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progression through combined effects of blocking both tumor- and
stromal-associated signaling regulating neo-vascularization.

Introduction

Integrins are transmembrane receptors that bind to extracellular
matrix (ECM) proteins such as laminin, collagen, vitronectin and
fibronectin.1 These ECM proteins are major constituents of the
tumor stroma and also function as important signaling initiators
within the tumor micro-environment.2,3 In normal cells, integrins
convey anchorage-dependent signals regulating cell proliferation and
survival.4 Much research has been accomplished in understanding
how various cell surface receptors (G-protein-linked, growth factor
and cytokine receptors) function to activate intracellular signaling
cascades leading to changes in gene expression events, cell survival,
cell proliferation and cell motility.5 What is not readily appreciated
is that many of these responses do not occur when integrin-mediated
cell adhesion is disrupted in normal cells.6,7 In addition, integrin
signals impact tumor cell survival and can greatly affect tumor
progression or metastasis (Fig. 1A).8-10 Moreover, as b1 integrin
(CD29) is one of several biomarkers used to identify putative cancer
stem cells,11 there is a need to understand how integrins generate
intracellular signals to affect cell responses.
Integrins exist in a and b-subunit heterodimers at the cell surface
with short cytoplasmic domains that functionally link changes in
ECM composition to alterations in the intracellular actin cytoskeleton network.12-14 These points of connection are termed focal
adhesions that comprise a complex multi-protein scaffolding and
signaling unit that mediates cell adhesion and tensile forces important for cell motility.15 In tumor cells, focal adhesion structures can
become enriched with proteases and these structures are termed invadopodia,16,17 sites that degrade the surrounding ECM and facilitate
tumor invasion into the surrounding stroma. As integrin cytoplasmic
domains do not possess intrinsic catalytic activity, signaling events
must be mediated by associated proteins.18 Protein-tyrosine kinases
(PTKs) play important roles in mediating signals generated by integrin clustering and cytoplasmic PTK focal adhesion kinase (FAK)
indirectly associates with integrins at focal adhesions and is activated
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Integrins are transmembrane receptors that bind to extracellular matrix proteins and convey anchorage-dependent signals
regulating normal cell proliferation. Integrin signals within the
tumor micro-environment also impact cancer cell survival and
invasion during tumor progression. These integrin-associated
signaling events are transduced in part through the activation of
non-receptor protein-tyrosine kinases. Focal adhesion kinase (FAK)
is activated by b-subunit integrins in both normal and transformed cells. As genetic inactivation of b1 integrin or FAK yield
early embryonic lethal phenotypes associated with decreased cell
proliferation, and dominant-negative inhibition of FAK can cause
increased cell apoptosis, there is a concern that FAK inhibition
may have cytotoxic effects on cell growth or survival. However,
FAK-specific small molecule inhibitors do not directly impact cell
growth in culture, but yet show potent anti-tumor growth effects
in vivo. Additionally, recent studies have shed new insight into
the FAK kinase-independent regulation of cell proliferation and
survival mediated by the FAK N-terminal FERM (band 4.1, ezrin,
radixin, moesin homology) domain. Herein, we review the role of
the FAK FERM domain in both the intrinsic regulation of FAK
kinase activity and how FERM-mediated nuclear localization of
FAK promotes enhanced cell survival through the inhibition of
tumor suppressor p53 activation during development and under
conditions of cellular stress. As we find that FAK FERM-mediated
regulation of p53 occurs in human carcinoma cells, elevated FAK
expression in tumors may promote both kinase-dependent and
-independent survival mechanisms. We discuss how the pharmacological inhibition of FAK kinase activity may impact tumor
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Figure 1. Signaling by integrins through FAK. (A) G-protein-linked, growth factor receptor, and cytokine stimuli activate intracellular signaling cascades
and lead to diverse cell responses that require signals from integrin binding to extracellular matrix proteins such as fibronectin (FN). As integrins do not
possess intrinsic catalytic activities, the association with and activation of protein-tyrosine kinases (PTKs) such as FAK can link integrins to modulation of cell
responses. (B) FAK and Pyk2 contain a central kinase domain flanked by large N- and C-terminal domains with regions of sequence similarity surrounding
phosphorylation sites (P) and proline-rich regions (Pro-1 to Pro-3) that are binding sites for Src-homology 3 (SH3) domain-containing proteins such as the
adaptor protein, p130Cas. FAK contains 5 major sites of tyrosine phosphorylation (Y397, Y576, Y577, Y861 and Y925) where phosphorylation of either
Y397 or Y925 facilitate the binding of Src-homology 2 (SH2) domain containing proteins such as Src kinase and the Grb2 adaptor protein, respectively.
The corresponding and conserved phosphorylated tyrosines in Pyk2 are also indicated. The regional amino acid sequence identities between FAK and Pyk2
are indicated with the highest conservation (60%) in the kinase domains. Both proteins contain a FERM (band 4.1, ezrin, radixin, moesin homology) domain
in the N-terminal region as well as a FAT (focal adhesion targeting) domain in the C-terminal region that indirectly links FAK to integrins. The FERM and FAT
domains of FAK and Pyk2 may have conserved as well as divergent functions.33,54

