 1997; 
29: 929-934

5	 Parsons JT. Focal adhesion kinase: the first ten years. J Cell 
Sci 2003; 116: 1409-1416

6	 van Zyp JV, Conway WC, Craig DH, van Zyp NV, Thamil-
selvan V, Basson MD. Extracellular pressure stimulates tu-
mor cell adhesion in vitro by paxillin activation. Cancer Biol 
Ther 2006; 5: 1169-1178

7	 Thamilselvan V, Basson MD. The role of the cytoskeleton in 
differentially regulating pressure-mediated effects on malignant 
colonocyte focal adhesion signaling and cell adhesion. 
Carcinogenesis 2005; 26: 1687-1697

8	 Lacy ER, Ito S. Rapid epithelial restitution of the rat gastric 
mucosa after ethanol injury. Lab Invest 1984; 51: 573-583

9	 Dignass AU, Podolsky DK. Interleukin 2 modulates intestinal 
epithelial cell function in vitro. Exp Cell Res 1996; 225: 422-429

10	 Sasaki H, Hirai K, Yamamoto H, Tanooka H, Sakamoto H, 
Iwamoto T, Takahashi T, Terada M, Ochiya T. HST-1/FGF-4 
plays a critical role in crypt cell survival and facilitates epithelial 
cell restitution and proliferation. Oncogene 2004; 23: 3681-3688

11	 Ramsanahie AP, Perez A, Duensing AU, Zinner MJ, Ashley 
SW, Whang EE. Glucagon-like peptide 2 enhances intestinal 
epithelial restitution. J Surg Res 2002; 107: 44-49

12	 Nishimura S, Takahashi M, Ota S, Hirano M, Hiraishi H. 
Hepatocyte growth factor accelerates restitution of intestinal 
epithelial cells. J Gastroenterol 1998; 33: 172-178

13	 Göke MN, Schneider M, Beil W, Manns MP. Differential 
glucocorticoid effects on repair mechanisms and NF-kappaB 
activity in the intestinal epithelium. Regul Pept 2002; 105: 
203-214

14	 Dignass AU, Podolsky DK. Cytokine modulation of intestinal 
epithelial cell restitution: central role of transforming growth 
factor beta. Gastroenterology 1993; 105: 1323-1332

15	 Owen CR, Yuan L, Basson MD. Smad3 knockout mice 
exhibit impaired intestinal mucosal healing. Lab Invest 2008; 
88: 1101-1109

16	 van Nimwegen MJ, van de Water B. Focal adhesion kinase: 
a potential target in cancer therapy. Biochem Pharmacol 2007; 
73: 597-609

17	 Liu YW, Sanders MA, Basson MD. Human Caco-2 intestinal 
epithelial motility is associated with tyrosine kinase and 
cytoskeletal focal adhesion kinase signals. J Surg Res 1998; 77: 
112-118

18	 Pai R, Cover TL, Tarnawski AS. Helicobacter pylori vacuolating 
cytotoxin (VacA) disorganizes the cytoskeletal architecture 
of gastric epithelial cells. Biochem Biophys Res Commun 1999; 262: 
245-250

19	 Pai R, Szabo IL, Giap AQ, Kawanaka H, Tarnawski AS. Non-
steroidal anti-inflammatory drugs inhibit re-epithelialization 
of wounded gastric monolayers by interfering with actin, Src, 
FAK, and tensin signaling. Life Sci 2001; 69: 3055-3071

20	 Szabó IL, Pai R, Jones MK, Ehring GR, Kawanaka H, Tarnawski 
AS. Indomethacin delays gastric restitution: association with the 

5920    ISSN 1007-9327    CN 14-1219/R     World J Gastroenterol    December 21, 2009    Volume 15    Number 47



www.wjgnet.com

inhibition of focal adhesion kinase and tensin phosphorylation 
and reduced actin stress fibers. Exp Biol Med (Maywood) 2002; 
227: 412-424

