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Abstract
Importance of the field—The focal adhesion tyrosine kinases FAK and Pyk2 are uniquely situated
to act as critical mediators for the activation of signaling pathways that regulate cell migration,
proliferation, and survival. By coordinating adhesion and cytoskeletal dynamics with survival and
growth signaling, FAK and Pyk2 represent molecular therapeutic targets in cancer as malignant cells
often exhibit defects in these processes.

Areas covered in this review—This review examines the structure and function of the focal
adhesion kinase Pyk2 and intends to provide a rationale for the employ of modulating strategies that
include both catalytic and extra-catalytic approaches that have been developed in the last 3–5 years.

What the reader will gain—Targeting tyrosine kinases in oncology has focused on the ATP
binding pocket as means to inhibit catalytic activity and down-regulate pathways involved in tumor
invasion. This review will discuss the available catalytic inhibitors and compare them to the
alternative approach of targeting protein-protein interactions that regulate kinase activity

Take home message—Development of specific catalytic inhibitors of the focal adhesion kinases
has improved but significant challenges remain. Thus, approaches that inhibit the effector function
of Pyk2 by targeting regulatory modules can increase specificity and will be a welcome asset to the
therapeutic arena.
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1. Introduction
Integrin mediated adhesion to the extracellular matrix plays a central role in the regulation of
a number of cellular activities including survival, proliferation, and migration. By linking the
extracellular matrix to the actin cytoskeleton, integrins provide a mechanical basis for
productive force generation necessary for cell motility. In addition, information from the
adhesive interaction is translated into the activation of cellular signaling pathways through the
formation of the focal adhesion complex 1. Focal adhesions are multi-protein scaffolds
enriched in signaling effectors that mediate signaling inputs. Focal adhesions also serve as a
point of convergence for signaling initiated at growth factor and G-protein linked receptors to
coordinately regulate cell growth and migration. These complexes exert observable effects on
cellular phenotype by sensing not only the local extracellular milieu, but also physical and
topographical features (membrane/cytoskeletal flexibility, temporal-spatial dimensionality,
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and the relationships to extracellular ligands) of the cell within the context of the surrounding
environment 2. Coordination and turnover of these contact points involves a series of
catalytically-active scaffolding proteins and specific lipids that serve in the transduction of bi-
directional (outside-in and inside-out) signaling that ultimately influences cellular behavior
3, 4. The focal adhesion kinases FAK and Pyk2 are uniquely situated to act as critical mediators
for the activation of signaling pathways that regulate cell migration, proliferation, and survival.
By coordinating adhesion and cytoskeletal dynamics with survival and growth signaling, FAK
and Pyk2 represent molecular therapeutic targets in cancer cells as malignant cells often exhibit
defects in these processes.

2. The Focal Adhesion Kinases
The prototypical signaling effector coupling integrin-matrix interactions with signaling events
at the focal adhesion is the focal adhesion kinase (FAK) 5. FAK is a ubiquitously expressed
125-kDa non-receptor tyrosine kinase that is rapidly phosphorylated following integrin
engagement with concomitant increases in its kinase activity 6, 7. Activation of FAK can also
occur by non-integrin pathways including a number of growth factors, cytokines, bioactive
lipids and neuropeptides 8, 9 Phosphorylation of conserved tyrosine residues provides binding
sites for SH2 containing proteins notably Src-family tyrosine kinases (Tyr397) and the Grb2
adaptor protein (Tyr925). Src binding to phosphorylated Tyr397 of FAK leads to full activation
of both kinases and the formation of a signaling complex that phosphorylates other focal
adhesion proteins including paxillin and p130Cas. A better understanding of the molecular
mechanism of FAK activation has been elucidated by structural studies demonstrating that the
N-terminal FERM (band Four point one, Ezrin, Radixin, Moesin) domain binds directly to the
kinase domain effectively blocking access to the catalytic cleft 10, 11. FAK activation has been
proposed to be initiated by displacement of the FERM domain from the kinase domain by the
binding of an as yet unidentified activating component to the FERM. This hypothesis is
supported by the recent observation that the interaction of the FAK FERM domain with acidic
phospholipids induced conformational changes in FAK and is associated with FAK activation
12. Proper subcellular localization is also a critical component of FAK signaling and involves
the interaction of the C-terminal focal adhesion targeting (FAT) domain, a four helical bundle,
with the integrin associated proteins paxillin and talin 13, 14. Increased expression of FAK has
been reported in a number of metastatic cancers and overexpression correlates with invasive
phenotypes 15–21. The numerous contributions of FAK to cellular adhesion, motility, cell
cycle regulation, and abrogation of programmed cell death have increased its potential as a
target for therapeutic intervention 22–25.