by integrin clustering.19-21 As FAK activation can also be enhanced
by G-protein-linked,22 growth factor,23 and cytokine stimuli such
as tumor necrosis factor a (TNFα),24 research efforts have been
directed toward understanding how FAK-associated signaling may
control responses such as cell survival and migration.25,26 As FAK
expression and tyrosine phosphorylation are upregulated in many
late-stage cancers,27,28 there is a need to determine the role(s) of FAK
during tumor progression and the effects of small molecule inhibitors targeting FAK activity may have on cell function.29,30 Here, we
review recent findings that shed new insights into the regulation of
FAK activation and how the role of FAK in promoting normal cell
www.landesbioscience.com

survival-proliferation may be distinct from the role of FAK catalytic
activity in tumor progression.

FAK Domain Structure and Signal Connections
FAK and Pyk2 are cytoplasmic tyrosine kinases that comprise a
distinct branch of the kinome tree.31 FAK is composed of N-terminal
FERM (band 4.1, ezrin, radixin, moesin homology), kinase, and Cterminal focal adhesion targeting (FAT) domains (Fig. 1B). The FAT
domain indirectly links FAK to integrins and focal adhesions through
the binding of proteins such as paxillin. The FERM domain links
FAK to growth factor receptors at the plasma membrane and can also
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release of FAK FERM binding to the catalytic domain will allow for
FAK autophosphorylation at Y397, recruitment of Src-family PTKs
by SH2 binding to the Y397 site, and full FAK activation following
Src phosphorylation of FAK in the kinase activation loop.46
Mutations within the binding interface of the FAK FERM F2
region or kinase domain can generate activated FAK constructs,46
and the binding of proteins47 or phospholipids48,49 to the FAK
FERM domain can lead to increase FAK Y397 phosphorylation.
Although fluorescence resonance energy transfer biosensors can
discriminate between auto-inhibited and active conformations of
FAK,49 other studies suggest that integrin-mediated FAK activation
involves additional steps. Notably, FERM-truncated FAK displays
high catalytic activity, but retains responsiveness to integrin-mediated
regulation.50 As FAK autophosphorylation occurs primarily through
an intermolecular mechanism,51 clustering of FAK via binding of
paxillin52 or p130Cas53 at focal adhesions is also an important step
in FAK activation. Interestingly, the Pyk2 FERM domain may not
act in an auto-inhibitory fashion to regulate Pyk2 kinase activity.54
Instead, as Pyk2 has been shown to be activated in response to
increases in calcium,34 the calcium-dependent binding of calmodulin
to the Pyk2 FERM domain and the formation of multi-meric Pyk2calmodulin complexes may lead to increased Pyk2 activation.55
Clearly, as FAK and Pyk2 FERM domains may selectively bind target
proteins,56-58 future studies using mutagenesis based upon known
surface residues of the FAK FERM domain will likely yield novel
insights into the distinct binding modules present with the FAK and
Pyk2 FERM domains.
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facilitate nuclear translocation of FAK under conditions of cellular
stress (discussed in detail below). Pyk2 shares a similar domain structure with FAK having ~40% amino acid sequence identities in the
FERM and C-terminal FAT domain regions and ~60% conservation
within the central kinase domain. Although the FAT domain of Pyk2
can bind focal adhesion-associated proteins such as paxillin and can
become activated by cell binding to ECM proteins,32 it does not
strongly localize to focal adhesions in fibroblasts,33 suggesting that
target protein binding differences exist between the FAT domains of
FAK and Pyk2.
This differential linkage to integrins may underlie the distinct
expression patterns of FAK and Pyk2. FAK is ubiquitously expressed
whereas Pyk2 is expressed primarily in hematopoietic and neuronal
cell types.34,35 Very few cells express high levels of both FAK and
Pyk2 and no analyses to date have revealed cells lacking both kinases.
Interestingly, upon knockdown of FAK expression in primary fibroblasts or endothelial cells, a compensatory upregulation of Pyk2
expression occurs through an undefined mechanism.32,36,37 Although
this does not occur in all cell types, it is hypothesized that Pyk2
upregulation may reflect an important cellular function shared by
both FAK and Pyk2. This likely involves the regulation of a common
signaling target as both FAK and Pyk2 contain conserved proline-rich
sites (Pro-1 to Pro-3) that bind Src-homology 3 (SH3) containing
proteins such as p130Cas and conserved tyrosine phosphorylation
sites, some of which serve as SH2 binding sites for Src-family PTKs
or the Grb2 adaptor protein (Fig. 1B). Upon integrin activation,
FAK autophosphorylates on Y397 creating an SH2 binding site for
Src-family PTKs and forms a signaling complex that phosphorylates
p130Cas, paxillin, and other focal adhesion-associated proteins.19,38
Maximal FAK catalytic activation occurs after Src-mediated phosphorylation of FAK within the kinase domain at Y576/577,20 and
maximal Src activation occurs after FAK phosphorylation of Src
within the kinase domain at Y418.39 Src-mediated phosphorylation
of FAK at Y925 promotes Grb2 adaptor binding and is linked to
the activation of the Ras-ERK2 mitogen-activated protein kinase
cascade. The FAK-Src complex can phosphorylate various targets
leading to the activation of several downstream signaling pathways as
well as Rho-family GTPase modulation.21
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Despite the low level of sequence conservation between the FAK
FERM and other FERM domain-containing proteins,40,41 the FAK
FERM crystal structure revealed that it forms a predicted 3-lobed
(F1 to F3) structure.42 Early studies found that FERM-domain
truncations of FAK yield proteins with increased tyrosine phosphorylation and associated activity,43,44 thus supporting a negative
regulatory role in FAK activation. As the FAK FERM can bind the
FAK kinase domain and can inhibit FAK activity in trans,45 a direct
auto-inhibitory mechanism for FAK regulation was proposed. The
crystal structure of FAK residues 31–686 encompassing the FERM
and kinase domains supported this model.46 There are two major
points of regulatory contact: binding of the F1 FERM lobe to a
linker segment containing Y397 and a hydrophobic pocket within
the F2 FERM lobe binding 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. It is speculated that
2308