21	 Hines OJ, Ryder N, Chu J, McFadden D. Lysophosphatidic 
acid stimulates intestinal restitution via cytoskeletal activation 
and remodeling. J Surg Res 2000; 92: 23-28 

22	 Jiang X, Jacamo R, Zhukova E, Sinnett-Smith J, Rozengurt 
E. RNA interference reveals a differential role of FAK and 
Pyk2 in cell migration, leading edge formation and increase 
in focal adhesions induced by LPA in intestinal epithelial 
cells. J Cell Physiol 2006; 207: 816-828

23	 Rhoads JM, Chen W, Gookin J, Wu GY, Fu Q, Blikslager AT, 
Rippe RA, Argenzio RA, Cance WG, Weaver EM, Romer LH. 
Arginine stimulates intestinal cell migration through a focal 
adhesion kinase dependent mechanism. Gut 2004; 53: 514-522

24	 Hagerman EM , Chao SH, Dunn JC, Wu BM. Surface 
modification and initial adhesion events for intestinal 
epithelial cells. J Biomed Mater Res A 2006; 76: 272-278

25	 Kovacic-Milivojević B, Roediger F, Almeida EA, Damsky 
CH, Gardner DG, Ilić D. Focal adhesion kinase and p130Cas 
mediate both sarcomeric organization and activation of 
genes associated with cardiac myocyte hypertrophy. Mol 
Biol Cell 2001; 12: 2290-2307

26	 Korah R, Choi L, Barrios J, Wieder R. Expression of FGF-2 
alters focal adhesion dynamics in migration-restricted 
MDA-MB-231 breast cancer cells. Breast Cancer Res Treat 
2004; 88: 17-28

27	 Hakim ZS, DiMichele LA, Doherty JT, Homeister JW, Beggs 
HE, Reichardt LF, Schwartz RJ, Brackhan J, Smithies O, 
Mack CP, Taylor JM. Conditional deletion of focal adhesion 
kinase leads to defects in ventricular septation and outflow 
tract alignment. Mol Cell Biol 2007; 27: 5352-5364

28	 Chaturvedi LS, Marsh HM, Shang X, Zheng Y, Basson MD. 
Repetitive deformation activates focal adhesion kinase and 
ERK mitogenic signals in human Caco-2 intestinal epithelial 
cells through Src and Rac1. J Biol Chem 2007; 282: 14-28

29	 Chaturvedi LS, Gayer CP, Marsh HM, Basson MD. Repetitive 
deformation activates Src-independent FAK-dependent ERK 
motogenic signals in human Caco-2 intestinal epithelial cells. 
Am J Physiol Cell Physiol 2008; 294: C1350-C1361

30	 Glover S, Nathaniel R, Shakir L, Perrault C, Anderson RK, 
Tran-Son-Tay R, Benya RV. Transient upregulation of GRP 
and its receptor critically regulate colon cancer cell motility 
during remodeling. Am J Physiol Gastrointest Liver Physiol 2005; 
288: G1274-G1282

31	 Tarnawski A, Szabo IL, Husain SS, Soreghan B. Regeneration 
of gastric mucosa during ulcer healing is triggered by growth 
factors and signal transduction pathways. J Physiol Paris 2001; 
95: 337-344

32	 Basson MD, Sanders MA, Gomez R, Hatfield J, Vanderheide 
R, Thamilselvan V, Zhang J, Walsh MF. Focal adhesion 
kinase protein levels in gut epithelial motility. Am J Physiol 
Gastrointest Liver Physiol 2006; 291: G491-G499

33	 Yu CF, Sanders MA, Basson MD. Human caco-2 motility 
redistributes FAK and paxillin and activates p38 MAPK in 
a matrix-dependent manner. Am J Physiol Gastrointest Liver 
Physiol 2000; 278: G952-G966

