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ABSTRACT Cell migration is a highly complex process that requires the coordinated forma-
tion of membrane protrusion and focal adhesions (FAs). Focal adhesion kinase (FAK), a major
signaling component of FAs, is involved in the disassembly process of FAs through phospho-
rylation and dephosphorylation of its tyrosine residues, but the role of such phosphoryla-
tions in nascent FA formation and turnover near the cell front and in cell protrusion is less
well understood. In the present study, we demonstrate that, depending on the phosphoryla-
tion status of Tyr-925 residue, FAK modulates cell migration via two specific mechanisms.
FAK~~ mouse embryonic fibroblasts (MEFs) expressing nonphosphorylatable Y925F-FAK
show increased interactions between FAK and unphosphorylated paxillin, which lead to FA
stabilization and thus decreased FA turnover and reduced cell migration. Conversely, MEFs
expressing phosphomimetic Y925E-FAK display unchanged FA disassembly rates, show in-
crease in phosphorylated paxillin in FAs, and exhibit increased formation of nascent FAs at
the cell leading edges. Moreover, Y925E-FAK cells present enhanced cell protrusion to-
gether with activation of the p130A5/Dock180/Rac1 signaling pathway. Together, our re-
sults demonstrate that phosphorylation of FAK at Tyr-925 is required for FAK-mediated cell
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migration and cell protrusion.

INTRODUCTION

Cell migration is implicated in various processes including embryo-
genesis, tissue regeneration, wound healing, and tumor progres-
sion. During this process, cells interact with the microenvironment in
part through focal adhesions (FAs). Depending on their state of
maturation, FAs may comprise up to 100 structural and signaling
molecules that participate in the regulation of FA turnover (Zaidel-Bar
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et al., 2007a). Migrating cells require that FA formation at the cell
front and their disassembly at the cell rear be regulated in a coordi-
nated manner, under the control of distinct molecular signaling
pathways (Webb et al., 2004; lwanicki et al., 2008). Among the mul-
tiple signaling molecules contributing to this regulation, FA proteins
such as focal adhesion kinase (FAK), Src, paxillin, p1304S, and ERK
play central roles (Cary et al., 1998; Webb et al., 2004). It is now well
accepted that regulation of these molecules occurs through tyrosine
phosphorylation because interfering with the equilibrium of phos-
phorylation and dephosphorylation events results in altered cell mi-
gration (Zaidel-Bar et al., 2007a). FAK belongs to the group of key
molecules responsible for phosphorylation of tyrosines at FAs
(Frame, 2004; Schlaepfer and Mitra, 2004). FAK has multiple cellular
functions including control of proliferation, survival, cell migration,
and adhesion dynamics. Numerous reports have described overex-
pression, hyperphosphorylation, and/or elevated activity of FAK in a
variety of human cancers, including sarcomas, astrocytomas, and
carcinomas of the breast, colon, thyroid, prostate, oral cavity, liver,
stomach, and ovary (McLean et al., 2005). These highlight a possible
key role of FAK in tumorigenesis. It is interesting to note that FAK~~
cells have reduced tyrosine phosphorylation of FA-associated
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proteins and display an increased number of larger and more stable
FAs compared with normal cells, along with a defect in cell motility
due to the inability of cells to initiate FA turnover during cell migra-
tion (llic et al., 1995; Volberg et al., 2001).

FAK is a ubiquitously expressed nonreceptor cytoplasmic ty-
rosine kinase consisting of three domains: an N-terminal domain
named FERM (erythrocyte band 4.1-ezrin-radizin-moesin), a central
kinase domain, and a C-terminal domain termed FRNK (FAK-related
nonkinase) including the focal adhesion targeting (FAT) domain and
several proline-rich domains. The FERM domain, which mediates
direct interaction of FAK with B-integrins (Schaller et al., 1994) and
growth factor receptors (Sieg et al., 2000; Carter et al., 2002; Chen
and Chen, 2006), has been shown to autoinhibit its activity by di-
rectly binding to the kinase domain, thus rendering the latter inac-
cessible to Src phosphorylation (Cooper et al., 2003; Lietha et al.,
2007). Interestingly, FAK binds to the actin-nucleating protein
Arp2/3 and promotes its recruitment to nascent adhesions via the
FERM domain (Serrels et al., 2007). Thus specific FAK-mediated pro-
tein interactions link integrins to the actin-polymerizing cell machin-
ery, thereby facilitating leading edge protrusion. The C-terminal
domain interacts with FA-associated proteins including paxillin and
talin (Schlaepfer et al., 1994; Schaller and Parsons, 1995), p130AS
(Harte et al., 1996; Tachibana et al., 1997), Grb2 (Schlaepfer et al.,
1994), ASAP1 (Liu et al., 2002), and p85a. of PI3K (Guinebault et al.,
1995). Furthermore, the C-terminal domain is both necessary and
sufficient for localization of FAK to FAs.

