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Abstract
Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that plays critical roles in integrin-
mediated signal transductions and also participates in signaling by other cell surface receptors. In
integrin-mediated cell adhesion, FAK is activated via disruption of an auto-inhibitory intra-
molecular interaction between its amino terminal FERM domain and the central kinase domain.
The activated FAK forms a complex with Src family kinases, which initiates multiple downstream
signaling pathways through phosphorylation of other proteins to regulate different cellular
functions. Multiple downstream signaling pathways are identified to mediate FAK regulation of
migration of various normal and cancer cells. Extensive studies in cultured cells as well as
conditional FAK knockout mouse models indicated a critical role of FAK in angiogenesis during
embryonic development and cancer progression. More recent studies also revealed kinase-
independent functions for FAK in endothelial cells and fibroblasts. Consistent with its roles in cell
migration and angiogenesis, increased expression and/or activation of FAK are found in a variety
of human cancers. Therefore, small molecular inhibitors for FAK kinase activity as well as future
development of novel therapies targeting the potentially kinase-independent functions of FAK are
promising treatments for metastatic cancer as well as other diseases.

1. Introduction
Cell migration plays crucial roles not only in a various biological processes such as
embryonic development, but also in different diseases including cancer and cardiovascular
disorders [1,2]. Cell migration is a dynamic and multistep process of leading edge
protrusion, turnover of focal adhesions, generation of tractional forces, and tail retraction
and detachment [3,4]. As the major cellular receptors for extracellular matrix (ECM),
integrin family cell adhesion receptors are essential for each of these steps in cell migration
[5]. Although they have relatively short cytoplasmic domains, integrins regulate cell
migration as well as other cellular functions through their coupling to multiple cytoskeletal
and signaling molecules, many of which co-cluster with integrins in focal adhesions in
adherent cells. Focal adhesion kinase (FAK), a non-receptor tyrosine kinase, is the earliest
identified and one of the most prominent signaling molecules among these proteins [6–10].
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FAK was discovered by two converging lines of research in the early ‘90s. In the first, an
approximately 120 kDa protein was found as a major integrin-dependent tyrosine
phosphorylated protein localized in focal adhesions [11,12]. In another set of studies, several
potential substrates of the v-Src oncogenes were described based on their high tyrosine
phosphorylation in transformed cells by v-Src [13]. One of these substrates was soon found
to be a tyrosine kinase itself and identical to the 120 kDa protein whose phosphorylation was
triggered by integrin-mediated cell adhesion [14,15]. This protein was named as FAK based
on its prominent localization in the focal adhesions [14]. Since these early reports
implicating FAK in anchorage-independent growth of cancer cells [15], numerous studies in
the last 20 years have established FAK as a central mediator of integrin signaling as well as
important components of signaling by other cell surface receptors. In particular, regulation
of cell migration by integrin signaling through FAK is well established in many cell types
which contribute to pathogenesis of cancer and other diseases [16,17]. As such, FAK is
considered a promising therapeutic target for treatment of cancer and cardiovascular
diseases as well as potentially other diseases. Indeed several small molecule inhibitors for
FAK have already been developed by different pharmaceutical companies for clinical trials
[18–20]. In this review, we will focus on the roles of FAK and its downstream signaling
pathways in cell migration and angiogenesis, as well as recent findings of the kinase-
independent functions of FAK which will be important in future considerations to develop
therapies targeting FAK. For more comprehensive perspective on FAK signaling in other
cellular functions and developmental and disease processes, the readers are referred to a
number of other excellent review articles [6–10].