Evidence in support of a signaling linkage between ECM proteins
such as fibronectin (FN) and FAK come from gene targeting studies
in mice where FN or FAK loss yields similar early embryonic lethal
phenotypes.59-61 Embryos lacking FN or FAK contain differentiated endothelial cells (ECs) or their precursors, but fail to develop
functioning blood vessels.62 These cardiovascular abnormalities
contribute to the FAK-null embryo lethality, as the transport of
blood cells from their site of synthesis to the embryonic vasculature
is impaired.63 Isolation of primary FAK-null ECs from embryos was
problematic as they did not proliferate in cell culture and showed
high levels of apoptosis.62 FAK-null EC cell growth was facilitated
by inactivation of the p53 tumor suppressor, but FAK-/-p53-/- ECs
exhibited defects in cell motility and were unable to form tubular
structures in vitro. Conditional deletion of endogenous floxed FAK
by crossing with mice expressing an EC-specific transgene for the
Cre recombinase also results in an embryonic lethal vascular defect
phenotype as performed by two independent groups.64,65 However,
although both studies found that loss of EC FAK expression was
associated with increased cell apoptosis in vitro and in vivo, there
was disagreement with regard to the role of FAK in EC motility.
These results may stem from differences in either mouse background
or inefficient Cre-mediated FAK excision during development. In
addition, as Pyk2 expression is elevated in a compensatory fashion
upon Cre-mediated deletion of FAK in adult ECs,36 phenotypes
and growth regulation differences may be masked by the presence of
Pyk2 within FAK-null ECs. In FAK-null fibroblasts, Pyk2 expression
is important for enhancing cell growth, but Pyk2 was also causing
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extracts.77-79 Although it remains unclear as to whether proteolytic
products of FAK have biological activity, addition of the nuclear
export inhibitor leptomycin B to cells facilitates the accumulation
of full-length FAK in the nucleus.74,80 This indicates that FAK is
shuttling in and out of the nucleus in cells. GFP-fusion protein
studies showed that FAK nuclear targeting is mediated by the
FERM domain76,81 and this activity is selectively-observed for other
FERM domain-containing proteins.82,83 Although FAK can become
sumoylated within the FERM domain,84 this is not required for
nuclear FAK accumulation.74 The nuclear localization motif within
FAK FERM is localized to the F2 lobe and is comprised of a basic
residue cluster (K190, K191, K216, K218, R221 and K222) separated by primary sequence but contiguous at the distal tip of the F2
lobe.74 FAK mutations (R177A/R178A) that are likely to disrupt
FAK FERM domain folding also inhibit FERM-mediated nuclear
translocation. What remain unknown are the controlling events
that promote the import and facilitate the export of FAK from the
nucleus. We found that stress stimuli such as staurosporine or the
disruption of cell adhesion triggered increased FAK nuclear accumulation independent of FAK activation.74 For Pyk2, overexpression85
or neuronal depolarization is associated with nuclear accumulation.86
Interestingly, calcineurin (protein phosphatase 2B) was found to be
important for Pyk2 nuclear translocation86 and rapid FAK nuclear
accumulation was associated with staurosporine-associated loss of
FAK tyrosine phosphorylation.74 As FAK and Pyk2 are phosphorylated on multiple serine/threonine residues as well as tyrosine,4 it will
be interesting to determine whether FAK or Pyk2 nuclear accumulation is regulated by a site-specific phosphorylation event.