A second member of the FAK-family was identified near-contemporaneously by several
groups and designated Pyk2 (Proline-rich tyrosine kinase), CAKβ (cell adhesion kinase beta),
RAFTK (related adhesion focal tyrosine kinase), or FAK2 26–30. The human Pyk2 gene was
found to reside on chromosome 8 (8p21.1; gene reference: PTK2B) 27, 31. These studies
demonstrated that Pyk2 shares a similar domain structure with FAK and exhibits ~45%
sequence identity over the length of the molecule. The greatest sequence identity, ~60%, is
found within the central kinase domain. Despite their structural similarity, Pyk2 and FAK
display a number of significant differences. While FAK is ubiquitously expressed, Pyk2
exhibits a more limited tissue distribution. Pyk2 expression has been reported in a number of
cell types with expression being highest in cells of hematopoietic lineage and in the CNS 26,
28, 32. Interestingly, knockdown of FAK expression in certain cell types has been accompanied
by a compensatory increase of Pyk2 expression 33–35. Notably, the activation of Pyk2 also
differs from that of FAK. FAK is primarily activated following integrin mediated adhesion to
ECM. In contrast, although Pyk2 can be activated following integrin mediated adhesion, Pyk2
is primarily activated in response to a variety of stimuli that increase intracellular calcium 28,
32, 36, 37. Intracellular distribution of Pyk2 is also different than that of FAK. Although Pyk2
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is localized in focal adhesions in certain cell types, it is more commonly found distributed
throughout the cell and is often enriched in perinuclear regions 38, 39. Thus, although the FAT
regions of FAK and Pyk2 share ~40% identity, these results suggest that they may interact with
different proteins resulting in different intracellular localization. Alternatively, Pyk2 may
possess an additional targeting sequence that overrides the interactions mediated by the FAT
domain in a cell type dependent manner. Similar to FAK, upregulation of Pyk2 expression has
been noted in several human tumors. Pyk2 expression is elevated in gliomas and expression is
increased with advancing WHO grade 40. Pyk2 overexpression in hepatocellular carcinoma
correlated with increased metastasis and reduced survival 41, 42. Similarly, Pyk2 expression is
upregulated in non-small cell lung cancer and correlated with higher metastatic potential 43

while knockdown of Pyk2 expression inhibited anchorage independent survival and
proliferation of small cell lung cancer cells 44. Pyk2 expression is significantly increased in
early and advanced breast cancer and co-overexpressed with ErbB-2 in early stage DCIS and
invasive breast cancer 45. Taken in total, Pyk2 is well positioned as a potential target for disease
modulation, particularly as it pertains to invasive cancers, osteoporosis, and inflammatory
cellular responses. This article reviews the pertinent biological aspects justifying programs for
the development of inhibitory strategies that target Pyk2.

3. Pyk2 structure and functional domains
Although a high resolution structure of full length Pyk2 has not been reported, a number of
functional domains have been identified and characterized (Figure 1). These functional
domains include a N-terminal FERM domain, a central catalytic domain, a number of proline
rich sequences, and the C-terminal focal adhesion targeting domain. High resolution structures
have been solved for several of these individual functional domains.

3.1. N-terminal FERM domain
The FERM domain is preceded by 38 amino acids at the amino terminus that have no known
function ascribed to them and share very low conservation of sequence with the corresponding
residues of FAK. Using hydrophobic cluster analysis, a sequence analysis method based on
principles of globular domain folding, Girault and colleagues first proposed that the N-terminal
region of Pyk2 contains a divergent FERM domain 46 encompassing ~330 residues. FERM
domains are compact cloverleaf shaped structures composed of three structural modules
(designated A, B, and C or F1, F2, and F3 respectively) that mediates both protein-membrane
targeting as well as protein-protein interactions. The functional activity of the prototypical
FERM domain proteins ezrin, radixin, and moesin is regulated by FERM domain mediated
intramolecular associations 47, 48. Protein membrane targeting is mediated by basic residues
in a cleft between subdomains F1 and F3 that interact with PIP2 49, 50. Interactions with the
FERM domains with PIP2 molecules at the membrane has been proposed to induce
conformational changes that unmask the full length FERM proteins and stimulate their
interaction with the cytoplasmic tails of transmembrane proteins 51. Although a autoregulatory
role for the FERM domain of FAK has been described 11, a similar interaction of the Pyk2
FERM domain with the Pyk2 kinase domain has not been reported. Nevertheless, experimental
results with chimeric proteins support a substantive role for the Pyk2 FERM domain in the
regulation of Pyk2 activity 52. Notably, replacement of the Pyk2 FERM domain with the
conserved FAK FERM domain increased Pyk2 catalytic activity and substrate phosphorylation
supporting a regulatory role for the Pyk2 FERM domain. Although the molecular mechanism
underlying this regulation remains to be determined, Kohno et. al. have recently proposed that
the Pyk2 FERM domain regulates Pyk2 activity by mediating a Ca2+/calmodulin dependent
Pyk2 homodimer formation and resultant transphosphorylation 53. Other studies have
demonstrated that mutations within the Pyk2 FERM domain or expression of an autonomous
FERM domain inhibits Pyk2 phosphorylation 54, 55 further supporting a role for the Pyk2
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FERM domain in the regulation of Pyk2 activity. These effects could be due to alterations in
protein-protein interactions mediated by the FERM domain or changes in cellular localization.
Notably, the Pyk2 FERM domain appears to inhibit the focal adhesion targeting of Pyk2 52.
Although a number of protein interactions mediated by the FERM domain have been described
for the classical ERM proteins and for the FAK FERM domain,56–59 identification of proteins
that interact specifically with the Pyk2 FERM domain has been limited. As previously noted,
it has been reported that calmodulin binds to the α2-helix of the F2 subdomain of the Pyk2
FERM resulting in the formation of a Pyk2 homodimer and stimulating transphosphorylation
53. A yeast two-hybrid screen was used to identify the Nir family of proteins (Nir1, Nir2, and
Nir3) as proteins that interacted with the N-terminal domain of Pyk2 but did not interact with
the N-terminal domain of FAK 60. The Nir proteins are calcium binding proteins that possess
phosphatidylinosital transfer activity that are phosphorylated by Pyk2 in response to Pyk2
agonists. Given the diverse range of interactions mediated by FERM domains, it is likely that
the Pyk2 FERM mediates interactions with other as yet unidentified proteins and that these
interactions may contribute to the regulation of Pyk2 function.