2. Structural features of FAK and its activation by integrins
The FAK gene is highly conserved with over 90% sequence identity across different species
including human, mouse, chicken and Xenopus [14,21–23]. It has been mapped to human
chromosome 8 and mouse chromosome 15, respectively [24]. FAK is composed of a central
kinase domain flanked by a N-terminal FERM (Band 4.1, ezrin-radixin-moesin) domain and
a C-terminal domain that includes the focal adhesion targeting (FAT) sequence (Fig. 1). The
FERM domain of FAK share similar structure with that of cytoskeletal proteins such as talin
and the ezrin-radixin-moesin (ERM) family of proteins, as well as signaling molecules such
as the JAK family of tyrosine kinases and several tyrosine phosphotases [25,26]. It has been
proposed to mediate FAK interactions with integrins, growth factor receptors and a few
other proteins [27–31] as well as an intra-molecular interaction with the kinase domain of
FAK [32–34]. In addition to the FAT sequence, the C-terminal domain contains two proline-
rich sequences as docking sites for SH3 domain-containing proteins, such as p130cas [35],
endophilin A2 [36], Graf ([37] and ASAP ([38], some of these (e.g. p130cas) act to recruit
additional signaling proteins [39,40]. Several sites of tyrosine phosphorylation have been
identified in FAK which serve to modulate FAK kinase activity or mediate FAK interaction
with SH2-domain containing proteins, including the major autophosphorylation site Tyr 397
essential for the majority of FAK functions.

The crystal structure of FAK in both active and inactive states have been solved recently,
which, together with the earlier mutational analysis, provide a model for FAK activation by
integrins [32–34,41]. In its inactive state, FAK is in a closed conformation with its FERM
domain binding to the kinase domain. There are two major points of regulatory contact: the
F1 FERM lobe binding to a linker segment containing Y397 and a hydrophobic pocket
within the F2 FERM lobe to F596 within the FAK kinase domain. FAK FERM-mediated
inhibition of FAK kinase activity therefore results from steric inhibition of target protein
access to the catalytic cleft and to the Y397 autophosphorylation site. Upon integrin-
mediated cell adhesion to ECM, FERM domain is displaced by an activating protein (e.g.
integrin β cytoplasmic domain which can interact with FERM domain [30] or other
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activators). This will induce a conformational change to allow for FAK autophosphorylation
at Y397 and its exposure for binding Src family kinases, which phosphorylates additional
sites on FAK leading to its full activation. FAK binding to the SH2 domain of Src also
displaces its intra-molecular association with residue Y527, relieving the auto-inhibitory
interaction and leading to activation of Src. The mutually activated FAK/Src complex then
initiates multiple downstream signaling pathways through phosphorylation of other proteins
to regulate different cellular functions.

3. Regulation of cell migration by FAK signaling pathways
Integrin signaling through FAK has been shown to promote cell migration in numerous
studies. Initial suggestion for a role for FAK in cell migration was based on correlative
observations of increased expression or activation of FAK in the migrating keratinocytes in
epidermal wound healing or ECs migrating into the wounded monolayer in vitro,
respectively [42,43]. Increased levels of FAK expression have also been correlated with the
invasive and metastatic potential of several human tumors [44,45]. FAK knockout studies
showed an early embryonic lethal phenotype with extensive mesodermal deficiency and
FAK−/− embryonic fibroblasts from these mice exhibited a profound defects in migration,
providing more direct evidence for a role of FAK in promoting migration [46]. Consistent
with these observations in vivo, microinjection of the FAK C-terminal recombinant protein
(i.e. FRNK) inhibited FAK activation and reduced migration of both fibroblasts and ECs
[47]. Conversely, overexpression of FAK in various cells including the FAK−/− MEFs
promotes their migration on FN [48–50].

Several FAK downstream signaling pathways have been implicated in mediating FAK
promotion of cell migration (Fig. 2). One particularly well characterized pathway is through
the association and phosphorylation of p130cas by the FAK/Src complex [39,48–51].
Disruption of FAK binding to either Src or p130cas prevents p130cas phosphorylation at
multiple sites and reduces cell migration [48,50,51]. Tyrosine phosphorylated p130cas
associates with several SH2-containing proteins including Crk. The Cas/Crk complex
formation plays a key role to regulate membrane ruffling and cell migration through
DOCK180 and Rac [52,53]. Another cytoskeletal and adaptor protein paxillin is also a major
substrate of FAK/Src kinase complex and its phosphorylation at Y31 and Y118 residues
could function to recruit Crk in a similar manner as Cas [54]. Paxillin is also found in a
multi-protein complex containing another adaptor molecule PKL, a guanine nucleotide
exchange factor Pix/Cool whose phosphorylation is also dependent on FAK, and the Cdc42/
Rac target-effector PAK. This complex may link Cdc42 and Rac to PAK and its downstream
targets, such as LIMK and MLCK to regulate cell migration [55] [56].