34	 Walsh MF, Ampasala DR, Hatfield J, Vander Heide R, 
Suer S, Rishi AK, Basson MD. Transforming growth factor-
beta stimulates intestinal epithelial focal adhesion kinase 
synthesis via Smad- and p38-dependent mechanisms. Am J 
Pathol 2008; 173: 385-399

35	 Walsh MF, Ampasala DR, Rishi AK, Basson MD. TGF-beta1 
modulates focal adhesion kinase expression in rat intestinal 
epithelial IEC-6 cells via stimulatory and inhibitory Smad 
binding elements. Biochim Biophys Acta 2009; 1789: 88-98

36	 Postlethwaite AE, Keski-Oja J, Moses HL, Kang AH. 
Stimulation of the chemotactic migration of human fibroblasts 
by transforming growth factor beta. J Exp Med 1987; 165: 
251-256

37	 Tanigawa T, Pai R, Arakawa T, Higuchi K, Tarnawski AS. 
TGF-beta signaling pathway: its role in gastrointestinal 
pathophysiology and modulation of ulcer healing. J Physiol 
Pharmacol 2005; 56: 3-13

38	 Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell 
survival. Science 1998; 281: 1322-1326

39	 Jacobson MD, Weil M, Raff MC. Programmed cell death in 
animal development. Cell 1997; 88: 347-354

40	 Reed JC, Miyashita T, Takayama S, Wang HG, Sato T, 
Krajewski S, Aimé-Sempé C, Bodrug S, Kitada S, Hanada M. 
BCL-2 family proteins: regulators of cell death involved in 
the pathogenesis of cancer and resistance to therapy. J Cell 
Biochem 1996; 60: 23-32

41	 Gauthier R, Harnois C, Drolet JF, Reed JC, Vézina A, Vachon 
PH. Human intestinal epithelial cell survival: differentiation 
state-specific control mechanisms. Am J Physiol Cell Physiol 
2001; 280: C1540-C1554

42	 Bouchard V, Harnois C, Demers MJ, Thibodeau S, Laquerre 
V, Gauthier R, Vézina A, Noël D, Fujita N, Tsuruo T, Arguin 
M, Vachon PH. B1 integrin/Fak/Src signaling in intestinal 
epithelial crypt cell survival: integration of complex regulatory 
mechanisms. Apoptosis 2008; 13: 531-542

43	 Grossmann J, Artinger M, Grasso AW, Kung HJ, Schölmerich J, 
Fiocchi C, Levine AD. Hierarchical cleavage of focal adhesion 
kinase by caspases alters signal transduction during apoptosis 
of intestinal epithelial cells. Gastroenterology 2001; 120: 79-88

44	 Zhang HM, Keledjian KM, Rao JN, Zou T, Liu L, Marasa BS, 
Wang SR, Ru L, Strauch ED, Wang JY. Induced focal adhesion 
kinase expression suppresses apoptosis by activating NF-
kappaB signaling in intestinal epithelial cells. Am J Physiol 
Cell Physiol 2006; 290: C1310-C1320

45	 Bouchard V, Demers MJ, Thibodeau S, Laquerre V, Fujita N, 
Tsuruo T, Beaulieu JF, Gauthier R, Vézina A, Villeneuve L, 
Vachon PH. Fak/Src signaling in human intestinal epithelial cell 
survival and anoikis: differentiation state-specific uncoupling 
with the PI3-K/Akt-1 and MEK/Erk pathways. J Cell Physiol 
2007; 212: 717-728

46	 Harnois C, Demers MJ, Bouchard V, Vallée K, Gagné D, 
Fujita N, Tsuruo T, Vézina A, Beaulieu JF, Côté A, Vachon 
PH. Human intestinal epithelial crypt cell survival and 
death: Complex modulations of Bcl-2 homologs by Fak, 
PI3-K/Akt-1, MEK/Erk, and p38 signaling pathways. J Cell 
Physiol 2004; 198: 209-222