3.2. Kinase domain
Pyk2 contains a centrally located kinase domain that is connected to the FERM domain by a
short linker segment of ~40 amino acids that contains a Pro-X-X-Pro motif at residues 377–
380 and the autophosphorylation site at Tyr402. Phosphorylation at Tyr402 provides a binding
site for SH2 containing proteins including Src and p85. Binding of Src leads to phosphorylation
of Pyk2 residues Tyr579 and Tyr580 within the kinase domain activation loop and maximal
Pyk2 kinase activity. The primary sequence of the catalytic domain of Pyk2 is 60% identical
with the catalytic domain of FAK and exhibits high sequence conservation with other protein
tyrosine kinases 29. A recently obtained high resolution structure for the Pyk2 kinase domain
demonstrates that it exhibits a bi-lobal structure very similar to that of other kinase domains.
Interestingly, the kinase domain exhibits unique conformational variability of the canonical
Asp-Phe-Gly (DFG) motif in the activation loop that may be of potential use in the design of
selective kinase inhibitors 61. A yeast two-hybrid screen was used to identify FIP200 (FAK
family kinase-interacting protein of 200 kDa) as a protein that binds to the Pyk2 kinase domain
and may function as an potential endogenous inhibitor of Pyk2 62.

3.3. C-terminal domains
The catalytic domain of Pyk2 is followed by two proline rich sequences (713Pro-Pro-Pro-Lys-
Pro-Ser-Arg-Pro720 and 855Pro-Pro-Gln-Lys-Pro-Pro-Arg-Leu862) that mediate the
interaction of Pyk2 with a number of SH3 domain containing proteins that also interact with
FAK including p130Cas, ASAP1, PSGAP, and Graf 36, 63–66. These proline rich sequences
also mediate the specific interaction of ASAP2 and PRAP with Pyk2 65, 67. Interestingly, a
role for the proline rich sequences in the subcellular localization of Pyk2 has been described.
Specifically, mutation of the second proline rich sequence in Pyk2 led to the exclusive nuclear
localization of Pyk2 68. Nuclear accumulation of Pyk2 was accompanied by the accumulation
of Hic-5 suggesting a potential role for Pyk2 in transcriptional regulation.

The C-terminal domain of Pyk2 also includes a focal adhesion targeting (FAT) domain. This
region of Pyk2 is well conserved (~40% identity) with the corresponding FAT domain of FAK
that is both necessary and sufficient for efficient localization of FAK to focal adhesions 69,
70. Interestingly, despite this conservation, the FAT domain of Pyk2 does not interact with
talin unlike the FAT domain of FAK 71 perhaps contributing to the differential localization of
Pyk2 observed in cells. The crystal structure of the FAT domain of Pyk2 demonstrates that it
forms an anti-parallel four-helix bundle 72 that exhibits a conserved structure with the FAT
domain of FAK 13, 14. The FAT domain of Pyk2 mediates its interaction with the scaffolding
protein paxillin whereby two LD4 motifs of paxillin adopt amphipathic helices that interact

Lipinski and Loftus Page 4

Expert Opin Ther Targets. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with hydrophobic patches on opposite sides of the Pyk2 FAT domain creating a six-helix
bundle 72. The FAT domain of Pyk2 also interacts with the N-terminus of Hic-5 73. As Hic-5
is closely related to paxillin and contains highly conserved LD motifs it presumably interacts
with Pyk2 in a similar molecular manner. The FAT of Pyk2 also interacts with an LD motif in
the C-terminus of gelsolin and regulates its activity linking Pyk2 to the regulation of actin
cytoskeleton organization 74. The FAT domain also contains Tyr881 which when
phosphorylated by Src serves as a binding site for the adaptor Grb2 and linkage to the MAP
kinase signaling pathway 75.

3.4. Pyk2 isoforms
At least two novel isoforms have been described for Pyk2. A number of studies had
demonstrated that Pyk2 isolated from some cell lines often appeared to run as a doublet on
SDS-PAGE gels. Three separate groups isolated and characterized this slightly smaller isoform
of Pyk2 66, 76, 77. PCR analysis of Pyk2 indicated this slightly smaller form of Pyk2 resulted
from an in frame deletion of 126 base pairs from the C-terminal portion of Pyk2. This isoform
arises from alternative mRNA splicing and removes 42 amino acids (residues 738–780) located
between the two proline rich SH3 binding domains located in the C-terminal portion of Pyk2
following the kinase domain. This isoform is referred to as Pyk2-H 76 or Pyk2s 66. Pyk2-H is
predominately expressed in cells of the hematopeitic lineage including B cells, thymocytes,
and NK cells while the unspliced full length Pyk2 is predominately expressed in the brain.

The second isoform described for Pyk2 lacks both the N-terminal FERM domain and the kinase
domain. This form of Pyk2 is referred to as PRNK (Pyk2 related nonkinase) and encodes the
C-terminal 228 residues of Pyk2 fused to nine unique N-terminal amino acids 66. The structural
organization of PRNK is similar to that of FRNK (FAK related non-kinase), the autonomously
expressed C-terminal domain of FAK 78, 79 suggesting that it may act as an endogenous
regulator of Pyk2 activity in certain tissues. Interestingly, PRNK and Pyk2 exhibit distinct
intracellular localization 39, 66. PRNK is localized to focal adhesions while Pyk2 exhibits a
predominately cytoplasmic distribution further substantiating the presence of other localization
sequences in Pyk2. Similarly, while Pyk2 and PRNK both interact with paxillin, PRNK does
not appear to interact with the Pyk2 interacting proteins p130Cas or Graf 66 suggesting that its
capacity to act as an endogenous regulator of Pyk2 may be restricted to certain cell types.