On integrin engagement with the extracellular matrix, FAK auto-
phosphorylates its Tyr-397 residue, which in turn results in recruit-
ment of Src family kinases and induction of several downstream
signaling pathways (Parsons, 2003). Depending on the cell type, Src
family kinases or other kinases phosphorylate the remaining tyrosine
residues of FAK: Tyr-407, Tyr-576, Tyr-577, Tyr-861, and Tyr-925
(Calalb et al., 1995, 1996; Schlaepfer and Hunter, 1996). Unlike other
phosphotyrosine residues, phosphorylation of Tyr-925 residue has
been identified as a Src-dependent process because phosphoryla-
tion of Tyr-925 is significantly reduced in cells expressing a kinase-
defective mutant of Src (Brunton et al., 2005).

The aim of the present study was to assess the effects resulting
from phosphorylation of FAK at Tyr-925. We report that depending
on the cellular context, FAK phosphorylation at Tyr-925 acts as a
switch that coordinates either FA disassembly or the formation of a
cell edge protrusion. We used the nonphosphorylatable Y925F-FAK
and the phosphomimetic Y925E-FAK mutants to demonstrate the
importance of FAK phosphorylation in the regulation of cell migration
through activation of the p130““5/Rac1 signaling pathway and induc-
tion of cell protrusion. Our findings emphasize the importance of tar-
geting specific phosphorylation sites of FAK, in our case Tyr-925, for
therapeutic approaches. Development of such site-specific inhibitors
might represent a promising means to prevent tumor metastasis.

RESULTS

Nonphosphorylatable and phosphomimetic mutants of FAK
To investigate how phosphorylation of FAK at Tyr-925 is implicated
in FA turnover and cell migration, site-directed mutagenesis was
utilized to replace Tyr-925 with either a nonphosphorylatable pheny-
lalanine (Y925F-FAK) or a phosphomimetic glutamic acid (Y925E-
FAK). The latter point mutation has been used successfully in other
proteins to mimic a constitutive tyrosine phosphorylation environ-
ment (Kassenbrock and Anderson, 2004; Tomar et al., 2004; Potter
et al., 2005; Zaidel-Bar et al., 2007b). Moreover, several studies ana-
lyzing FA dynamics have used Y—E substitution to mimic phospho-
rylation charges of adhesion proteins (Zaidel-Bar et al., 2007b;
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FIGURE 1: Expression of wild-type FAK, Y925F-FAK, and Y925E-FAK.
(A) Representative Western blots of phospho-Y925-FAK (p-925 FAK),
total FAK, and total paxillin in FAK~~ MEFs transfected with wild-type
and mutant FAK. The black arrowhead shows the signal for FAK.

(B) Representative blot showing FAK immunoprecipitated by the
conformation-specific anti-FAK (2A7 clone) antibody, which binds to
native FAK. (C) Western blots showing the phosphorylation status of
FAK at Tyr-397, Tyr-576, and Tyr-861 in wild-type FAK, Y925F-FAK, and
Y925E-FAK cells. Graph shows increased FAK phosphorylation at
Tyr-861 in Y925E-FAK cells compared with wild-type FAK cells. *p <
0.05; n = 3 independent experiments.