47	 Lévy P, Robin H, Bertrand F, Kornprobst M, Capeau J. 
Butyrate-treated colonic Caco-2 cells exhibit defective integrin-
mediated signaling together with increased apoptosis and 
differentiation. J Cell Physiol 2003; 197: 336-347

48	 Stupack DG, Cheresh DA. Get a ligand, get a life: integrins, 
signaling and cell survival. J Cell Sci 2002; 115: 3729-3738

49	 Martin SS, Vuori K. Regulation of Bcl-2 proteins during 
anoikis and amorphosis. Biochim Biophys Acta 2004; 1692: 
145-157

50	 Reddig PJ, Juliano RL. Clinging to life: cell to matrix 
adhesion and cell survival. Cancer Metastasis Rev 2005; 24: 
425-439

51	 Vachon PH. [Cell survival: differences and differentiation] 
Med Sci (Paris) 2006; 22: 423-429

52	 Giancotti FG, Ruoslahti E. Integrin signaling. Science 1999; 
285: 1028-1032

53	 Mitra SK, Schlaepfer DD. Integrin-regulated FAK-Src 
signaling in normal and cancer cells. Curr Opin Cell Biol 2006; 
18: 516-523

54	 Frame MC. Newest findings on the oldest oncogene; how 
activated src does it. J Cell Sci 2004; 117: 989-998

55	 Parsons SJ, Parsons JT. Src family kinases, key regulators of 
signal transduction. Oncogene 2004; 23: 7906-7909

56	 Cory S, Adams JM. The Bcl2 family: regulators of the cellular 
life-or-death switch. Nat Rev Cancer 2002; 2: 647-656

57	 Weiner TM, Liu ET, Craven RJ, Cance WG. Expression of 
focal adhesion kinase gene and invasive cancer. Lancet 1993; 

Hao HF et al . FAK in gastrointestinal tract                                                                                                    5921



www.wjgnet.com

342: 1024-1025
58	 Agochiya M, Brunton VG, Owens DW, Parkinson EK, 

Paraskeva C, Keith WN, Frame MC. Increased dosage and 
amplification of the focal adhesion kinase gene in human 
cancer cells. Oncogene 1999; 18: 5646-5653

59	 Koon N, Schneider-Stock R, Sarlomo-Rikala M, Lasota J, 
Smolkin M, Petroni G, Zaika A, Boltze C, Meyer F, Andersson 
L, Knuutila S, Miettinen M, El-Rifai W. Molecular targets for 
tumour progression in gastrointestinal stromal tumours. Gut 
2004; 53: 235-240

60	 Cance WG, Harris JE, Iacocca MV, Roche E, Yang X, Chang 
J, Simkins S, Xu L. Immunohistochemical analyses of focal 
adhesion kinase expression in benign and malignant human 
breast and colon tissues: correlation with preinvasive and 
invasive phenotypes. Clin Cancer Res 2000; 6: 2417-2423

61	 Murata T, Naomoto Y, Yamatsuji T, Okawa T, Shirakawa Y, 
Gunduz M, Nobuhisa T, Takaoka M, Sirmali M, Nakajima 
M, Ohno Y, Tanaka N. Localization of FAK is related with 
colorectal carcinogenesis. Int J Oncol 2008; 32: 791-796

62	 de Heer P, Koudijs MM, van de Velde CJ, Aalbers RI, 
Tollenaar RA, Putter H, Morreau J, van de Water B, Kuppen 
PJ. Combined expression of the non-receptor protein 
tyrosine kinases FAK and Src in primary colorectal cancer is 
associated with tumor recurrence and metastasis formation. 
Eur J Surg Oncol 2008; 34: 1253-1261

63	 Su JM, Gui L, Zhou YP, Zha XL. Expression of focal adhesion 
kinase and alpha5 and beta1 integrins in carcinomas and its 
clinical significance. World J Gastroenterol 2002; 8: 613-618

