Mol. Cells 36, 1-6, July 31, 2013
DOI/10.1007/s10059-013-0139-1
elSSN: 0219-1032

Minireview

Molecules
and
Cells

http://molcells.org

Established in 1990

Nuclear FAK: a New Mode of Gene Regulation

from Cellular Adhesions

Ssang-Taek Steve Lim*

Focal adhesion kinase (FAK) is a protein tyrosine kinase
(PTK) crucial in regulation of cell migration and prolifera-
tion. In addition to its canonical roles as a cytoplasmic
kinase downstream of integrin and growth factor receptor
signaling, recent studies revealed new aspects of FAK
action in the nucleus. Nuclear FAK promotes p53 and
GATA4 degradation via ubiquitination, resulting in enhan-

ced cell proliferation and reduced inflammatory responses.

FAK can also serve as a co-transcriptional regulator that
alters a gene transcriptional activity. These findings estab-
lished a new paradigm of FAK signaling from cellular ad-
hesions to the nucleus. Although physiological stimuli for
controlling FAK nuclear localization have not been com-
pletely characterized, FAK shuttles from focal adhesions
to the nucleus to directly convey extracellular signals.
Interestingly, nuclear translocation of FAK becomes pro-
minent in kinase-inhibited conditions such as in de-adhe-
sion and pharmacological FAK inhibition, while a small
fraction of nuclear FAK is observed a normal growth con-
dition. In this review, roles of nuclear FAK in regulating
transcription factors will be discussed. Furthermore, a
potential use of a pharmacological FAK inhibitor to target
nuclear FAK function in diseases such as inflammation
will be emphasized.

INTRODUCTION

Extracellular signals through integrin and growth factor receptor
modulate focal adhesion kinase (FAK) function in development,
cell migration, cell proliferation, tumor metastasis and angioge-
nesis (McLean et al., 2005; Mitra et al., 2005; Schaller, 2010).
Increasing attention to the importance of FAK activity in trigger-
ing cancer progression has elicited, and small molecule FAK
inhibitors have been extensively tested to develop anti-cancer
therapeutics (Roberts et al., 2008; Stokes et al., 2011; Walsh et
al., 2010).

In an effort to elucidate FAK signaling, series of genetic FAK
mouse analyses have been performed. Conventional FAK
knockouts become early embryonic lethal at embryonic day 8.5
(E8.5) with gastrulation defects (Furuta et al., 1995; lli¢ et al.,
1995). One important observation was that FAK-/- mouse em-

bryonic fibroblasts (MEFs) did not proliferate, but the addi-tional
deletion of tumor suppressor p53 rescued FAK-/- cells from a
proliferation block (llic et al., 1995; Lim et al., 2008a). However,
FAK-/-p53-/- double knockout MEFs exhibited a strong cell mi-
gration defect, and this cell line became an established FAK-/-
cells. Endothelial cell (EC) specific FAK knockouts also become
early embryonic lethal due to vascular defects (Braren et al.,
2006; Shen et al., 2005).

Recently, revisiting FAK-/- mouse phenotypes revealed that
FAK knockout causes p53 up-regulation and subsequent p21
(a cyclin dependent kinase inhibitor)-mediated cell proliferation
block resulting in FAK-/- embryo lethality (Lim et al., 2008a).
However, in the presence of FAK, p53 levels are regulated via
ubiquitin E3 ligase mdm-2-mediated turover by FAK N-
terminal FERM (band 4.1, ezrin, radixin, moesin homology)
domain (Fig. 1), but not by the kinase activity. Moreover, this
study documented an important finding that FAK localizes to
the nucleus via the FERM to suppress p53 levels. Therefore,
FAK possesses dual functions; a kinase-dependent function
which is responsible for substrate phosphorylation, and a kinase-
independent function as a scaffold recruiting diverse proteins
(Lim et al., 2008b). However, FAK-/- mouse model failed to fully
address whether the defective phenotypes were caused by the
loss of either a kinase or a scaffold role of FAK.