A second pathway mediating FAK promotion of cell migration involves its interactions with
PI3K and an adaptor molecule Grb7 [57,58]. This was first suggested by the observation that
a FAK mutant that selectively disrupted its binding to PI3K and Grb7, but retained binding
to Src and induction of Cas phosphorylation, failed to promote cell migration [59]. The
activated PI3K could stimulate cell migration through its downstream effector Rac, which is
a key regulator of cortical actin and lamellipodia in cell migration [60]. Moreover, the
increased D3-phosphoinositides facilitate Grb7 association with phosphatidylinositol
phosphates in the plasma membrane through its PH domain. The phosphatidylinositol
phosphates binding to Grb7 also induces a conformational change in Grb7, leading to
increased phosphorylation of Grb7 by FAK [61]. Mutational analyses showed that both FAK
binding to and phosphorylation of Grb7 are important for Grb7 stimulation of cell migration
[58]. Although FAK independently binds to PI3K and Grb7, the FAK/PI3K and FAK/Grb7
complexes mediate FAK promotion of cell migration in a cooperative manner.
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FAK also regulates cell migration through its effects on the Rho subfamily of small
GTPases and the assembly and disassembly of actin cytoskeleton. FAK deletion in
fibroblasts led to increased RhoA activity as well as increased cell spreading and reduced
cell migration, which can be rescued by re-expression of FAK in these cells [62–64]. More
importantly, inhibition of ROCK, a downstream effecter of RhoA, also rescued the
migration defect of FAK-null cells [64]. Interestingly, FAK has also been shown to
stimulate RhoA activation by induction of phosphorylation and activation of p190RhoGEF
in other studies [65]. More recent studies suggest that compensatory expression of Pyk2 in
FAK-null cells may be responsible for stimulation of RhoA in these cells [66]. FAK also
associates with regulators of other small GTPases such as GRAF containing GAP activity
for RhoA and Cdc42 [37] and ASAP1, a GAP protein for Arf subfamily small GTPases
[38]. These interactions could also contribute to FAK regulation of actin cytoskeleton in cell
migration. Lastly, FAK can phosphorylate N-WASP, a key Cdc42 downstream effector, to
increase its cytoplasmic localization, which will facilitate its activation of the Arp2/3
complex for actin polymerization in the leading edge of migrating cells [67].

FAK signaling has been shown to promote invasion of both normal and transformed cells in
addition to cell migration. In v-Src transformed cells, FAK was found to mediate Src
phosphorylation of endophilin A2 to decrease its interaction with dynamin, which is
important in the regulation of cell surface matrix metalloprotease MT1-MMP via
endocytosis. The reduced internalization of MT1-MMP leads to its accumulation on the cell
surface to stimulate the invasive activity of v-Src transformed cells [36]. In addition, FAK
also promotes both the expression of MMP2 and MMP9 through the v-Src-Cas-Crk-
Dock180 signaling cascade and activation of Rac1 and JNK as well as their secretion into
the matrix in cancer cells [63,68].