4. Functional Investigation of Pyk2 Modulation
Elucidation of the functional role that Pyk2 plays in normal cellular biology is important for
gleaning insight into possible derangements seen in human disease states. To this end, several
knockout mouse studies added crucial information as to the involvement of Pyk2 in cellular
function. One such study which suggested the importance of Pyk2 in cellular adhesion and
motility was seen in the hck−/−fgr−/− double knockout mouse 80. Mice deficient in these
signaling effectors possessed immune cells with derangements in adhesion and migration with
dramatically altered subcellular localization of focal adhesion associated proteins.
Macrophages obtained from these knockout mice were observed to have significantly reduced
tyrosine phosphorylation of proteins known to be crucial to integrin-mediated function
including cortactin, paxillin, and tensin. Moreover, these macrophages had significantly
reduced phosphorylation of Pyk2. This work substantiated the importance of Src-family
kinases in macrophage migration and implicated Pyk2 as an important proximal contributor to
cytoskeletal organization important for the formation of normal filopodia formation and
cellular polarity in neutrophils.

Pyk2 involvement in normal bone remodeling was further studied in osteoclasts obtained from
the Src−/− mouse. It has been previously shown that engagement of αvβ3 integrins results in
activation of Pyk2 and the adaptor protein p130Cas in the sealing zone of actively bone-
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resorbing osteoclasts 81. Osteoclasts from Src−/− mice displayed defective organization of the
microfilament proteins F-actin, vinculin, paxillin, p130cas, and Pyk2 and hyperclustering of
αvβ3 integrin complexes. Thus, the formation of functional focal adhesions and the
microfilament complex in osteoclasts requires Src and involves Pyk2 82, 83.

Description of the functional role of Pyk2 was further developed by studies using fibroblasts
cultured from FAK−/− mice 84. FAK-null fibroblasts exhibit morphological and motility
defects despite normal phosphorylation of FAK substrates. Pyk2 expression is elevated in
FAK-deficient fibroblasts and Pyk2 activity in these cells is induced by binding to fibronectin
34. Interestingly, Pyk2 activity was not increased upon ECM stimulation in FAK-deficient
cells in which FAK was reconstituted. Cell motility could be rescued by reconstitution of FAK,
but was only minimally enhanced by Pyk2 overexpression 34. Finally, it was discovered in
these fibroblasts that Pyk2 and Src-family members are involved in fibronectin-stimulated
signaling through MAPK (Erk2) pathways in the absence of FAK but cannot overcome the
loss of FAK regarding cellular motility.

An increase in Pyk2 expression consequent to FAK knockdown has also been recently
described in a study investigating the role of FAK in angiogenesis in endothelial cells of adult
mice 35. While FAK knockout is an embryonic lethal 84, tamoxifen-inducible conditional
knockout of FAK in adult blood vessels did not produce a vascular phenotype and these animals
were capable of developing a robust growth factor–induced angiogenic response. Although
angiogenesis in wild-type mice was suppressed by pharmacological inhibition of FAK, the
inducible FAK-knockout mice were refractory to this treatment due to a compensatory increase
in Pyk2 expression. The ability of Pyk2 to assume a compensatory role in integrin-dependent
signaling pathways suggests that strategies that selectively target FAK might lack efficacy due
to Pyk2 compensation, particularly as it pertains to applications directed towards blocking
tumor angiogenesis.

More direct investigation of the functional role of Pyk2 in vivo was obtained by generation of
a Pyk2−/− mouse line. Interestingly, targeted deletion of the Pyk2 locus by homologous
recombination resulted in a mouse that was viable, fertile, and lacked gross phenotypic
aberrancy 85. As the importance of Pyk2 in the biology of immunological cells, particularly
macrophages and B-cells had been previously established, lymphoid tissues from the
Pyk2−/− mouse were inspected for distributional differences in T- and B-cells, NK cells,
macrophages, and monocytes. Notably, Pyk2−/− mice displayed an absence of marginal zone
B cells and B cells derived from the Pyk2 deficient mice exhibited decreased motility and
decreased responsiveness to chemokines 86. Functional studies with isolated Pyk2 deficient
macrophages also identified functional deficits. These macrophages were delayed in the
formation of leading edge lamellapodia in response to the chemokine stimulation and failed to
detach from substrate at the trailing edge resulting in drastically reduced migration. Moreover,
these cells displayed increased spreading and had substantially larger lamellapodia compared
to wild type macrophages both in the presence or absence of chemokine. The migratory
phenotype could be rescued by reconstitution of Pyk2 and no compensatory overexpression of
FAK was observed in the Pyk2−/− macrophages. Further experimentation on the cytoskeletal
contractile forces generated by Pyk2−/− macrophages employing optical tweezers to restrain
fibronectin-coated beads that were bound by the leading edge lamellapodia of macrophages
revealed that rearward displacement of the optically constrained beads was significantly
reduced in the Pyk2-null cells compared to the wild type macrophages. The distribution of F-
actin in Pyk2-null macrophages in response to chemokine stimulation did not display the
typical enrichment at the leading edge lamellapodia, but could be found in various locations
in the membrane and non-directional membrane ruffles. In addition, integrin mediated
activation of Rho and PI-3 kinase was significantly impaired in Pyk2−/− macrophages. Taken
together, Pyk2 appears to be important for the organization of cytoskeletal components in a
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polarized manner for directional motility in response to chemotactic gradients and in the “flow”
of trailing edge components into leading edge structures substantiating a role for Pyk2 in the
normal cytoskeletal dynamics of macrophages. Interestingly, Pyk2−/− mice have increased
bone mass resulting from an increase in bone formation, as Pyk2 deficiency enhanced the
differentiation and activity of osteoprogenitor cells 87. These results indicate that Pyk2
functions as an inhibitor of osteogenic differentiation and suggest that inhibition of Pyk2
activity represents a potential novel approach for the treatment of osteoporosis.

