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Focal Adhesion Kinase Signaling In Unexpected Places

Elizabeth G. Kleinschmidt and David D. Schlaepfer®

Biomedical Sciences Graduate Program, University of California, San Diego, Moores Cancer
Center, Department of Reproductive Medicine, 3855 Health Sciences Drive, MC 0983, La Jolla,
CA 92093-0983

Abstract

Focal adhesion kinase (FAK) is a cytoplasmic protein-tyrosine kinase first identified at
extracellular matrix and integrin receptor cell adhesion sites and is a key regulator of cell
movement. FAK is activated by a variety of stimuli. Herein, we discuss advances in
conformational-associated FAK activation and dimerization mechanisms. Additionally, new roles
have emerged for FAK signaling at cell adhesions, adherens junctions, endosomes, and the
nucleus. In light of these new findings, we review how FAK activation at these sites is connected
to the regulation of integrin recycling-activation, vascular permeability, cell survival, and
transcriptional regulation, respectively. Studies uncovering FAK signaling connections in
unexpected places within cells have yielded important new regulatory insights in cell biology.
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Introduction

FAK is an important contributor to growth factor receptor and integrin signals governing
fundamental processes in normal and cancer cells. FAK is comprised of an N-terminal
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FERM (band 4.1-ezrin-radixin-moesin) domain, a central kinase domain, and three proline-
rich regions that are binding sites for Src-homology 3 (SH3) domain-containing proteins
(Figure 1A). FAK contains multiple tyrosine phosphorylation sites that serve as binding sites
for SH2 domain-containing proteins, serine phosphorylation sites that may alter FAK
conformational dynamics, and a C-terminal FAT (focal adhesion-targeting) domain that
indirectly links FAK to integrins.

During development, FAK is expressed and activated during gastrulation. Deletion of FAK
or disruption of FAK activity in mice result in embryonic lethality with vascular, cell
proliferation, and cell survival defects [1]. Whereas, conditional inactivation of FAK
expression or activity in tissues of adult mice result is not lethal [2,3], expression of the
FAK-related Pyk2 protein complicates the interpretation of causal relationships of
conditional FAK knockouts [4,5] as there are overlapping functions of FAK and Pyk2 in
some signaling pathways [6-8].

Importantly, FAK activity has been linked to some cancers, and small molecule inhibitors of
FAK activity are being tested as anti-tumor therapies in early phase human clinical trials [1-
3,9]. Over the last five years, expansion of genetic tumor profiling has revealed both FAK
DNA amplification (PTKZ2 gene at 18g24.3) and elevated FAK mRNA levels in several
cancers, including breast and ovarian carcinomas [3]. DNA sequencing has revealed several
small nucleotide polymorphisms that result in amino acid substitutions within FAK, but
mutational activation or inactivation of FAK is infrequent. In this review, we discuss the
regulation of FAK activation at various sub-cellular locations that will provide researchers
with insights into the effects of blocking FAK function.

Current Models of FAK Activation

In simple terms, FAK activity is defined as the ability of this protein-tyrosine kinase to
transfer phosphate from ATP onto site-specific tyrosine residues in substrate proteins such as
paxillin, p130Cas, Src, cortactin, p-catenin, VVE-cadherin, and a.-actinin as a means to alter
protein function [3]. In addition, FAK forms phosphorylation-independent complexes with a
number of different proteins as a scaffold, as the FAK FERM domain can enhance cell
survival in a kinase-independent manner [10,11]. Research efforts to understand and
distinguish FAK kinase-dependent and -independent signaling functions are ongoing
[12,13]. We will discuss recent insights into the molecular mechanisms regulating FAK
conformational activation and FAK auto-phosphorylation at Y397 that have been obtained
from crystal structure, super-resolution microscopy, biosensor, biochemical, and cell
biological analyses.

FAK at Focal Adhesions

Integrin-mediated signaling is one of the strongest activators of FAK. Integrin receptor
binding to extracellular matrix proteins results in the formation of adhesomes where FAK
localizes to a membrane-proximal signaling layer containing integrin cytoplasmic tails and
paxillin [14,15]. FAK does not bind directly to integrin tails and is recruited rapidly in part
through complexes formed by integrin tails, kindlin-2, and paxillin [16,17]. FAK binding to
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paxillin facilitates recruitment to adhesions but this is not sufficient as the loss of other FAK
FAT domain binding partners, such as Rgnef, prevent FAK recruitment to adhesions [18].
The partners and sequence of events for FAK recruitment to adhesions remains unclear as
FAK can precede paxillin localization at adhesions [19], FAK can function upstream of Src
phosphorylation events [20], and loss of Rgnef delays integrin-mediated FAK activation
[18]. Notably, FAK expression is not essential for adhesion formation [21] and blocking
FAK signaling does not alter adhesion protein composition [22]. However, the dynamics of
adhesion formation versus adhesion disassembly in migrating cells is associated with
temporal differences in FAK and/or Src activation [23].