4. Critical roles of FAK signaling in angiogenesis
Early observations that FAK regulates EC migration suggested its potential role in
angiogenesis, as migration and invasion of ECs are integral to the process of angiogenesis.
This is further supported by the patterns of FAK expression in the developing vasculature
during embryogenesis [69]. In consistent with its expression pattern, FAK gene knockout in
mouse caused early embryonic lethality with extensive cardiovascular defects [46].
Additional support for a role of FAK in angiogenesis includes data suggesting regulation of
FAK by several angiogenic growth factor receptors. FAK association with PI3K is increased
upon stimulation of VEGF receptor-2 by VEGF-A, which is shown to promote migration of
porcine aortic ECs [70]. FAK phosphorylation is also stimulated by angiopoietin-1, another
pro-angiogenesis growth factor for ECs [71]. Several studies demonstrating important
functions of integrins in tumor angiogenesis also implicate a role for FAK, as integrins are
major upstream activators of FAK. Blockade of integrins αvβ3 with monoclonal antibodies
or small molecules significantly reduced tumor angiogenesis in a variety of animal models
[72–74]. Interestingly, FAK was found to form a signaling complex containing integrin
αvβ5 in a Src-dependent manner, which is essential for VEGF stimulated angiogenesis in a
mouse model [75].

Several recent studies using transgenic and knockout mouse genetic approaches provided
direct evidence supporting a role of FAK in angiogenesis in vivo. Transgenic expression of
ectopic FAK in ECs under the control of the Tie2 promotor and enhancer increased
angiogenesis in both hind limb ischemia and wound-induced angiogenesis models [76].
Conversely, EC-specific FAK knockout mice were generated by two groups, both showing
that FAK is required for embryonic angiogenesis in vivo [77,78]. Moreover, both studies
showed that FAK deletion increased apoptosis of ECs, which contributed to the defective
vascular phenotype in the developing embryos. One study also showed that deletion of FAK
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in ECs reduced their migration in response to FN and VEGF in wound closure assays, which
can be rescued by re-expression of FAK [77]. Surprisingly, however, the other report did not
detect any decrease in migration of mutant ECs by tracking individual cells using time-lapse
microscopy [78]. Future studies will be necessary to resolve the different findings, which
could be due to the different methods and/or experimental conditions. However, it is likely
that defective EC migration also contributes to the defective embryonic angiogenesis, given
many studies in vitro supporting such a role for FAK.

Recently, FAK mutant knockin mouse models were also generated by a number of groups to
explore the roles of FAK signaling pathways in development and function in vivo. In one
study, the mutant FAK allele deleted exon 15 which contains the major autophosphorylation
site Y397. This mutant FAK (designated as FAKΔ) is expressed at a normal level and acts as
an active kinase. However, FAKΔ/Δ embryos displayed various defects including
hemorrhages, edema, delayed artery formation, vascular remodeling deficiency, multiple
organ abnormalities, and overall developmental retardation at E13.5–14.5, and died
thereafter [79]. A second mouse model contains FAK mutant allele with the key K454
mutated to R in the catalytic domain that abolished the kinase activity of FAK. Homozygous
mice for this mutant allele also exhibited embryonic lethality showing extensive defects in
blood vessel formation such as lack of yolk sac primary capillary plexus formation and
disorganized EC patterning in embryos [80]. These results suggested that FAK kinase
activity and its autophosphorylation at Y397 are necessary for normal vascular development.
Nevertheless, they do not establish a direct role of FAK kinase or Y397 in ECs during
angiogenesis, as the mutant alleles were in all cells and tissues rather than introduced
specifically for ECs only.

Besides a direct effect on angiogenesis by FAK in ECs, the increased expression of FAK in
cancer cells have been suggested to play a role in the tumor angiogenic switch to promote
aggressive tumor progression and metastasis [81]. For example, Mitra et al. showed that
inhibiting FAK activity via stable FRNK expression in 4T1 breast carcinoma cells resulted
in small avascular tumors in mouse xenograft models [82]. In these carcinoma cells, FRNK
inhibited a FAK-Grb2-MAPK signaling linkage regulating VEGF expression, hence tumor
angiogenesis, without interfering cell proliferation or anchorage-independent cell survival.
Inhibition of FAK expression in neuroblastoma and breast, prostate carcinoma cells also
resulted in reduced VEGF expression [82].