5. Strategies for Pyk2 inhibition
Clinical translation of tyrosine kinase inhibitors has largely focused on competitive inhibition
of catalytic domains. Type I inhibitors bind directly to the ATP binding site however, this
approach has been challenged by the significant conservation in both sequence and structure
of these domains among different protein kinases. This structural conservation often leads to
significant undesirable off-target activity. An alternative method includes the use of bipartite
inhibitors (Type II inhibitors) that target both the ATP binding site and a less conserved adjacent
hydrophobic region formed by an altered conformation of the activation loop containing the
conserved DFG motif (“DFG-out”) 88. Both of these approaches have been investigated in the
inhibition of Pyk2. A third potential approach for the inhibition of Pyk2 activity is the
development of small molecules that target extra-catalytic allosteric sites of protein kinases
89, 90.

5.1. Catalytic inhibitors
Several catalytic inhibitors of the focal adhesion kinases have been developed by the
pharmaceutical industry. The bis-anilino pyrimidine compound TAE226 (Novartis Pharma
AG, Switzerland) is an ATP competitive inhibitor that inhibits FAK kinase activity in vitro
with an IC50 of 5.5 nM 91. TAE226 similarly inhibits Pyk2 kinase activity with an IC50 of 5
nM. The crystal structure of the FAK kinase domain bound to TAE226 demonstrates that
TAE226 binding induced a semi-flipped DFG conformation distinct from the “DFG-in” or
“DFG-out” conformations observed in other kinases 92. This unique conformation appears to
require a glycine residue immediately N-terminal to the DFG motif. This glycine residue is
conserved in the Pyk2 kinase domain suggesting that TAE226 likely inhibits Pyk2 in a similar
manner. Although the glycine residue preceeding the DFG motif is conserved in both FAK
and Pyk2 it is rare among other tyrosine kinases which may contribute to the specificity profile
of this and related compounds. Treatment of cultured glioma cell lines 93 or ovarian cancer
cell lines 94 with TAE226 inhibited cell proliferation in a dose dependent manner and increased
apoptosis in a cell type specific manner. TAE226 inhibition of FAK reduced ovarian tumor
growth in vivo and enhanced docetaxel-mediated growth inhibition 94. TAE226 treatment also
increased survival in an intracranial glioma xenograft model 91. The contributions of inhibition
of FAK and/or Pyk2 to the outcomes in these studies were not defined but given the lack of
specificity of TAE226 for FAK or Pyk2 it suggests both kinases were inhibited in these studies.

PF-562,271 (Pfizer, Groton, CN) is a methane sulfonamide diaminopyrimidine ATP
competitive inhibitor of FAK and Pyk2 with an IC50 of of 1.5 nM and 13 nM respectively in
an in vitro kinase assay 95. Cell based assays indicate a significant selectivity for FAK and
Pyk2 over a panel of related kinases. The crystal structure of PF-562,271 bound to the kinase
domain of FAK demonstrates that binding of PF-562,271 to FAK induces a variant DFG
conformation in FAK very similar to the TAE226 bound conformation 95 suggesting a shared
structural basis for their selectivity. Administration of PF-562,271 produced robust antitumor
effects across a number of cancer cell types in xenograft tumor models 95 and was well tolerated
in patients in a Phase 1 study 96.
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Other compounds in this inhibitor series (PF-573,228) exhibit greater selectivity for FAK
(IC50=4 nM) over Pyk2 (IC50>1μM). PF-431,396 is a potent dual inhibitor of FAK (IC50=2
nM) and Pyk2 (IC50 30 nM) but lacks stringent specificity 61. Structural studies of PF-431,396
bound to the Pyk2 kinase domain led to the identification and characterization of a novel DFG
out conformation for Pyk2 and the development of a Pyk2 inhibitor (PF-4618433) exhibiting
increased selectivity for Pyk2 over FAK and a panel of diverse kinases 61. These structural
studies suggest that the conformational variability of the DFG motif in Pyk2 (and FAK) can
be potentially utilized for the design of potent and selective focal adhesion kinase inhibitors.
Thus, the same conformational attributes that enable selectivity for the focal adhesion kinases
over other tyrosine kinases also necessitates further synthesis and structure activity
relationships to improve selectivity of inhibitors for Pyk2 relative to FAK.