To gain further insights of FAK kinase-dependent function
during development, a FAK kinase-dead (KD) knock-in mouse
(a point mutation in lysine 454 to arginine prevents ATP bind-
ing) was introduced to mouse (Lim et al., 2010b; Zhao et al.,
2010). The key idea on this genetic mouse is that the mouse
will express a full-length FAK protein but lacks its kinase activity.
The KD FAK mouse is early embryonic lethal at E9.5 due to a
number of defects, demonstrating that the kinase activity is
essential in early embryo developmental processes including
vessel formation and chorio-allantois fusion (Inman and Downs,
2007; Lim et al., 2010b; 2012).

Interesting, unlike FAK-/- MEFs, KD FAK cells did not inhibit
cell proliferation, supporting that the intact FAK FERM in KD
FAK cells are still able to enhance p53 degradation in the nuc-
leus to promote cell survival via a kinase-independent pathway
(Lim et al., 2010b). Another remarkable finding from this study
is that FAK activity regulates developmental vascular cell adhe-
sion molecule-1 (VCAM-1) expression which is critical
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Fig. 1. Schematics of FAK and Pyk2. FAK and Pyk2
have a conserved central kinase domain (amino acid
homology 60%). Both proteins contain a unique N-

terminal FERM (band 4.1, ezrin, radixin, and moesin
homology) domain which consists of three subdomains,
F1, F2, and F3. FAK C-terminal domain, also called as
focal adhesion targeting (FAT) domain, is indirectly
linked to integrin adhesomes by interacting with major
focal adhesion components such as talin and paxillin,
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while the Pyk2 C-terminus does not have a binding
motif for talin and is shorter than the FAK C-terminus by

~50 amino acids. In both FAK and Pyk2, the nuclear localization sequence (NLS) is located within F2 domain of FERM, and the nuclear export
signal (NES) is also well conserved in the kinase domains. There are three proline-rich domains providing the binding sites for Src homology 3
(SH3) domain-containing proteins such as p130Cas. FAK has five major tyrosine (Y) phosphorylation sites (Y397, Y576, Y577, Y861, and
Y925). Y576/Y577 serves as the activation loop and tyrosine phosphorylation of Y397 autophosphorylation or Y925 sites can provided the
binding site for Src homology 2 (SH2) domain-containing proteins such as Src tyrosine kinase or Grb2. Pyk2 has the equivalent autophospho-
rylation site at Y402 for providing Src binding motif, the activation loop Y579/Y580 and the C-terminally located SH2 containing-protein binding

site at Y881.

in chorio-allantois fusion process (Lim et al., 2012). VCAM-1
receptor on the allantois serves as a counterpart ligand for o4
integrin on the chorion side (Gurtner et al., 1995; Kwee et al.,
1995). This study further shed light on a new role of FAK in
inflammatory VCAM-1 expression which is critical in inflamma-
tion process (Libby, 2002). FAK inhibition in endothelial cells
block tumor necrosis factor-o. (TNF-ot) stimulated VCAM-1 ex-
pression by enhancing the degradation of transcription factor
GATA4 through nuclear FAK scaffold action (Lim et al., 2012).

This review will focus on mechanistic aspects of FAK shut-
tling from the cytosol to the nucleus, new roles of nuclear FAK,
and its implication in treatment of inflammatory diseases by
targeting nuclear FAK.

Structure and general features of FAK family kinases

FAK is a protein tyrosine kinase (PTK) which is expressed in
most tissues except non-adherent blood cells. Pyk2, another
member of FAK family kinase, is highly expressed in hemato-
poietic, endothelial, and neuronal cells (Dikic and Schlessinger,
1998; Lev et al., 1995). Although both kinases exhibit structural
similarities, their subcellular localization and functions are dis-
tinct (Klingbeil et al., 2001).