64	 van Duin M, van Marion R, Vissers KJ, Hop WC, Dinjens 
WN, Tilanus HW, Siersema PD, van Dekken H. High-
resolution array comparative genomic hybridization of 
chromosome 8q: evaluation of putative progression markers 
for gastroesophageal junction adenocarcinomas. Cytogenet 
Genome Res 2007; 118: 130-137

65	 Owens LV, Xu L, Craven RJ, Dent GA, Weiner TM, Kornberg 
L, Liu ET, Cance WG. Overexpression of the focal adhesion 
kinase (p125FAK) in invasive human tumors. Cancer Res 
1995; 55: 2752-2755

66	 Miyazaki T, Kato H, Nakajima M, Sohda M, Fukai Y, 
Masuda N, Manda R, Fukuchi M, Tsukada K, Kuwano H. 
FAK overexpression is correlated with tumour invasiveness 
and lymph node metastasis in oesophageal squamous cell 
carcinoma. Br J Cancer 2003; 89: 140-145

67	 Ding J, Yu JP, Li D, Yu HG, Luo HS, Wei WZ. [Effect of 
gastrin on invasiveness of human colon cancer cells] Zhonghua 
Zhongliu Zazhi 2005; 27: 213-215

68	 Withers BE, Hanks SK, Fry DW. Correlations between 
the expression, phosphotyrosine content and enzymatic 
activity of focal adhesion kinase, pp125FAK, in tumor and 
nontransformed cells. Cancer Biochem Biophys 1996; 15: 
127-139

69	 Matkowskyj KA, Keller K, Glover S, Kornberg L, Tran-Son-
Tay R, Benya RV. Expression of GRP and its receptor in well-
differentiated colon cancer cells correlates with the presence 
of focal adhesion kinase phosphorylated at tyrosines 397 and 
407. J Histochem Cytochem 2003; 51: 1041-1048

70	 Brunton VG, Avizienyte E, Fincham VJ, Serrels B, Metcalf 
CA 3rd, Sawyer TK, Frame MC. Identification of Src-specific 
phosphorylation site on focal adhesion kinase: dissection 
of the role of Src SH2 and catalytic functions and their 
consequences for tumor cell behavior. Cancer Res 2005; 65: 
1335-1342

71	 Sawhney RS, Cookson MM, Omar Y, Hauser J, Brattain 
MG. Integrin alpha2-mediated ERK and calpain activation 
play a critical role in cell adhesion and motility via focal 
adhesion kinase signaling: identification of a novel signaling 
pathway. J Biol Chem 2006; 281: 8497-8510

72	 Picihard V, Berthois Y, Roccabianca M, Prévôt C, Sarrazin M, 
Portugal H, Kumar S, Kumar P, Rognoni JB. Concomitant 
cell growth and differentiation are dependent on erbB1 and 

integrin activation in an autonomously surviving colon 
adenocarcinoma: involvement of autocrine amphiregulin 
secretion. Anticancer Res 2006; 26: 2769-2783

73	 Yu HG, Tong SL, Ding YM, Ding J, Fang XM, Zhang XF, Liu 
ZJ, Zhou YH, Liu QS, Luo HS, Yu JP. Enhanced expression 
of cholecystokinin-2 receptor promotes the progression of 
colon cancer through activation of focal adhesion kinase. Int 
J Cancer 2006; 119: 2724-2732

74	 Maa MC, Lee JC, Chen YJ, Chen YJ, Lee YC, Wang ST, 
Huang CC, Chow NH, Leu TH. Eps8 facilitates cellular 
growth and motility of colon cancer cells by increasing the 
expression and activity of focal adhesion kinase. J Biol Chem 
2007; 282: 19399-19409

75	 Cao J, Yu JP, Zhou L, Song WC, Luo HS, Yu HG. [Molecular 
mechanism of gastrin increasing colon cancer cells' invasion] 
Zhonghua Yixue Zazhi 2007; 87: 1704-1708