5.2. Non-Catalytic Inhibitors of Pyk2
An alternative approach to the inhibition of kinase activity is to target protein-protein
interactions that play a role in the regulation of kinase activity in order to achieve targeting
specificity 97, 98. Notably, the last five years have witnessed significant progress in the
discovery of small molecule inhibitors that target protein-protein interactions98–100. Similarly,
several new ligands have been reported that bind and inhibit kinase function through an
allosteric mechanism88, 101, 102. Several studies have implicated the FERM of Pyk2 in the
regulation of Pyk2 function52–55 and have demonstrated that the FERM domain of Pyk2 is
critical for the Pyk2 stimulated migration of glioma cells55, 103. Thus,targeting discrete,
functionally important surface features within the FERM domain could potentially offer a
solution for discovery of inhibitors that do not rely upon direct catalytic inhibition. Indeed, as
Pyk2 has a scaffolding function in the formation of multi-protein signaling complexes,
targeting protein modules that regulate complex assembly may be able to inhibit efficient signal
propagation or maintenance even in the presence of continued kinase capacity. Moreover, this
approach might employ not only small molecules toward this end, but also highly specific
antibody-based biologics.

Determining whether specific FERM domains might be valid targets for molecular therapeutic
design and development is an important consideration. Several naturally occurring FERM
mutations have been reported that alter protein function and produce pathological conditions.
An interesting example of a naturally occurring inactivating mutation highlights the functional
importance of the FERM domain of Janus kinase 3. (JAK3). JAKs are FERM domain-
containing kinases that are important for transduction of ligand-dependent signals from
cytokine receptors104. Unlike the ubiquitously expressed JAK1, the homolog JAK3 is
expressed predominantly in hematopoetic cells and naturally occurring mutations result in an
autosomal-recessive form of severe-combined immunodeficiency (SCID) in mice and
humans105–107. Zhou et. al. studied both naturally occurring and selective mutations within
the JAK3 FERM 108. They identified three patient derived FERM domain mutations (Y100C,
del58A and D169E) that inhibited cytokine receptor binding and abolished kinase activity.
Similarly, substitution of several highly conserved residues in the JAK3 FERM domain
inhibited both receptor association and catalytic activity indicating a critical role of the FERM
domain in receptor association and maintenance of kinase activity.

The neurofibromatosis 2 (Nf2) gene encodes the protein merlin that functions as a tumor
suppressor by negatively regulating cell growth and motility. Merlin is closely related to the
classical ERM proteins and mutation in the merlin FERM domain lead to tumor formation in
humans 109. Expression of FERM domain mutants of merlin leads to transformation of
fibroblasts in culture characterized by lack of contact inhibition and anchorage independent
growth and tumors when injected into mice 110. Additionally, merlin expression is
significantly reduced in high grade gliomas and re-constitution of merlin inhibits glioma
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growth in animal models 111. Rac induced phosphorylation of merlin inactivates merlin and
potentiates Rac mediated effects on cell motility 112. The FERM domain of merlin binds the
phosphatidylinositol 3-kinase enhancer (PIKE-L) preventing its binding to PI3-kinase and
blocking the stimulation of cell proliferation 113. The patient derived mutation L64P in the
merlin FERM domain abolishes its interaction with PIKE-L allowing PIKE-L to stimulate PI3-
kinase activity substantiating a requirement for the FERM domain in merlin function. Together,
these studies suggest that selectively perturbing FERM domain structural integrity or disrupting
FERM domain interactions with critical effectors, could represent a novel molecularly targeted
approach to inhibitor design.

A detailed understanding of how the Pyk2 FERM domain contributes to signal transduction
pathway-mediated function is a critical step before embarking upon inhibitor discovery efforts.
Despite the availability of many empirically derived FERM domain structures, a high
resolution structure is not yet available for the Pyk2 FERM domain. To identify regions and
residues within the Pyk2 FERM domain critical for Pyk2 function, a 3-dimensional model of
the Pyk2 EFRM domain was developed using threading and multiple molecular dynamic
simulations (PDB: 2FO6) 55 and refined following the derivation of the FAK FERM domain
structure 10. The model suggests that despite having low overall sequence identity with other
classical FERM domains, the Pyk2 FERM domain possesses the characteristic FERM domain
fold. With a reasonable structural representation available, the Pyk2 FERM model was
compared to several available ligand-bound FERM structures so-as-to develop a “ligand-
binding hypothesis” for Pyk2. The available high resolution structures for ligand bound FERM
domains indicate that these interactions are mediated by residues in the F3 subdomain. The F3
subdomain exhibits a fold typical of a phosphotyrosine-binding (PTB) or pleckstrin homology
(PH) domain consisting of a seven-stranded β sandwich followed by a long a helix at the C-
terminus. The binding interactions occur in a long shallow groove on the surface of the F3
subdomain formed by residues from β sheet 5 (β 5C) and the C-terminal α helix (α 1C).
Comparison of the binding mode of radixin-ICAM2 (PDB: 1J19) 51, talin-β3 integrin
cytoplasmic tail (PDB: 1MK7) 114, and talin-PIPK type 1γ (1Y19) 115 demonstrated that a
conserved binding pattern was utilized in each case (Figure 2). Specifically, in all three crystal
structures at least three hydrogen bonds were formed between the F3 subdomain and their
bound partners anchoring the protein fragments in the binding site. The structural features of
the Pyk2 FERM domain 3D homology model (2FO6) and the optimized structure indicates
amino acid residues in the β5C-α1C groove that mediate peptide recognition for other FERM
domains are conserved in the Pyk2 F3 subdomain (Figure 3). Notably, Pyk2 Ile308 in β5C is
exceptionally well conserved among FERM domains and substitution of this residue in Pyk2
significantly inhibited Pyk2 phosphorylation and glioma cell migration55. Moreover,
expression of an autonomous Pyk2 FERM domain, inhibits Pyk2 phosphorylation, glioma cell
migration in vitro, and increased survival in an intracranial xenograft model 116. In contrast
expression of the FERM domain variant Ile308E failed to inhibit Pyk2 phosphorylation and
did not increase survival in the xenograft model. These results suggest that the β5C-α1C surface
of the Pyk2 FERM domain may be critical for mediating functionally relevant interactions that
control Pyk2 activity and that disrupting this interaction represents a novel strategy for
inhibiting Pyk2 function.