FAK and Pyk2 protein have three major domains, a N-ter-
minal FERM (band 4.1, ezrin, radixin, moesin homology) do-
main, a central kinase domain, and a C-terminal domain (Lim et
al., 2008b) (Fig. 1). FAK C-terminal domain is called as focal
adhesion targeting (FAT) domain which contains binding sites
for both paxillin and talin, thereby connects to cellular adhesion
sites called focal adhesions (FAs) while the C-terminal domain
of Pyk2 does not have talin binding motif and do not normally
localize to the FAs (Klingbeil et al., 2001; Lawson et al., 2012).
This difference makes Pyk2 subcellular localization more favor-
able to perinuclear region than FAs.

FAK FERM domain consists of three subdomains, F1, F2,
and F3 (Ceccarelli et al., 2006). As a positively charged basic
patch within F2 domain can bind to PIP2 (phosphatidyl 4,5
inositol bisphosphate), FAK FERM can localize to the mem-
brane (Cai et al., 2008).

These unique structural features of FAK allow FAK to func-
tion as a kinase and scaffold. First of all, FAK can phosphory-
late a number of structural and signaling proteins such as paxil-
lin, p130Cas, and a-actinin. Secondly, multiple proteins interact
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with FAK through the structural domains (e.g., FERM, proline-
rich, FAT domain), and with Src homology 2 (SH2) containing
signaling proteins which bind to phosphorylated tyrosine (pY)
residues within FAK. Upon activation via integrin and cell sur-
face receptor signaling, FAK is phosphorylated at tyrosine 397
autophosphorylation site (pY397), creating a major binding site
for SH2 domain containing proteins such as Src tyrosine kinase
(Schlaepfer et al., 2004). Then, Src-FAK complex promotes
phosphorylation of FAK Y576/Y577 activation loop and further
phosphorylates Y861 and Y925, providing a binding site for
other SH2-containing proteins such as Grb2 (Schlaepfer and
Hunter, 1996).

Importantly, from KD FAK mouse study, the loss of the ki-
nase activity did not inhibit KD MEF cell growth. Therefore, it
seems that the kinase activity is not essential for cell prolifera-
tion and FAK regulation of p53 and p21 in cell proliferation is
achieved by a kinase-independent mechanism (Lim et al.,
2010b). This study demonstrates the first clue that FAK plays a
role in the nucleus to regulate a nuclear factor (Lim et al., 2008a).

FAK shuttles between focal adhesions and the nucleus

The evidence of FAK nuclear localization was shown by the
treatment of a nuclear export inhibitor, Leptomycin B, which
promotes nuclear accumulation of green fluorescent protein
tagged FAK (GFP-FAK) wild-type in FAK-/- MEF cells (Lim et
al., 2008a). Further analyses on nuclear localization signal
(NLS) and nuclear export sequence (NES) revealed that the
FAK NLS is within FAK FERM domain F2 lobe with a surface-
exposed basic residue clustering of K190, K191, K216, K218,
R221 and K222 (Lim et al., 2008a). FAK NES signal consists of
a patch of leucine-rich amino acid sequences in the kinase
domain (L518, L520, L523, and L525) (Ossovskaya et al.,
2008). These nuclear entry and export sequences are also well
conserved in Pyk2 (Fig. 1). FAK FERM domain alone predomi-
nantly localizes to the nucleus since the FERM does not pos-
sess NES.

FAK deletion causes upregulated p53 levels, and under this
condition, a compensatory Pyk2 expression is often observed
(Lim et al., 2008c; Weis et al., 2008). Pyk2 also localizes to the
nucleus and promotes p53 turnover to enhance cell proliferation
upon FAK deletion in FAK-/-p21-/- MEFs. Interestingly, Pyk2
knockdown in murine ID8 ovarian carcinoma also increased
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Fig. 2. A working model for FAK shuttling between the
cytosol and the nucleus. In a normal growth condition,

Recephir FAK’s localization is prominent in focal adhesions and

cytoplasm | the cytosol. However, cell de-adhesion from the sub-
mﬂﬂ;@ stratum or stress signals such as a chemical stress or
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resulting in p53 turnover to enhance cell survival. FAK-
p53 regulation occurs in a kinase-independent manner.
Nuclear FAK interacts with methyl CpG-binding protein
2 (MBD2) to disrupt the function of MBD2-HDACH1 (his-
tone deacetylase 1) repressor complex, resulting in
activating gene expression such as myogenin which
promotes muscle differentiation. In pro-inflammatory
signaling (right), TNF-a activates FAK and in turn, FAK
activates mitogen activated protein kinases (MAPKSs) to
induce inflammatory vascular endothelial cell adhesion
molecule-1 (VCAM-1) expression. FAK inhibition blocks