ON

cellular morphology alterations above and beyond what was due to
the loss of FAK.37
Together, these studies support an essential function of FAK in the
regulation of both cell survival and motility. One of the key questions
is whether the role of FAK in promoting cell proliferation-survival
and motility are separable or related. For ECs, dominant-negative
overexpression of the FAK C-terminal domain termed FRNK
potently blocks growth factor-stimulated cell motility.66 FRNK
acts as a competitive inhibitor of integrin-FAK linkage and blocks
both motility and EC capillary tube formation.34,67 Whereas
a number of early studies suggested that FRNK overexpression
promoted cell apoptosis,68 this is not a general phenomena.69-71 We
postulate that loss of FAK expression and the ensuing problems in
cell proliferation-survival are not equivalent to dominant-negative
experiments blocking FAK activation by FRNK overexpression.
Moreover, in both ECs and fibroblasts, defects in FAK-null cell
proliferation were ameliorated by p53 inactivation. Although FAK
activation of pro-survival pathways such as the phosphatidylinositol
3'-kinase-AKT can impact and inhibit p53 activation,72,73 we found
that FAK-mediated inhibition of p53 was through a novel pathway
that involved FAK FERM-mediated nuclear translocation, binding
of p53, and the promotion of murine double minute-2 (Mdm2)dependent p53 ubiquitination and turnover.74 Importantly, this
FAK FERM-mediated survival pathway did not require intrinsic
FAK activity.

.D

For FAK-null ECs and fibroblasts, growth in culture is facilitated
by co-inactivation of p53.61,62 Analysis of embryos revealed that
loss of FAK resulted in p53 activation and the upregulated expression of cell cycle progression inhibitors such as p21(Cip/WAF1)
(Fig. 2A). Elevated expression of p53 and p21 did not result in
increased apoptosis, but was associated with a block in mesenchymal cell proliferation in the embryo.74 Interestingly, deletion of
β1 integrin in mammary glands was also associated with increased
p21 levels and reduced cell proliferation.75 Importantly, deletion of
p21 facilitated FAK-null fibroblast growth in culture and allowed
for analyses of how FAK could regulate endogenous p53 through
add-back experiments.74 Re-expression of the FAK FERM domain
alone acted to reduce p53 levels and p53 transcriptional activity.
Although FAK binding to p53 has been proposed to inhibit p53
transcriptional activity,76 we found that the MG132 proteosomal
inhibitor blocks FAK FERM regulation of p53. Further experiments showed that FAK FERM functioned as a scaffold with the
binding of p53 and Mdm2 to different lobes of the FERM domain.
p53 inactivation by FAK required FAK FERM F1 lobe binding to
p53, FERM F2 lobe-mediated nuclear translocation, and FERM
F3 lobe for connections to Mdm2 and proteasomal degradation.
This novel FAK FERM mediated survival pathway is different from
canonical FAK functions in two ways, it is a FAK kinase independent event and the direct regulation of p53 requires FAK nuclear
localization.
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FAK FERM-mediated Nuclear Localization
There have been several reports of FAK in the nucleus based upon
immunofluorescent staining patterns or the distribution of proteolytic breakdown products of FAK in nuclear versus cytoplasmic
www.landesbioscience.com