5.2.1 Inhibitors targeting FERM Domains—Targeting of intracellular protein-protein
interactions can be contemplated through the use of antibody based biologics 117–119.
Intracellular expression of antibodies (“intrabodies”) can inhibit cellular processes in a number
of ways including inhibition of intracellular transport or misdirecting intracellular localization
120–122 or by binding to signaling effectors and inhibiting their activity or targeting them for
degradation 123, 124. The generally high specificity of the antibody-antigen recognition
confers a potential distinct selectivity advantage to this approach over conventional catalytic
targeting approcahes. The anti-talin FERM antibody TA205 disrupts actin stress fibers and

Lipinski and Loftus Page 9

Expert Opin Ther Targets. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



focal adhesion when microinjected into fibroblasts125 through an allosteric inhibition of the
talin FERM domain binding to integrin cytoplasmic domain126 validating that a FERM
domain-targeted monoclonal antibody could be used to disrupt FERM-ligand interaction
intracellularly. The monoclonal antibody 12A10 specifically targets the Pyk2 FERM domain
and recognizes an epitope located on the β5C-α1C surface of the F3 module of the FERM
domain that overlaps a site that plays a role in Pyk2 activity 103. Conjugation of 12A10 to a
membrane transport peptide led to intracellular accumulation and inhibition of glioma cell
migration in a concentration dependent manner. A single chain Fv fragment of 12A10 was
stable when expressed in the intracellular environment, interacted directly with Pyk2, reduced
Pyk2 phosphorylation, inhibited glioma cell migration in vitro, and extended survival in a
glioma xenograft model (Figure 4). As the 12A10 antibody does not react with FAK or the
FAK FERM domain 103, these functional effects can be attributed to selective inhibition of
Pyk2. Together, these data substantiate a central role for the FERM domain in regulation of
Pyk2 activity and identify the F3 module as a novel target to inhibit Pyk2 activity and inhibit
glioma progression.

5.2.2. Small Molecule Inhibitors of the Pyk2 FERM domain—An alternative approach
to the use of intrabodies to target the Pyk2 FERM domain mediated protein-protein interactions
that regulate kinase activity is through the use of small molecule inhibitors (Figure 5). Indeed,
the last five years has witnessed significant progress in the discovery of small molecule
inhibitors of protein-protein interaction 97–100. Moreover, several small molecule ligands that
inhibit kinase function through an allosteric mechanism have recently been reported 14, 101,
102. There are several reasons to suspect that small molecule inhibitors of Pyk2 might offer
significant advantages over biological inhibitors as candidates for therapeutic discovery. First,
typical small molecule pharmaceuticals (~450 Da) have less difficulty diffusing through the
various extracellular compartments and are generally membrane permeable. These molecules
are relatively more amenable to optimization for purposes of enhancing medicinal ADME-Tox
properties, such as solubility, binding kinetics, and stability. A protein pharmacophore model
for the Pyk2 FERM F3 domain, generated using the structural conservation of ligand bound
FERM domains with known 3D structures, was used to identify candidate small molecule
inhibitors from the LeadQuest compound library (Tripos International, St. Louis, MO). The
highest scoring compound inhibited the binding of the monoclonal antibody 12A10, bound
directly to the Pyk2 FERM domain, and inhibited Pyk2 stimulated glioma cell migration 127.
Significant optimization work remains to be done before a viable drug candidate is obtained,
however it appears clear that extra-catalytic inhibition of Pyk2 (and likely other disease-
relevant protein targets) with small molecules is feasible and substantiates the Pyk2 FERM
domain as a novel target to inhibit Pyk2 activity.

6. Conclusions
This review has focused on the structure and function of the focal adhesion kinase Pyk2. By
coordinating adhesion and cytoskeletal dynamics, Pyk2 represents a high-value target for
therapeutic discovery efforts due to its prominent position within signaling pathways that
regulate cell migration, proliferation, and survival. Clinical translation of tyrosine kinase
inhibitors has largely focused on competitive inhibition of catalytic domains. This approach
has been challenged by the significant conservation of both the sequence and structure of these
domains. An alternative approach to the inhibition of kinase activity is to target protein-protein
interactions that play a role in the regulation of kinase activity. Experimental results have
demonstrated that non-catalytic modules, such as the N-terminal FERM domain, play a central
role in the regulation of Pyk2 activity. Our experience suggests that the identification and
characterization of small molecule inhibitors that bind the Pyk2 FERM domain have potential
to effectively target protein-protein interactions that regulate Pyk2 kinase activity and to
provide mechanistic insights into the molecular interactions that regulate cell motility. In
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addition to targeting an important mediator of glioma invasion, these small molecules have
therapeutic potential in a number of biological processes including inflammation and
osteoporosis.