Evidence supports the notion that FAK exists as monomers in an auto-inhibited state prior to
adhesion recruitment [24] (Figure 1B). This inhibitory conformation is maintained by
interactions between the FERM and kinase domains that block FAK autophosphorylation at
Y397 [25]. Point mutations within the FERM F2 lobe (Y180A/M183A) or within the kinase
domain (F596D) release inhibitory FERM-kinase domain interactions and promote elevated
FAK tyrosine phosphorylation. Another important region in FERM-mediated regulation of
FAK activity is a solvent-facing “patch” of basic residues (KAKTLR) within the FERM F2
lobe. These residues can bind to phosphatidylinositol-4,5-bisphosphate [P1(4,5)P,] and
induce a “partially open” conformation [26] but not necessarily release of FERM-kinase
domain auto-inhibitory interactions. Instead, FAK binding to PI(4,5)P, induces FAK
clustering and a shift in equilibrium towards dimerization. FAK dimers featuring a
FERM:FERM interaction are observed in crystal structures, and transient FAK dimerization
is a proposed mechanism of FAK activation [27]. In support of this hypothesis, a point
mutation within the FERM F3 lobe (W266A) reduces FAK activity through reduction of
FAK Y397 phosphorylation in trans[27].

It is possible that an active FAK-Src complex may form multimers at adhesion sites via
stabilization of FAK dimers. In addition to FERM:FERM interactions, FAK dimerization
also involves binding between the FERM and C-terminal FAT domain [27] which may be
reinforced by paxillin binding to the FAT domain (Figure 1B). Additionally, conformational
changes within the FAT domain influence the formation of FAT:FAT dimers [28]. The FAT
domain forms a four-helix barrel bundle [29], and nuclear magnetic resonance studies
revealed an “opening” or flexibility of the first helix of the FAT four-helix bundle [30].
Notably, pH change over the range of 5.5-7.5 affects the conformational dynamics of the
FAT domain and leads to differential phosphorylation of FAK Y1007 and FAK Y925 by Src
[31]. Although the role of FAK Y1007 remains unknown, FAK Y925 phosphorylation
creates a binding site for the SH2 domain of Grb2, linking FAK to the activation of the
ERK/MAP kinase signaling cascade [3]. The overall contribution of FERM:FERM,
FERM:FAT, and FAT:FAT binding interactions to sustained FAK activity remain unknown.

In general, FAK phosphorylation at Y397 creates a binding site for the SH2 domain of Src,
and the stability of a FAK-Src complex is enhanced by Src SH3 domain binding to the first
proline-rich motif in a region following the FERM domain. Within this complex, Src
phosphorylates FAK at Y576 and Y577, and FAK phosphorylates Src at Y416, sites located
within the activation loop of each kinase domain. Src binding to and phosphorylation of
FAK promotes an open FAK conformation capable of functioning as both a scaffold and a
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kinase. Other important factors leading to release of FERM domain restraint on FAK kinase
activity are the binding of other proteins to the FERM domain [32], pH-dependent changes
leading to the protonation of FERM H48 [33,34], and the phosphorylation of FAK FERM
Y194 by growth factor receptor tyrosine kinases [35].

The majority of studies evaluating the role of FAK signaling at adhesions have focused on
mechanisms associated with cell motility [36-38] and cross-talk to other signaling pathways
[39]. Integrins also serve as important receptors for mechanosensing [40]. Force fluctuations
within adhesions can drive FAK activation and increase paxillin phosphorylation leading to a
stronger cytoskeletal linkage, vinculin recruitment to adhesions, and focal adhesion
maturation [41,42]. Force has been proposed to induce the opening of the FERM-kinase
interface and to increase FAK Y397 phosphorylation [43]. Downstream signaling
connections of force-mediated FAK activation can induce mitotic spindle reorganization
[44], trigger mechanosensitive cell proliferation [45], and can increase inflammatory
cytokine production associated with fibrosis [46]. As tumor tissues can exhibit stiffness and
pharmacological FAK inhibition can reverse fibrosis in models of pancreatic cancer [47,48],
it will be interesting to determine if this reversal is an effect of FAK inhibition in tumor,
stromal, or multiple cell types.