Pasapera et al., 2010). Indeed, in the latter study, phosphomimetic
mutation of paxillin induced the recruitment of vinculin to the adhe-
sion site. After confirmation of mutations by sequencing, FAK™~
mouse embryonic fibroblasts (MEFs) were transiently transfected
with wild-type FAK, Y925F-FAK, or Y925E-FAK. All three proteins
were correctly expressed at their expected molecular weights
(Figure 1A), with similar global expression levels once normalized to
paxillin or the internal loading control (B-actin). FAK was undetect-
able in control (nontransfected) FAK™~ MEFs (unpublished data). To
visualize the loss of phosphorylation at amino acid 925, Western
blots were done using an antibody that recognizes phosphorylated
Tyr-925. No signal was detected for Y925F-FAK and Y925E-FAK mu-
tants compared with wild-type FAK, thus validating the point muta-
tions at Tyr-925 (Figure 1A). Moreover, phosphorylation of FAK at
Tyr-925 is believed to induce conformational changes of the FAT
domain (Dixon et al., 2004; Prutzman et al., 2004). Accordingly,
while FAK and Y925F-FAK were recognized by the conformation-
specific monoclonal 2A7 antibody (Cooley et al., 2000; Prutzman
et al., 2004), Y925E-FAK was not (Figure 1B). The effect of mutation
of FAK at Tyr-925 on the state of FAK phosphorylation was next
investigated. Immunoblotting with phosphospecific FAK antibod-
ies revealed a significant increase in phospho-FAK at Tyr-861 in
Y925E-FAK cells compared with Y?25F-FAK and wild-type FAK cells
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FIGURE 2: Migration of wild-type FAK, Y925F-FAK, and Y925E-FAK
cells. (A) After wounding, migrating cells expressing wild-type or
mutant fluorescent FAK (see inserts in t = 0 images) were tracked for
13 h. Panels show representative images of migrating cells at the
wound leading edge taken after 4, 8, and 13 h. Fluorescent cells are
numbered, and nonfluorescent cells are labeled alphabetically. Scale
bar, 20 pm. (B) The average migration speed was quantified from the
tracking data for control FAK™~ (n = 111), wild-type FAK (n = 14),
Y925F-FAK (n = 19), and Y925E-FAK (n = 16) cells. *p < 0.0013 vs.
wild-type FAK cells, #p < 0.003 and ##p < 0.0002 vs. control cells,
p < 0.0002 vs. Y925F-FAK cells.

(Figure 1C) while, in contrast, phosphorylation at Tyr-397 and Tyr-576
was unaffected.

Expression of Y925F-FAK and Y925E-FAK alters

cell migration

Wound healing experiments were done to evaluate how Tyr-925
phosphorylation affects cell migration. FAK~~ MEFs as well as MEFs
transiently expressing wild-type FAK, Y925F-FAK, and Y925E-FAK
were grown to confluence, wounded by scraping with a pipette tip,
and tracked for 13 h (Figure 2A). Migration speed of individual cells
at the leading edge of the wound was determined for each cell line
(Figure 2B). Wild-type FAK cells (10.9 £ 0.88 um/h) and Y925E-FAK
cells (14.1 £ 1.36 um/h) migrated significantly faster than Y925F-FAK
cells (7.13 £ 0.5 pm/h) and control MEFs (7.51 + 0.23 pm/h). Thus
expression of wild-type FAK increased migration speed by 31%
compared with control FAK™" cells, while Y925F-FAK cells had a
34% decrease and Y925E-FAK cells a 22% increase in migration
speed compared with wild-type FAK cells (Figure 2B). These data
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confirm that phosphorylation at Tyr-925 plays a critical role in regu-
lating cell migration.