7. Expert opinion
Significant progress in the understanding of intracellular signaling pathways has provided a
robust list of potential targets for therapeutic intervention. Approaches to therapeutic discovery
of small molecules that prevent protein-protein interactions between key signaling effectors
represents an exciting area that will likely lead to agents that work in-concert with inhibitors
affecting other points in critical molecular networks. In the nearly 10 years since the approval
of the first tyrosine kinase inhibitor for the treatment of cancer (Gleevec for CML), intense
discovery and development activity has sought to duplicate the early success. This activity has
been met with both disappointments, such as gefitinib treatment for lung cancer, and successes
such as sunitinib treatment for renal cell cancer. Clinical experience with kinase inhibitors has
demonstrated that the methods through which the function of these proteins are inhibited should
not rely exclusively on modulation of catalytic activity due to a set of shortcomings including
problems with specificity and the unexpected emergence of resistance to catalytic inhibitors.
Certainly, allosteric inhibitors of kinase activity will offer alternatives to inevitable problems
of specificity and resistance. However, focusing discovery efforts exclusively on the kinase
domain or direct inhibition of catalytic activity is near-sighted. In many cases, Pyk2 serving
as an example, inhibition of kinase activity alone may be insufficient to completely abolish
cellular signaling as its scaffolding function may be independent of kinase activity. Thus,
approaches that inhibit the effector function of disease-relevant proteins without relying on
catalytic inhibitory mechanisms will be a welcome asset to the therapeutic arena. Having a
variety of agents possessing unique inhibitory properties will provide the clinician with a
substantial “tool box” of therapeutic options for patients.

Small molecules have successfully targeted less than 2% of the unique proteins in the human
proteome. Therefore, expanding the number of new targets or targeting known proteins
including the focal adhesion kinases in new ways will be critical to improve clinical outcome
in a number of disease processes. It would be anticipated that the next 5–10 years of inhibitor
discovery will likely mirror efforts observed in the field of antibiotic development where beta-
lactamase inhibitors are paired with penicillin to escape bacterial penicillin resistance. Protein-
protein interactions represent a rich site for potential therapeutic intervention. Indeed, the
identification and characterization of discrete functional domains and their interactions with
signaling components has opened the door to utilizing a multi-disciplinary approach coupling
medicinal chemistry, computational chemistry, and chemoinformatics with biological
validation as an approach to exploit to exploit known targets in a heretofore underappreciated
manner. With regard to Pyk2, significant experimental data points to an important role for the
FERM domain in the regulation of kinase function and as a tractable target for inhibitor
development. Perhaps in the future, we will see combination therapies were kinase inhibitors
are paired with “FERM domain inhibitors” as a way to boost the therapeutic potency and
improve clinical outcomes in complex diseases such as cancer.
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Figure 1.
Schematic of Pyk2 functional domains and interacting proteins. Pyk2 contains an N-terminal
FERM domain, a central kinase domain, three proline rich motifs (PR1, Pr2, PR3), and a C-
terminal focal adhesion targeting domain (FAT). Phosphorylation of Tyr-402 serves as a
binding site for Src with subsequent phosphorylation of activation loop residues Tyr-579 and
Tyr-580 and Tyr-881 in the FAT domain which promotes binding of the adapter protein Grb2.
Proline rich motifs mediate interaction with a variety of SH3 domain containing proteins. Other
indicated interactions are Nir1 with the FERM domain, FIP200 interaction with the Pyk2 kinase
domain and paxillin and Hic-5 interaction with the FAT domain.
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Figure 2.
Ribbon representation and overlaid solvent-accessible Connolly surface of ligand-bound
FERM domain structures. PDB code 1MK7 - integrin β3 cytoplasmic domain bound to talin
FERM; PDB code 1Y19 - talin FERM bound to phosphatidylinositol phosphate kinase type
1-γ); PDB code 1J19 - radixin FERM bound to ICAM-2 cytoplasmic domain peptide PDB ID:
1J19), and the Pyk2 FERM / F3 homology model. Coloring of solvent-accessible surfaces is
based on molecular electrostatic potential. Backbone trace of bound partners is represented as
a red wire in the experimental structures.
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Figure 3.
Refined model for the Pyk2 FERM F3 module. Left: 3D representation of the Pyk2 FERM F3
model highlighting the putative binding site comprised of the α1C-β5C groove. Residues of
β5C and α1C are identified are depicted as sticks. Right: Connolly analytic surface with accent
on pockets. Green represents surface exposed residues, blue represents hydrophobic residues,
and red represents polar residues.
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Figure 4.
Inhibition of Pyk2 increased survival of mice bearing intracranial xenografts. Control GBM8
cells or GBM8 cells expressing 12A10 scFv targeting the Pyk2 FERM F3 module were
generated by lentiviral transduction and implanted intracranially into immunocompromised
mice. Kaplan-Meier curves demonstrate that mice with GBM8-12A10 xenografts exhibited a
significant survival benefit relative to mice with control GBM8 xenografts (p = 0.0005).
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Figure 5.
Proposed model for non-catalytic inhibition of Pyk2 activity. Pyk2 kinase activity is regulated
by FERM domain mediated protein-protein interactions that facilitate phosphorylation,
targeting, or scaffolding function that promotes full effector function and activation of
signaling pathways mediating growth or migration. Expression of an autonomous FERM
domain inhibits Pyk2 activity through competition for FERM domain interacting proteins.
Intracellular expression of an anti-Pyk2 F3 monoclonal antibody or interaction of a small
molecule with the Pyk2 F3 module inhibits Pyk2 activity by blocking the binding of the
interacting protein.
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