There is now abundant evidence that FAK expression is elevated in
many human cancers.87 Although p53 is mutationally-inactivated in
many tumors, approximately 50% of cancers remain p53-positive.88
In these tumors, secondary events may keep p53 activation levels
low. In p53-positive A549 lung and HCT116 colon carcinoma cells,
knockdown of FAK results in elevated p53 levels (Fig. 2B). In addition, FAK FERM overexpression can reduce steady-state p53 levels in
HCT116 colon carcinoma cells (Fig. 2C). As increased FAK expression is often found in early-stage tumors, our results support the
hypothesis that a FAK FERM-mediated cell survival pathway may be
functional in tumor cells. During tumor progression and metastasis,
a key event facilitating the spread of cells from the primary tumor
mass is the ability to grow and survive in an anchorage-independent
manner. In most cases, this does not involve integrin signaling. We
speculate that under these conditions, a tumor cell that expresses
higher levels of FAK may be more resistant to apoptosis by the ability
of non-integrin-associated FAK to translocate to the nucleus and
prevent excessive p53 activation.
In culture, FERM domain overexpression can enhance breast
cancer survival57 and it can reduce p53-mediated apoptosis.76
However, it remains to be determined as to whether the FAK FERM
domain alone functions to promote tumor progression. Interestingly,
FAK and phospho-397-reactive FAK were detected within the
nuclear region of colorectal, esophageal, pancreatic and mammary
cancers compared to normal tissue by immunostaining.89 As mRNA
analyses reveal that alternative-spliced transcripts encompassing the
N-terminal FERM domain without the FAK kinase or C-terminal
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Figure 2. FAK FERM regulation of p53 during development and in
carcinoma cells. (A) Model of how FAK loss affects mesenchymal cell
survival during development. Depicted are FAK-null (FAK-/-, top) and
normal (FAK+/+, bottom) mouse cells where knockout of FAK leads
to early embryonic lethality and FAK-/- cells exhibit elevated tumor
suppressor p53 activation, leading to enhanced p21(Cip/WAF1)
expression, and a p21-dependent block in cell proliferation. Elevated
p53 activity in FAK-/- cells inhibits proliferation, but does not directly
promote apoptosis. In normal cells, FAK signaling occurs at sites of
integrin clustering at the plasma membrane (focal adhesions) as well
as FAK translocation to the nucleus upon conditions of reduced adhesion or cellular stress. FAK-mediated control of p53 and cell survival
involves FAK FERM-mediated nuclear translocation, p53 binding and
FAK FERM-enhanced murine double minute-2 (Mdm2) ubiquitination
leading to p53 proteosomal degradation. This regulatory connection
between FAK and p53 is dependent on the FAK FERM domain but is
independent of FAK kinase activity. (B) FAK expression was reduced
by short-hairpin RNA (shRNA) interference in A549 lung or HCT116
colorectal carcinoma cells and compared to scrambled (Scr) shRNAexpressing controls. FAK knockdown was associated with increased
p53 protein levels as determined by anti-FAK, p53 and actin immunoblotting. (C) Recombinant adenovirus was used to overexpress the
FAK FERM region in HCT116 carcinoma cells and this resulted in
decreased p53 levels compared to Mock-infected cells as determined
by anti-FAK, Myc-tag for FERM, and p53 immunoblotting.
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p53 activation upon loss of FAK. In xenotropic mouse tumor
studies, knockdown of FAK expression in p53-null tumor cells
does not affect cell growth in culture, but results in tumors
that are smaller and less vascularized.93 In a syngeneic mouse
tumor model, knockdown of FAK prevented spontaneous
breast to lung metastasis.94 FAK re-expression in both models
showed that intrinsic FAK kinase activity was needed to
promote both tumor growth-angiogenesis and tumor metastasis. FAK signaling was connected to increased production
of vascular endothelial growth factor (VEGF) and urokinase
plasminogen activator (uPA), known factors involved in tumor
progression.95,96 These knockdown and re-expression studies
emphasizing the requirement for FAK kinase activity serve
as proof-of-principal for the development of small molecule
inhibitors of FAK catalytic activity as anti-tumor agents.
Both Novartis and Pfizer have developed small molecule
ATP-competitive inhibitors to FAK (Fig. 3A). Novartis
TAC-544 and TAE-226 exhibit nanomolar inhibitory activity
toward FAK. TAE-226 inhibits FAK, Pyk2 as well as other
PTKs such as the insulin-like growth factor I receptor and has
anti-tumor activity in glioma97 and ovarian cancer models.98
In addition to inhibiting FAK tyrosine phosphorylation,
TAE-226 blocked cell proliferation in culture, prevented
cell invasion through Matrigel, and increased apoptosis in
xenotropic tumor models.98,99 Notably, TAE-226 exhibits
synergistic effects with docetaxel in promoting ovarian carcinoma tumor regression with altered levels of angiogenesis,
invasion and apoptosis.98 Interestingly, TAE-226 inhibits tumor cell
proliferation in a dose-dependent manner in culture and it remains
unclear as to whether this is due to the inhibition of FAK or some
other target.
In parallel, Pfizer has developed a related compound (PF-228)
that shows nanomolar inhibitory activity toward FAK and specificity
to FAK compared to other PTKs.100 Notably, PF-228 did not inhibit
fibroblast or prostate carcinoma cell proliferation or induce apoptosis