Phosphorylation of Tyr-925 affects FAK turnover at FAs

Cell motility is dependent on the ability of FAK to disassemble FAs.
Disassembly of FAs is correlated to the time residency of several
proteins at these sites including FAK (Giannone et al., 2004; Hamadli
et al., 2005), zyxin (Lele et al., 2008), vinculin (Mohl et al., 2009),
paxillin (Schober et al., 2007), and talin (Millon-Fremillon et al.,
2008). To study the effects of Tyr-925 phosphorylation on FA disas-
sembly, the mobility of wild-type FAK and FAK mutants was as-
sessed by fluorescence recovery after photobleaching (FRAP) ex-
periments. The yellow fluorescent protein (YFP) moiety contained in
the FAK constructs present in peripheral FAs randomly selected at
the periphery of the cells or in the cytosol was photobleached with
short high-power 488 nm excitation using a Kr/Ar laser (Figure 3A),
and the recovery of fluorescence in the bleached regions was fol-
lowed by time-lapse imaging over the ensuing 80 and 140 s, in the
cytosol and at FAs, respectively (Figure 3B). Recovery of fluores-
cence after photobleaching at FAs was substantially faster in Y925F-
FAK cells (t1, = 13.2 £ 1.7 s) compared with wild-type FAK (t1,; =
25.6 + 2.5 s) or Y925E-FAK cells (t1,, =25.5 £ 1.1 s) but was not dif-
ferent in the cytosol of the three cell lines. The faster recovery of
nonphosphorylatable Y925F-FAK at FAs is consistent with phospho-
rylation of FAK at Tyr-925, contributing to increase the time resi-
dency of FAK at FAs and thus in the regulation of FAK turnover.

Phosphorylation of Tyr-925 affects FA disassembly

We previously reported that phosphorylation of FAK at Tyr-397 was
implicated in cell migration because expression of nonphosphory-
latable Y397F-FAK leads to reduced FA disassembly and decreased
cell migration (Hamadi et al., 2005). To characterize the effects of
constitutive phosphorylation or dephosphorylation at Tyr-925 on FA
disassembly, adhesion dynamics were evaluated. To this purpose,
we assessed FA disassembly using FAK kinetics at adhesion sites
because the rate constant for disassembly of several FA proteins
including paxillin, FAK, and zyxin has been shown to be identical,
thus demonstrating that the disassembly of these molecules is con-
certed rather than sequential (Webb et al., 2004). Nevertheless, in
order to validate the use of FAK or FAK mutants as a marker for FA
disassembly, we analyzed FAK and vinculin disassembly in cells co-
expressing FAK—green fluorescent protein (GFP) and cherry-vinculin,
and FAK and vinculin disassembly in cells coexpressing Y?25E-FAK-
GFP and cherry-vinculin. Our results showed that disassembly of
FAK or Y925E-FAK and vinculin occurred simultaneously (Supple-
mental Figure S1), consistent with the disassembly of these FA pro-
teins being a valid marker of FA dynamics. Therefore FA disassem-
bly of wild-type FAK, Y925F-FAK, and Y?25E-FAK cells was assessed
by time-lapse confocal microscopy (Figure 4A). Analysis of sequen-
tial images shows that cells expressing wild-type FAK and Y925E-
FAK have similar dissociation rates, while both cell lines show faster
FA dissociation rates compared with that of Y?25F-FAK cells. In FAs,
fluorescence of wild-type FAK and Y925E-FAK decreased to back-
ground level after ~20 min while 30-40 min were required for Y925F-
FAK. Calculated extinction rates of fluorescence for wild-type FAK,
Y925E-FAK, and Y925F-FAK are (6.9 £0.2) x 1072 min~', (7.8 £ 0.3) x
102 min~", and (4.2 £ 0.1) x 1072 min~", respectively (Figure 4C).

To further study how phosphorylation of Tyr-925 affects the num-
ber of FAs displaying dynamic processes, FAs of cells expressing
wild-type FAK, Y925F-FAK, or Y925E-FAK were observed for 1 h.
Images taken at t = 0 (red) and t = 60 min (green) were superim-
posed (Figure 4B), and quantification of peripheral FA dynamics
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Dynamics of fluorescently tagged wild-type FAK,
Y925F-FAK, and Y925E-FAK analyzed by FRAP. (A) Images of
transiently transfected FAK~~ MEFs show wild-type FAK, Y925F-FAK,
and Y925E-FAK at the cell periphery before photobleaching of FAs
(boxed areas). Scale bar, 10 um. The time-lapse sequences below
show recovery after bleaching of corresponding FAs. BP, before
photobleaching; AP, immediately after photobleaching. Scale bar,
2 pm. (B) Representative examples of fluorescence recovery kinetics
for wild-type FAK, Y925F-FAK, and Y925E-FAK at FAs (left) and in the
cytosol (right). At FAs, note the significantly shorter recovery half-time
for Y925F-FAK compared with Y925E-FAK and wild-type FAK. Mean +
standard error of the mean (SEM) was calculated from n =17 FAs
(wild-type FAK), n = 14 FAs (Y925F-FAK), n = 13 FAs (Y925E-FAK), and
5-7 cytosolic compartments of independent cells. **p < 0.001 vs.
wild-type FAK.

show a 36% increase in the number of stable FAs in Y925F-FAK cells
compared with wild-type FAK and Y925E-FAK cells. Interestingly,
the percentage of stable FAs in wild-type FAK and Y925E-FAK cells
was not different (Figure 4D). Taken together, our results indicate
that the phosphorylation status of Tyr-925 contributes to the regula-
tion of FA disassembly and thus to the stability of FAs.