5. FAK possesses both kinase-dependent and –independent functions
Although a few direct substrates have been identified for FAK, the majority of studies so far
indicate an important role of FAK is to mediate tyrosine phosphorylation of proteins by Src
family kinases in FAK/Src complex. In another word, FAK was found to function as a
scaffold in various signaling events regulating different cellular functions [18,83–85].
Nevertheless, since the binding motif for Src is dependent on Y397, which is an
autophosphorylation site for FAK, it can be inferred that FAK kinase activity should be
indispensable for FAK functions. Indeed, abundant evidence indicates the key roles of the
kinase activity and autophosphorylation at Y397 for FAK functions in various cellular and
developmental processes, as discussed above. Interestingly, however, several recent studies
provided evidence that FAK can also regulate certain cellular functions in a kinase-
independent manner.

Early mutational analysis of FAK observed that kinase-defective FAK promoted migration
of CHO cells as effectively as the wild type FAK [86]. However, this kinase-defective FAK
mutant was found to be phosphorylated at Y397, possibly due to trans-phosphorylation by
the endogenous FAK in CHO cells, to allow it to bind Src and trigger the downstream
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pathways. This potential complication is eliminated in a more recent study where FAK
mutants were expressed in ECs and MEFs after deletion of the endogenous FAK gene [77].
These analyses showed that while it was unable to promote EC migration in response to
VEGF, kinase-defective FAK stimulated migration of ECs or MEFs on FN as effectively as
wild type FAK. These results provided the first evidence that FAK may function to promote
cell migration on FN in a kinase-independent manner.

Kinase-independent function of FAK has been suggested to regulate other cellular activities
also. It was found recently that FAK may function in the nucleus to facilitate p53 interaction
with Mdm2 and its subsequent ubiquitination and degradation [87]. Deletion of FAK
resulted in the increased expression of p53 in a number of cells, which can be rescued by re-
expression of FAK. The FERM domain of FAK was found to bind to both p53 and Mdm2 in
separate lobes as well as to mediate nuclear localization of FAK. Indeed, re-expression of
the FERM domain alone reduced p53 level as effectively as the full length FAK, suggesting
that the nuclear FAK can regulate p53 and cell survival through a kinase-independent
mechanism. A potential kinase-independent function of FAK in cell proliferation was also
suggested in a recent study examining MEFs isolated from mouse embryos with
homozygous kinase-defective mutant FAK alleles [80]. In contrast to the inability of FAK-
null MEFs to proliferation ex vivo, primary MEFs containing kinase-defective FAK were
established and exhibited no defects in cell growth.

In addition to the above studies in vitro, the differential roles of FAK kinase-dependent and -
independent functions in EC survival and functions were assessed directly in vivo in an EC-
specific FAK kinase-defective mutant knockin mouse model [88]. It was found that these
mice embryos with only kinase-deficient FAK in their vasculature survived longer than
animals without any FAK in their ECs. FAK-null ECs exhibit higher apoptosis compared to
wild type cells as observed previously, but the kinase-defective FAK rescued this deficiency
by suppressing the cyclin-dependent kinase inhibitor p21. On the other hand, however,
FAK’s kinase activity was found to be required for the maintenance of normal integrity of
blood vessels and their angiogenesis in development. Deletion of FAK caused
mislocalization and reduced phosphorylation of VE-cadherin, which was not rescued by
kinase-defective FAK. These results led to our proposal of a working model for the role of
both kinase-independent and dependent functions of FAK in vascular development (Fig. 3).
Together, these recent data from multiple studies strongly suggest that FAK has both kinase-
dependent and -independent functions to regulate various cellular activities in various cells.