MAPK activation, but additional active MAPK expression did not rescue inflammatory VCAM-1 expression. Surprisingly, FAK inhibition also
promotes FAK accumulation in the nucleus. Nuclear FAK FERM binds to GATA4 essential for inflammatory VCAM-1 expression, and pro-
motes GATA4 turnover by recruiting ubiquitin E3 ligase C-terminus Hsp70 interacting protein (CHIP), consequently preventing inflammatory
VCAM-1 expression. FAK-GATA4 regulation is mechanistically similar to FAK-p53 turnover process as FAK FERM domain in the nucleus
functions as a scaffold for protein degradation in a kinase-independent manner. One potential mechanism that kinase-inhibited FAK is prefe-
rentially accumulated in the nucleus would be masking of the NES of FAK by the FERM domain, thereby nuclear FAK export is inhibited. As
cell de-adhesion prevents inflammatory VCAM-1 expression, a potential cross-talk between integrin and TNF-a receptor signaling has been

proposed (Lim et al., 2012).

p53 levels and caused p21-mediated cell cycle arrest at G1
phase. Pyk2 FERM expression in Pyk2 knockdown ID8 cells
can reduce p53 levels via ubiquitin E3 ligase mdm-2-mediated
ubiquitination, and rescue the cell cycle block (Lim et al,
2010a). These results support that a kinase-independent func-
tion of Pyk2 FERM is similarly achieved in the nucleus to re-
duce p53 levels.

A number of FERM containing proteins such as kindlins (-1,
-2, and -3) localize to the nucleus (Frame et al., 2010). Although
not all of them have specific roles identified in the nucleus, Mer-
lin encoded by the neurofibromatosis type 2 (NF2) gene sup-
presses ubiquitin E3 ligase CRL4°°*" in the nucleus inhibits
cell proliferation (Cooper et al., 2011). Prototype FERM proteins
such as ezrin, radixin, and moesin (ERMs) are also found in the
nucleus, however, the role of these proteins in the nucleus re-
mains unclear. Among nuclear localizing FERM containing
proteins, FAK is a best characterized model of cytoplasm-
nucleus shuttling.

FAK is not the only FA protein that travels to the nucleus, and
other FA proteins such as zyxin and paxillin family which belong
to LIM domain proteins also translocate to the nucleus (Dong et
al., 2009). As both proteins do not bind to DNA directly, they
may function as co-receptors for certain transcriptional factors
in the nucleus (Wang and Gilmore, 2003).

Although zyxin and paxillin family proteins have an NES at
the N-terminal domain, no obvious NLS containing sequence
has been identified. It is possible that FAK interaction with these
proteins may co-regulates nuclear translocation from integrin
adhesome structures.

Signals stimulating FAK nuclear localization

Although FAK shuttles from the cytoplasm to the nucleus, a few
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physiological stimuli have been documented (Fig. 2). First,
stress signals induce FAK mobilization from the cytosol to the
nucleus. Treatment of human ECs with staurosporine, an apop-
totic inducer, promotes FAK nuclear accumulation after the
concomitant loss of FAK from focal adhesions (Lim et al.,
2008a). Oxidative stress by H.O,treatment in muscle cells and
myotubes also promotes FAK nuclear localization, resulting in
muscle cell differentiation (Luo et al., 2009).