Enhanced cell protrusion in Y925E-FAK cells

It is intriguing to note that FA dissociation rate and FAK turnover in
Y925E-FAK cells are comparable to those of wild-type FAK cells,
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Quantification of wild-type FAK, Y925F-FAK, and
Y925E-FAK dynamics and FA disassembly. (A) Confocal time-lapse
images were taken every 5 min for 1 h; representative images are
shown every 10 min. Arrows indicate positions of FAs initially
containing wild-type FAK, Y?25E-FAK, and Y925F-FAK. Scale bar,
10 pm. (B) Images of cells visualized at t = 0 (left) and at t = 60 min
(center). In the time-merged images (t0/t60; right), disassembled FAs
appear in red, stable FAs in yellow, and newly formed FAs in green.
(C) Time course of FA disassembly in cells from (A) presented as the
ratio of integrated fluorescence intensity at FAs relative to initial
intensity calculated every 5 min; mean £ SEM calculated for
wild-type FAK (n = 47 FAs), Y925F-FAK (n = 39 FAs), and Y925E-FAK
(n =36 FAs). Rate constants of FA disassembly were calculated from
the slopes of the lines. (D) Percentages of stable FAs were calculated
from images in (B) as the number of FAs in wild-type FAK, Y925F-FAK,
and Y925E-FAK cells at t = 60 min compared with t =0. Mean + SEM,
six cells from independent experiments. **p < 0.05 vs. wild-type FAK
cells.

while the migration speed of Y?25E-FAK cells is significantly faster
(Figure 2). We then analyze the ability of cells expressing our differ-
ent FAK mutants to undergo protrusion or retraction. The fluores-
cent signals from our fusion constructs were imaged every 10 min
for 1 h. Successive images were superimposed, with t = x repre-
sented in red and t=x + 10 min in green (Figure 5A). Newly formed
FAs appear in green at leading edges and disassembled FAs in red,
with the two colors corresponding to cell protrusion and retraction,
respectively. Quantifications of the protrusive-retractile activities at
the cell edges of wild-type FAK, Y925F-FAK, and Y925E-FAK cells
was carried out for 20-min periods (Figure 5B), according to a
method previously described (Grande-Garcia et al., 2007). The
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Increased cell protrusion in Y925E-FAK cells. (A) Time-
lapse confocal microscopy of Y925E-FAK cells for 60 min. Images
represent merged confocal images taken at t =x (red) and at t = (x +
10) min (green). Note the presence of multiple protrusions around the
cell accompanied by formation of FAs (white arrowheads). Scale bar,
10 pm. (B) Time-lapse videos were used to calculate cell protrusion
and retraction areas. Time-merged images of wild-type FAK,
Y925F-FAK, and Y925E-FAK cells are shown with protruding edges in
green and retracted edges in red. Mean + SEM of protrusions or
retractions over a 20-min period of imaging from wild-type FAK
(n =21 protrusion/retractions), Y925F-FAK (n = 15), and Y925E-FAK
(n=24) cells. *p < 0.05 vs. wild-type FAK cells.

results show that Y?25F-FAK cells had a 35% decrease in retractile
activity compared with wild-type FAK cells. Interestingly, Y?25E-FAK
cells show a 33% increase in formation of cell protrusions compared
with wild-type FAK cells.