regions are present within neuronal cells,90 it will be interesting to
determine whether these FAK FERM domain transcripts are also
expressed during tumor progression.

FAK Inhibitors in Cancer Therapy
In mouse tumor models, conditional knockout of FAK blocks skin
and breast tumor progression.91,92 This is associated with increased
cell apoptosis, and it remains unclear if apoptosis is connected to
2310
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Figure 3. Small molecule inhibitors of FAK and effects on basic fibroblast growth factor (bFGF) induced angiogenesis. (A) Compounds developed by
Novartis (TAC-544 and TAE-226) or Pfizer (PF-228 and PF-562,271) inhibit FAK activity in vitro at low nanomolar concentrations and can reduce FAK Y397
phosphorylation in cells at sub-micromolar concentrations. TAC-544 and PF-228 show specificity toward FAK versus Pyk2 and the dual FAK-Pyk2 inhibitors
(TAE-226 and PF-562,271) can act to reduce tumor growth in mouse models.98,99,101 (B) Angiogenesis in the chicken chorioallantoic membrane (CAM)
assay is stimulated by bFGF addition and inhibited by administration of PF-562,271. Data represent average number of vessel branch points +/- SEM (n =
12). (C) Representative images of chicken CAMs after saline, bFGF or bFGF plus PF-562,271 addition. Blood vessels are dark with backlit illumination of
the CAM. Scale bar is 0.5 mm.
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in culture at concentrations that inhibited FAK Y397 phosphorylation. This result is consistent with PF-228 being more selective
toward FAK than TAE-226, and supports our hypothesis that FAK
kinase activity is not essential for cell growth-proliferation as this
is mediated through FAK FERM regulation of p53. In functional
cell-based assays, PF-228 had potent effects in blocking cell motility
in part through decreased focal adhesion turnover.100 However, one
interesting finding with compounds such as TAC-544 and PF-228
that inhibit FAK but not Pyk2, is that there is a potential for rapid
compensatory Pyk2 kinase activation in cells with inhibited FAK.36
Although it remains unclear how or why this occurs, the potential
biological impact of Pyk2 in promoting RhoGTPase activation and
triggering focal adhesion formation37 should be carefully evaluated
when using these compounds with cells. Although it remains unclear
as to whether pharmacological inhibition of FAK in vivo may lead
to the activation of Pyk2, FAK knockout studies have documented
this occurrence36 and the co-targeting of both FAK and Pyk2 with
a small molecule inhibitor may be needed to insure the complete
inhibition of FAK-associated signaling pathways.
To this end, Pfizer has also developed a related diaminopyrimindine-type compound (PF562,271) that inhibits FAK and Pyk2 and
shows a high degree of selectivity in the inhibition of these PTKs
(Fig. 3A).101 The crystal structure shows that PF-562,271 makes
unique contacts with the DFG loop of the FAK kinase domain
which may impart its selectivity. Twice-daily administration of
www.landesbioscience.com