Second, cell de-adhesion from the substratum causes FAK
nuclear localization, potentially increasing a pool of “free FAK”
available in the cytosol by disengagement from focal adhesion
targeted FAK (Lim et al., 2008a). A recent report showed that
X-chromosome linked inhibitor of apoptosis protein (XIAP) re-
cruits FAK to FAs and activates FAK under a shear stress con-
dition. XIAP knockdown reduces shear stress-enhanced FAK
phosphorylation at pY576 and promotes shear stress-triggered
translocation of FAK to the nucleus (Ahn and Park, 2010). Pos-
sibly, membrane anchors such as FA proteins may hold FAK at
the adhesion sites in a normal condition to keep FAK in the
cytosol. In a similar manner, a Pyk2 mutation in proline-rich
domain (proline 859 to alanine mutation prevents binding of
SH3-containing proteins such as p130Cas) promotes Pyk2
nuclear localization (Aoto et al., 2002).

Third, FAK inhibition promotes FAK nuclear localization. Inte-
restingly, from genetic KD FAK studies, KD FAK cells exhibits a
stronger nuclear localization of FAK compared to wild-type
(WT) FAK (Lim et al., 2010b). A consistent result was demon-
strated from a pharmacological FAK inhibitor (PF-562,271, PF-
271, Pfizer) study as the inhibitor strongly increased FAK nuc-
lear localization (Lim et al., 2012). A crystal structural study has
revealed a potential mechanism in FAK kinase inhibition and
activation (Lietha et al., 2007). The inactive state of FAK is
maintained as FAK FERM domain directly binds the kinase
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Table 1. Nuclear FAK interacting proteins

Protein Outcome of FAK interaction DNA binding Reference
p53* Degradation + Lim et al. (2008a)
mdm-2* p53 ubiquitination - Lim et al. (2008a)
GATA4 Degradation + Lim et al. (2012)
CHIP GATA4 ubiquitiantion - Lim et al. (2012)
MBD2 Dissociation from HDAC1 + Luo et al. (2009)

Enhance myogenin transcription

*Pyk2 also interacts with p53 and mdm-2 (Lim et al., 2010a).

domain to block the access to the catalytic site. It is possible
that when FAK FERM-kinase interaction is stabilized, the NES
may be masked by the FERM, but the NLS is always exposed.
Therefore, the kinase-inhibited FAK is retained in the nucleus
(Fig. 2). It is possible that some other factors may bind to the

kinase-inhibited FAK conformation and hold FAK in the nucleus.

These speculations suggest that the active form of FAK might
preferentially localize at the cytoplasm or adhesions rather in
the nucleus.

Potential roles of nuclear FAK

One of the important functions of nuclear FAK is that FAK
FERM provides a scaffold to bring p53 and ubiquitin E-3 ligase
mdm-2 and promote p53 ubiquitination and degradation via
26S proteasomal pathway (Table 1). Under conditions of a
genotoxic or a chemical stress, the level of tumor suppressor
p53 increases in the nucleus, which determines cell fate to cell
cycle arrest or apoptosis. FAK leaves from FA sites to the nuc-
leus via FERM NLS and forms a p53 degradation complex by
recruiting both p53 and E3 ligase mdm-2 (Lim et al., 2008a).
Therefore, nuclear FAK plays a key role in reducing p53-
mediated cell cycle arrest to enhance cell survival under stress
conditions in a kinase-independent fashion (Lim et al., 2008b).

In inflammation signaling, a pro-inflammatory cytokine tumor
necrosis factor-a. (TNF-a) or interlukin-18 (IL-1B) induce in-
flammatory gene expression via FAK (Lim et al., 2012). FAK
inhibition prevents inflammatory VCAM-1 expression which
plays a critical role in recruiting leukocytes via its a4 integrin to
the inflamed sites to enhance inflammation responses (Carter
and Wicks, 2001; Cybulsky et al., 2001; Libby et al., 2002).
Interestingly, FAK inhibition in MEFs and ECs also promotes
FAK accumulation in the nucleus and facilitates the FERM
domain-mediated turnover of transcription factor GATA4 which
is essential for VCAM-1 expression by recruiting ubiquitin E3
ligase CHIP (C-terminus Hsp70 interacting protein) (Ahmad et
al., 1998; Dai et al., 2003; Kobayashi et al., 2007; Minami and
Aird, 2001; Molkentin, 2000). FAK-GATA4 regulation is similar
to that of FAK-p53, suggesting that nuclear FAK FERM is in-
deed a scaffold facilitating the turnover of transcription factors.