6. Concluding remarks
As an important regulator of cell migration and angiogenesis, FAK is likely a suitable target
for a variety of diseases that are highly dependent on these biological processes. A
particularly good case can be made for cancer metastasis, which is driven by both of these
processes. It has been well established that solid tumor growth and survival requires a well-
functioning vascular network, which enables rapid proliferation of tumor cells by the
delivery of oxygen and other nutrients and facilitating the development of metastatic
disease. After the early phase of solid tumor growth, every increase in tumor cell population
must be preceded by an increase in new capillaries converging on the tumor, and the
sprouting of local blood vessels, i.e. angiogenesis, contributes significantly to the
vasculature formation of tumors. The new vessels are often irregular and leaky due to the
loss of adherence between endothelial junctions, as well as lack of the pericyte cover. As a
result, tumor cells can penetrate them more easily, and neovascularization permits the
shedding of cells from the primary tumor. Therefore, the onset of angiogenesis also
contributes to metastasis, though the capacity of tumor cells to induce angiogenesis does not
always correlate with their degree of malignancy, and decreased angiogenesis is associated
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with a decreased rate of metastasis [89]. Indeed, enhanced tumor angiogenesis during cancer
progression has been associated with poor clinical prognosis and unsuccessful treatment
[90]. Therefore, targeting FAK in metastatic cancers could inhibit the disease progression
through regulation of cancer cell migration and invasion, angiogenic switch as well as ECs
in tumor angiogenesis.

Several small molecule FAK inhibitors have already been developed and evaluated in both
pre-clinical models and human clinical trials [20,91–93]. TAE226, one of FAK inhibitors,
was used in therapy experiments and FAK inhibition by it significantly reduced tumor
burden and prolonged survival in tumor-bearing mice [94]. The therapeutic efficacy was
related to the reduced pericyte coverage, induction of apoptosis of tumor-associated
endothelial cells and reduced microvessel density. Some of the small molecule inhibitors
have also shown potential efficacy responses in tumor regression and disease stabilization in
phase I clinical trials [20]. It is worth noting, however, that these inhibitors are functioning
through targeting and blocking the catalytic activity of FAK [20,93]. Because the kinase-
independent functions of FAK observed in ECs and MEFs may also be true in cancer cells,
drugs that only target FAK’s catalytic activity may not be sufficient to block its promotion
of cancer metastasis. Other strategies such as the use of siRNAs to known-down FAK
expression or dominant-negative variants (e.g. FRNK) could be effective in blocking both
kinase-dependent and –independent functions of FAK. Nevertheless, small molecule
inhibitors are preferred for many advantages in drug development. In this regard, screening
for or rationale design of small molecule compounds that inhibit kinase-independent
functions of FAK by disruption of specific interactions of FAK with other molecules will be
important. These compounds could be used in combination with FAK kinase inhibitors to
improve the effectiveness of cancer therapy. Likewise, the continued investigation of FAK
kinase-dependent and –independent functions in cell culture as well as mouse models will be
a fertile area of future research that could guide the design of such new drugs that target
FAK.
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Fig. 1. FAK structural features and interaction proteins
FAK is composed of a central kinase domain flanked by a N-terminal FERM domain and a
C-terminal region containing two proline-rich (PR1 and PR2) motifs and a FAT domain.
Several known phosphorylation sites as well as residues or regions of FAK mediating
association with some of its interacting-proteins are indicated in the diagram.
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Fig. 2. Regulation of cell migration and invasion by FAK through multiple signaling pathways
Several mechanisms by which FAK regulates cell migration and invasion are depicted here.
These include serving as a scaffold for Src phosphorylation of p130cas, direct
phosphorylation of Grb7 in a PI3K dependent manner and phosphorylation of N-WASP to
regulate its cytoplasmic retention to control cell migration in a variety of cells, and
mediating phosphorylation of endophilin A2 by Src to regulate surface expression of MT1-
MMP in cancer cells.
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Fig. 3. A working model of kinase-dependent and -independent functions of FAK in vascular
development
In control embryos, normal FAK functions in ECs allow completion of embryonic
development. In FAK conditional knockout (CFKO) embryos, absence of FAK leads to EC
apoptosis and embryonic lethality at E13.5. In EC-specific FAK kinase-defective mutant
knockin (CFKI) embryos, the kinase-independent functions of FAK support EC survival to
allow development beyond E13.5. However, lack of FAK kinase activity results in other
defects in EC junctions and angiogenesis, leading to embryonic lethality at E15.5.
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