PF-562,271 resulted in the inhibition of tumor growth in a dosedependent manner in PC3M (prostate), BxPC3 (pancreatic), LoVo
(colon), U87MG (glioblastoma) and H460 lung xenotropic tumor
models.101 Tumors treated with PF-562,271 showed reduced microvascular density and increased TUNEL staining, but how or why this
occurred were not revealed. One possibility is that FAK inhibition
prevents the production of angiogenic growth factors from tumors.
This is supported by FAK knockdown and re-expression studies
showing that kinase-inactive FAK did not facilitate the angiogenic
switch as did tumor cells re-expressing normal FAK.93 As FAK
signaling is important for the production of tumor-associated VEGF
and uPA expression, the inhibition of FAK is likely to affect the
production to pro-survival, angiogenic or invasive factors.
Alternately or potentially concurrently, small molecule inhibitors of FAK may function as anti-angiogenic drugs with effects on
the tumor stroma. To the end, we found that PF-562,271 blocked
bFGF-stimulated blood vessel angiogenesis as performed in chicken
chorioallantoic membrane assays (Fig. 3B and C). Low level administration of PF-262,271 potently blocked blood vessel sprouting
without detectable changes in vascular leakage (Fig. 3C). As FAK
expression is elevated in tumor-associated endothelial cells,102 a FAK
inhibitor may selectively act on blood vessels that are undergoing
remodeling during the processes of angiogenesis. Importantly, Pfizer
PF-562,271 is being evaluated in human trials and has shown low
levels of drug toxicity.30 Moreover, potential efficacy responses (46%
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decline in tumor mass) were observed in one patent with ovarian
carcinoma and other patients exhibit signs of disease stabilization
upon initiating PF-562,271 treatment.30 Clearly, these early studies
bode well for the future of FAK inhibitors in the treatment of
cancer.

Material and Methods
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RNA interference, virus production and immunoblotting.
Human FAK and scrambled shRNA cloned into pLentiLox 3.7 were
used as described.94 Stable shRNA-expressing cell lines were generated by sorting for green-fluorescent protein that is expressed from
a second promoter within pLentiLox. Adenoviral Myc-tagged FAK
FERM (residues 1–402) were cloned into pCMV-Shuttle, adenovirus produced using the AdEasy system (Stratagene), and target cells
infected with 50 plaque forming units of virus per cell as described.74
A549 lung and HCT116 colon carcinoma cells were obtained from
ATCC. Cell lysates were made in modified RIPA cell lysis buffer
as described,94 and anti-FAK (4.47) from Millipore, anti-Myc-tag
(9E10) from Covance, anti-β-actin (AC-17) from Sigma, and antip53 (DO-1) from Santa Cruz were used for immunoblotting.
Chicken chorioallantoic membrane (CAM) angiogenesis.
Windows were cut in the shell of 10-day-old fertilized chicken
eggs, the CAM was lowered with forceps, and sterile filter discs
were placed onto the CAM surface as described.103 10 μl of 10 ng/
μl bFGF was added to the disc, the shell sealed with tape, and eggs
incubated in a humidified incubator at 38°C. After 24 h, 10 μl of
PF-562,271 (100 pmol/μl) in dimethylsulfoxide-saline or an equal
amount of vehicle was added to the filter disc and the eggs resealed.
After 72 h, filter discs with the associated CAM tissue were excised,
placed into petri dishes, and blood vessel branch points were imaged
and counted using a dissecting microscope (Zeiss M2-Bio equipped
with an AxioCam MRM CCD camera). PF-562,271 was synthesized
and purity evaluated by mass spectroscopy as described.36
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It is an interesting time to study integrin signaling and the functions of the FAK and Pyk2 kinases in these events. The development
of small molecule inhibitors to FAK will allow for continued studies
of how FAK functions to promote tumor progression, and through
the use of conditional knockout animals combined with inhibitor
studies, we might be able to glean insights into whether FAK
signaling within the tumor or stroma is the key event in promoting
tumor progression. Further, it will be exciting to determine whether
FAK FERM-mediated regulation of p53 might act in a kinase independent manner to promote tumor survival. As results in ovarian
carcinoma have shown that inhibition of FAK can synergize with
existing therapies such as docetaxel to enhance tumor regression, and
it is becoming clear that FAK activity is not essential for promoting
cell survival and proliferation in the absence of p53 activity, further
studies are likely to provide important information as to whether
inhibitors of FAK may show increased anti-tumor efficacy when used
in combination to cytostatic therapies such as cisplatin or radiation
treatments.
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