FAK at Endosomes

Integrins are constitutively endocytosed and undergo endosomal sorting that determines
degradation or receptor recycling [49]. Polarized integrin recycling to the leading edge of
migrating cells is a fundamental process required for adhesion formation and efficient cell
movement [50]. FAK interactions with the GTPase dynamin are also linked to the early steps
of integrin endocytosis during adhesion turnover [51,52]. Interestingly, Y397-
phosphorylated FAK co-localizes with 1 integrins, talin, and Rab GTPases on early
endosomes [53]. In vitro, FAK binds to purified endosomes from FAK-/- cells via the
FERM domain and this is associated with FAK activation [53]. The protein- or lipid-binding
target of the FAK FERM domain on endosomes remains unknown.

Although intrinsic FAK activity is not required for endosomal targeting [53], the
maintenance of active endosomal integrins is dependent on FAK activity [54]. On
endosomes, FAK phosphorylates and activates type | phosphatidylinositol phosphate kinase,
that facilitates PIP, lipid generation and talin binding to endosomes. As talin maintains
conformational integrin activation by binding to integrin cytoplasmic tails [55], FAK activity
confers “conformational memory” that allows active integrins to be recycled and delivered to
the leading edge of migrating cells [54]. Thus, FAK signaling can affect cell migration in
locations other than focal adhesions.

FAK at Adherens Junctions

Adherens junctions (AJs) are protein complexes that form at endothelial or epithelial cell-
cell contacts, and are comprised of transmembrane cadherins that form extracellular homo-
dimers and maintain cell junctional integrity [56]. Although cadherins, catenins, and a-
actinin are primary constituents of AJs, a number of focal adhesion proteins are also
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recruited to AJs such as Src, FAK, vinculin, and the Rac GTPase in response to different cell
stimuli [57]. The activation of Src and FAK at both adhesions and AJs likely facilitates
crosstalk between integrin and cadherin receptors.

Using real-time confocal imaging of confluent endothelial cells expressing a green
fluorescent fusion protein (GFP) fused to FAK, vascular endothelial growth factor (VEGF)
stimulation resulted in the rapid redistribution of cytosolic GFP-FAK to AJs within 30 to 60
seconds [58]. VEGF-stimulated recruitment of FAK to AJs promoted FAK association with
vascular endothelial cadherin (VE-Cadherin), and pharmacological or genetic blockage of
FAK kinase activity prevented VEGF-stimulated vascular permeability /n7 vitro and in mice
[58]. Endothelial-specific and conditional expression of kinase-inactive FAK (K454R) in
adult mice reduced VE-cadherin Y658 and p-catenin Y142 phosphorylation in response to
circulating VEGF. This genetic inhibition of FAK in endothelial cells prevented tumor cell
extravasation and metastasis by enhancing vascular barrier function [59]. As
pharmacological FAK inhibition can also alter immune cell infiltration into tumors [48,60],
it will be interesting to determine if this is mediated in part by alterations in vascular
permeability.

On a molecular level, FAK and VE-cadherin association is mediated by direct binding of the
FERM domain to the VE-cadherin cytoplasmic domain [58]. Binding is dependent on a FAK
“open” conformational state and enhanced by FERM domain Y180A/M183A point
mutations. Elucidating the molecular and physical stimuli that can trigger conformational
changes in FAK is crucial for understanding the processes that control FAK recruitment to
both AJs and adhesions.

FAK in the Nucleus

FAK nuclear recruitment can occur in response to chemical or genetic stress and FERM F2
lobe residues (KAKTLR) function as a nuclear localization sequence in addition to
facilitating PIP, lipid binding [10]. Nuclear FAK enhances p53 tumor suppressor
proteosomal degradation as a mechanism promoting cell survival in response to stress
[5,61]. Although genetic or pharmacological FAK inhibition is associated with increased
FAK nuclear accumulation, activated FAK also localizes to the nucleolus, a sub-nuclear
compartment that has been proposed to act as a “stress sensor” as well as a site for ribosomal
RNA biogenesis [62,63]. In the nucleolus, FAK binds and protects nucleostemin, a cancer
stem cell marker, from stress-induced degradation. As tumor aggressiveness is associated
with increased nucleoli number and size [63], further investigation into roles of nucleolar
FAK may reveal new connections promoting tumor cell survival.

FAK nuclear localization is associated with cell transformation as increased active nuclear
FAK is present in squamous carcinoma cells compared to normal keratinocytes [60]. While
canonical signaling cascades downstream of membrane-associated FAK signals can induce
gene expression changes [3], nuclear FAK influences gene expression through interaction
with an expanding set of nuclear binding partners [60,64—66]. The majority of these
interactions are mediated by FERM domain binding. However, the FAT domain also play a
role as it forms a complex with the MEF2 transcription factor in cardiomyocytes to
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upregulate transcriptional activity in response to mechanical stress [66]. As the regulation of
p21 cyclin dependent kinase inhibitor gene expression by FAK can occur via kinase-
dependent [67] or kinase-independent [10] linkages, unraveling the complexity of FAK
nuclear signaling will require the development of new genetic models incorporating point
mutations that can inactivate FAK nuclear localization and/or activity.