76	 Van Slambrouck S, Grijelmo C, De Wever O, Bruyneel E, 
Emami S, Gespach C, Steelant WF. Activation of the FAK-
src molecular scaffolds and p130Cas-JNK signaling cascades 
by alpha1-integrins during colon cancer cell invasion. Int J 
Oncol 2007; 31: 1501-1508

77	 Baillat G, Siret C, Delamarre E, Luis J. Early adhesion 
induces interaction of FAK and Fyn in lipid domains and 
activates raft-dependent Akt signaling in SW480 colon 
cancer cells. Biochim Biophys Acta 2008; 1783: 2323-2331

78	 Xu LH, Owens LV, Sturge GC, Yang X, Liu ET, Craven 
RJ, Cance WG. Attenuation of the expression of the focal 
adhesion kinase induces apoptosis in tumor cells. Cell 
Growth Differ 1996; 7: 413-418

79	 Schaller MD, Borgman CA, Parsons JT. Autonomous 
expression of a noncatalytic domain of the focal adhesion-
associated protein tyrosine kinase pp125FAK. Mol Cell Biol 
1993; 13: 785-791

80	 Nolan K, Lacoste J, Parsons JT. Regulated expression of 
focal adhesion kinase-related nonkinase, the autonomously 
expressed C-terminal domain of focal adhesion kinase. Mol 
Cell Biol 1999; 19: 6120-6129

81	 Richardson A, Parsons T. A mechanism for regulation of 
the adhesion-associated proteintyrosine kinase pp125FAK. 
Nature 1996; 380: 538-540

82	 Taylor JM, Rovin JD, Parsons JT. A role for focal adhesion 
kinase in phenylephrine-induced hypertrophy of rat 
ventricular cardiomyocytes. J Biol Chem 2000; 275: 19250-19257

83	 Weyant MJ, Carothers AM, Bertagnolli ME, Bertagnolli MM. 
Colon cancer chemopreventive drugs modulate integrin-
mediated signaling pathways. Clin Cancer Res 2000; 6: 949-956

84	 Lee JC, Maa MC, Yu HS, Wang JH, Yen CK, Wang ST, Chen 
YJ, Liu Y, Jin YT, Leu TH. Butyrate regulates the expression 
of c-Src and focal adhesion kinase and inhibits cell invasion 
of human colon cancer cells. Mol Carcinog 2005; 43: 207-214

85	 Liao CH, Sang S, Ho CT, Lin JK. Garcinol modulates 
tyrosine phosphorylation of FAK and subsequently induces 
apoptosis through down-regulation of Src, ERK, and Akt 
survival signaling in human colon cancer cells. J Cell Biochem 
2005; 96: 155-169

86	 Slack-Davis JK, Martin KH, Tilghman RW, Iwanicki M, Ung 
EJ, Autry C, Luzzio MJ, Cooper B, Kath JC, Roberts WG, 
Parsons JT. Cellular characterization of a novel focal adhesion 
kinase inhibitor. J Biol Chem 2007; 282: 14845-14852

87	 Shi Q, Hjelmeland AB, Keir ST, Song L, Wickman S, Jackson D, 
Ohmori O, Bigner DD, Friedman HS, Rich JN. A novel low-
molecular weight inhibitor of focal adhesion kinase, TAE226, 
inhibits glioma growth. Mol Carcinog 2007; 46: 488-496

88	 Lim ST, Mikolon D, Stupack DG, Schlaepfer DD. FERM 
control of FAK function: implications for cancer therapy. Cell 
Cycle 2008; 7: 2306-2314

89	 Roberts WG, Ung E, Whalen P, Cooper B, Hulford C, Autry 
C, Richter D, Emerson E, Lin J, Kath J, Coleman K, Yao L, 
Martinez-Alsina L, Lorenzen M, Berliner M, Luzzio M, Patel 
N, Schmitt E, LaGreca S, Jani J, Wessel M, Marr E, Griffor 