Oxidative stress caused by H,O, facilitates FAK nuclear loca-
lization in muscle cells and myotubes (Luo et al., 2009). Nuclear
FAK binding to methyl CpG-binding protein 2 (MBD2) induces
myogenin transcription to promote differentiation of muscles. In
this process, nuclear-localized FAK binding to MBD2 promotes
dissociation of histone deacetylase 1 (HDAC1) from a MBD2-
HDAC1 complex which inhibits myogenin transcription. This
study suggested that FAK-MBD?2 interaction may play a role in
heterochromatin remodeling to activate a gene expression (Mei
and Xiong, 2010).

Overall, nuclear FAK controls various transcription factors,
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resulting in alteration of gene regulation in a kinase-indepen-
dent manner. It will be intriguing to investigate whether FAK
directly binds to DNA to control a gene transcriptional activity.

New roles of FAK in inflammation signaling

Inflammatory cytokines including TNF-a. and IL-1p activate
inflammatory gene expression via mitogen activated protein
kinases (MAPKSs) cascade and nuclear factor kappa B (NF-kB)
activation (Karin and Gallagher, 2009; Pober, 2002). Inhibition
of MAPK or NF-kB pathway significantly reduces inflammatory
gene expression. Recent findings suggested that TNF-o acti-
vates MAPKs via FAK, and genetic and pharmacological FAK
inhibition blocks inflammatory VCAM-1 expression (Lim et al.,
2012). Although NF-xB is a critical player in inflammation sig-
naling network, FAK inhibition does not block NF-xB activation
but still does block VCAM-1 expression. Additionally, active
MAPK expression in KD FAK cells did not rescue VCAM-1
expression. It turns out that FAK inhibition via a small molecule
FAK inhibitor (PF-271) or genetic KD FAK promotes turnover of
GATA4 transcription factor required for VCAM-1 expression.
This is mediated by nuclear FAK scaffold function through inte-
raction with GATA4 and ubiquitin E3 ligase CHIP (Lim et al.,
2012). The finding suggests that FAK inhibition can provide
anti-inflammatory effects via nuclear-localized FAK, but impor-
tantly, the inflammatory signaling pathway through FAK is not
dependent of NF-xB activation. This study opened a new role
of FAK in inflammatory signaling.

CONCLUSION

The observation that FAK shuttles between focal adhesions
and the nucleus extents FAK function to gene expression
beyond its cytoplasmic kinase signaling. Under a normal condi-
tion, only a small amount of nuclear FAK can be observed.
Various stimuli such as stress signals, de-adhesion condition,
and the kinase inhibition can trigger nuclear localization of FAK
to enable this protein to start whole new jobs in the nucleus. In
addition to MAPK activation, the new roles of FAK in inflamma-
tion signaling by regulating GATA4 transcription factor, raised a
great possibility of using pharmacological FAK inhibitors as anti-
inflammatory drug by targeting FAK to the nucleus to block the
specific inflammation signaling pathway. These small molecule
FAK inhibitors have been tested in preclinical and clinical trials
as an anti-cancer drugs. To date, phase | human clinical trial of
a FAK inhibitor, PF-271 (Pfizer), has been completed and impli-
cated FAK as a promising anti-cancer target (Bagi et al., 2009).
FAK inhibitor may act as a dual role in cancers: 1) kinase inhibi-
tion to directly prevent cell migration and tumor metastasis, 2)
unidentified nuclear FAK regulation of gene expression in vari-
ous cancers to prevent a malignancy. It will be intriguing to
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investigate a role of nuclear FAK in cancer progression by the
nuclear FAK promoting effect of a FAK pharmacological FAK
inhibitor. There will be more exciting stories to come from future
nuclear FAK studies which may unveil the secret of nuclear
FAK to address whether FAK directly regulates gene regulation
through DNA binding and/or post transcriptional regulation such
as splicing and miRNA regulation.
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