Conclusions and Future Perspectives

FAK research has focused primarily on the role of FAK at focal adhesions, but newly
identified roles for FAK at adherens junctions, the nucleus, and endosomes point to a more
versatile role for FAK in cells. In fact, referring to “focal adhesion kinase” by its alternative
nomenclature, “PTK2,” may be a more accurate reflection of multiple roles for FAK in cells.
As a multi-domain protein that changes conformations upon activation, FAK can act as an
assembly platform for protein complexes or as a bridge between proteins. FAK also
functions as a protein-tyrosine kinase, phosphorylating different targets throughout the cell.
Through these dual kinase-dependent and kinase-independent scaffolding roles, FAK lies at
the intersection between many signaling pathways that control adhesion, migration,
proliferation, and survival.

Subcellular FAK recruitment may act as an additional layer of signaling specificity, but this
also yields additional questions. For instance, do different FAK effector proteins exist at
different locations? Although some focal adhesion-associated proteins such as paxillin can
shuttle to the nucleus [68], it is unclear whether nuclear paxillin involves an association with
FAK. Moreover, as distinct subcellular localizations allow FAK to interact with different
binding partners, it will be important to identify common or divergent signaling pathways
associated with FAK recruitment to distinct sites or “unexpected places” within cells.
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Highlights
FAK undergoes conformational activation and dimerization.
FAK activation can occur at adhesions, on endosomes, and in the nucleus.
FAK localizes to adherens junctions and can promote their disassembly.

Nuclear FAK can alter targets through kinase-dependent and —independent
mechanisms.

The gene name for FAK (PTK2) reflects a more versatile role in cells.
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Figure 1.

Schematic of FAK domains and mechanisms leading to activation. A) FAK contains an
amino-terminal protein band 4.1-ezrin-radixin-moesin (FERM) homology domain (blue), a
central kinase domain (red), and a carboxy-terminal focal adhesion targeting (FAT) domain
(green). These domains are connected by linker regions containing proline-rich regions
(PR1-3, purple). Location of phosphorylation sites and a nuclear localization sequence
(NLS) is shown. B) Proposed mechanism of FAK activation. 1) Inactive FAK exists as an
auto-inhibited monomer, a conformation maintained by interactions between the FERM
(blue) and kinase (red) domains. 2) FERM binding to phosphatidylinositol-4,5-biphosphate
[P1(4,5)P5] induces a relaxed conformation, FAK clustering, and transient FERM:FERM and
FAT:FAT dimerization. 3) Transient FERM:FERM and FAT:FAT dimerization allows FAK
autophosphorylation at Y397 in trans (yellow). A FERM:FAT (FAT shown in green)
interaction can be reinforced by paxillin at focal adhesions. Y397 FAK phosphorylation
creates a binding site for the SH2 domain of Src. 4) Src further phosphorylates FAK at
multiple sites inducing full FAK activation by a conformational shift that includes

FERM:kinase release.
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Figure 2. FAK functions throughout the cell
A) Proteins such as Rgnef, talin, and paxillin contribute to FAK localization at sites of

integrin clustering. Activated FAK phosphorylates Rgnef and paxillin, promoting the
assembly of focal adhesions. B) FAK binds dynamin-2 (DNMZ2), triggering focal adhesion
disassembly and integrin endocytosis. FAK at adhesions regulates cell adhesion, migration,
and mechanosensing. C) FAK binds to and is activated at endosomes. FAK phosphorylation
of PIPKI+yi2 results in talin recruitment, which in turn maintains the active conformation of
endosome-associated integrins. FAK-endosome signaling facilitates the polarized
reassembly of activated integrins at the leading edge of migrating cells. FAK at endosomes
facilitates integrin activation and cell survival. D) In the nucleus, activated FAK binds to
transcription factors (TFs) to modulate gene expression. Inactive FAK in the nucleus
functions as a scaffold to facilitate transcription factor turnover via enhanced ubiquitination
by complexing with different E3 ligases. E) In the nucleolus, activated FAK complexes with
proteins important in promoting stem cell phenotypes. FAK in the nucleus and nucleolus
alters transcription, survival, and anchorage-independent cell growth. F) Active FAK
localizes to adherens junctions (AJs) and directly binds VE-cadherin in response to vascular
endothelial growth factor stimulation of endothelial cells. FAK phosphorylates g-catenin and
VE-cadherin, triggering AJ disassembly. Right, depiction of figure elements.
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