5922    ISSN 1007-9327    CN 14-1219/R     World J Gastroenterol    December 21, 2009    Volume 15    Number 47



www.wjgnet.com

M, Vajdos F. Antitumor activity and pharmacology of a 
selective focal adhesion kinase inhibitor, PF-562,271. Cancer 
Res 2008; 68: 1935-1944

90	 Bagi CM, Roberts GW, Andresen CJ. Dual focal adhesion 
kinase/Pyk2 inhibitor has positive effects on bone tumors: 
implications for bone metastases. Cancer 2008; 112: 2313-2321

91	 Bagi CM, Christensen J, Cohen DP, Roberts WG, Wilkie 
D, Swanson T, Tuthill T, Andresen CJ. Sunitinib and 
PF-562,271 (FAK/Pyk2 inhibitor) effectively block growth 
and recovery of human hepatocellular carcinoma in a rat 
xenograft model. Cancer Biol Ther 2009; 8: 856-865

92	 Siu LL, Burris HA, Mileshkin L, Camidge DR, Rischin D, 
Chen EX, Jones S, Yin D, Fingert H. Phase 1 study of a focal 
adhesion kinase (FAK) inhibitor PF-00562271 in patients (pts) 
with advanced solid tumors [Abstract]. J Clin Oncol 2007; 25: 
3527

93	 Liu TJ, LaFortune T, Honda T, Ohmori O, Hatakeyama S, 
Meyer T, Jackson D, de Groot J, Yung WK. Inhibition of 
both focal adhesion kinase and insulin-like growth factor-I 
receptor kinase suppresses glioma proliferation in vitro and 
in vivo. Mol Cancer Ther 2007; 6: 1357-1367

94	 Golubovskaya VM, Virnig C, Cance WG. TAE226-induced 
apoptosis in breast cancer cells with overexpressed Src or 
EGFR. Mol Carcinog 2008; 47: 222-234

95	 Halder J, Lin YG, Merritt WM, Spannuth WA, Nick AM, 
Honda T, Kamat AA, Han LY, Kim TJ, Lu C, Tari AM, 
Bornmann W, Fernandez A, Lopez-Berestein G, Sood AK. 
Therapeutic efficacy of a novel focal adhesion kinase inhibitor 
TAE226 in ovarian carcinoma. Cancer Res 2007; 67: 10976-10983

96	 Watanabe N, Takaoka M, Sakurama K, Tomono Y, Hatakeyama 
S, Ohmori O, Motoki T, Shirakawa Y, Yamatsuji T, Haisa M, 
Matsuoka J, Beer DG, Nagatsuka H, Tanaka N, Naomoto Y. 
Dual tyrosine kinase inhibitor for focal adhesion kinase and 
insulin-like growth factor-I receptor exhibits anticancer effect 
in esophageal adenocarcinoma in vitro and in vivo. Clin Cancer 
Res 2008; 14: 4631-4639

97	 Wang ZG, Fukazawa T, Nishikawa T, Watanabe N, Sakurama 
K, Motoki T, Takaoka M, Hatakeyama S, Omori O, Ohara T, 
Tanabe S, Fujiwara Y, Shirakawa Y, Yamatsuji T, Tanaka N, 
Naomoto Y. TAE226, a dual inhibitor for FAK and IGF-IR, has 
inhibitory effects on mTOR signaling in esophageal cancer 
cells. Oncol Rep 2008; 20: 1473-1470

98	 Sakurama K, Noma K, Takaoka M, Tomono Y, Watanabe N, 
Hatakeyama S, Ohmori O, Hirota S, Motoki T, Shirakawa Y, 
Yamatsuji T, Haisa M, Matsuoka J, Tanaka N, Naomoto Y. 
Inhibition of focal adhesion kinase as a potential therapeutic 
strategy for imatinib-resistant gastrointestinal stromal 
tumor. Mol Cancer Ther 2009; 8: 127-134

S- Editor  Tian L    L- Editor  Ma JY    E- Editor  Zheng XM

Hao HF et al . FAK in gastrointestinal tract                                                                                                    5923