To analyze in further detail the mechanisms implicated in the for-
mation of cell protrusions, we focused on the adhesion population
at leading edges. Because nascent adhesions localized at thin pro-
truding cell edges are barely detectable using conventional confo-
cal microscopy, we used total internal reflection fluorescence (TIRF)
microscopy. Previous studies using double-color time-lapse movies
visualizing FA proteins such as paxillin and zyxin demonstrated se-
quential protein recruitment into focal complexes (Zaidel-Bar et al.,
2003). We found that FAK is apparently incorporated in protrusive
areas before vinculin (Supplemental Figure S2), stressing the impor-
tance of analyzing FAK incorporation to evaluate early steps of
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TIRF imaging of Y925F-FAK and Y925E-FAK cells.
(A) Formation of nascent adhesions in Y925F-FAK and Y925E-FAK
cells visualized by TIRF microscopy. Images were acquired at 2-min
intervals for 1 h. Images of whole cells are shown at 10-min intervals
(scale bar, 5 pm), and images corresponding to the magnification of
the boxed areas are shown every 2 min (scale bar, 1 pm). In whole cell
images, note the increase in cell protrusion activity in Y925E-FAK cells
compared with Y925F-FAK cells (dotted red lines in t = 50 correspond
to FAs at the cell edge at t = 0). Arrowheads indicate assembly of
nascent adhesions at the cell edge. Note the increase in FA assembly
rate in Y925E-FAK cells compared with Y925F-FAK cells. (B) Nascent
adhesion lifetime can be resolved into three discrete phases—
assembly, stability, and disassembly—by measuring fluorescence
intensity with time (left). Rate constants for the assembly and
disassembly of nascent adhesions. Mean = SEM, n = 34 (Y925E-FAK)
and 26 (Y925F-FAK) individual FAs.

adhesion formation during protrusion. As illustrated in Figure 6A, an
array of punctuate adhesions were observed at the leading edges of
Y925F-FAK and Y925E-FAK cells. However, Y?25E-FAK cells exhib-
ited prominent protrusions over the 50-min observation period,
while Y925F-FAK cells were notably less protrusive (see evolution of
the edge compared with the drawn red line at t = 50 for both condi-
tions). Closer examination of the protrusive area of Y?25E-FAK cells
showed the presence of adhesions that were highly dynamic on a
time scale of a few minutes compared with adhesions observed in
Y925F-FAK cells (Figure 6A). Analysis by compartmenting the three
discrete phases that form the lifetime of dynamic adhesions re-
vealed an increase in assembly rate and a decrease in the stability
period in Y?25E-FAK compared with Y?25F-FAK cells (Figure 6B).
To analyze the relationship between FA dynamics at leading
edge and membrane protrusion, we looked at cell protrusion by
bright field transmitted with light-emitting diode (LED) illumination
microscopy together with TIRF microscopy. Time-lapse acquisition
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in dual LED/TIRF mode of Y925F-FAK (LED, Supplemental Video 1;
TIRF, Supplemental Video 2; dual LED/TIRF, Supplemental Video 3)
and Y925E-FAK cells (LED, Supplemental Video 4; TIRF, Supple-
mental Video 5; dual LED/TIRF, Supplemental Video 6) showed that
newly formed fluorescent nascent FAs were exclusively localized at
protruding leading edges (Figure 7A). Arrowheads point to existing
or appearing FAs at the leading edge in order to facilitate the track-
ing of their evolution through time. It is worth noting that some of
the FAs (Figure 7A, arrowheads 1 in Y925F and Y925E) start to disas-
semble when new nascent FAs assemble at their front (Figure 7A,
arrowheads 2). Note also that nascent FAs that localized on the
sides of the migrating cell tend to mature and stabilize. Kymograph
analyses were performed on both TIRF and LED images taken be-
tween t = 0 and t = 30 min (Figure 7B). Protrusion speed was ob-
tained by measuring the distance between the two arrows in the
kymograph representation. Our results indicated, first, similar rates
of membrane protrusion and FA assembly and, second, a significant
increase in cell protrusion speed in Y925E-FAK cells (20.13 +
1.2 ym/h) compared with Y925F-FAK cells (10.24 + 2.1 um/h)
(Figure 7C). Collectively, these results are consistent with FAK con-
trolling cell migration by regulating the protrusive activities at the
leading edges of motile cells.

Because FAK Tyr-925 is a Src-specific substrate (Brunton et al.,
2005), we tested whether phosphorylation of this site by constitu-
tively activated Src could mimic some of the effects observed in
FAK-Y925E cells. For this purpose, FAK~~ MEFs were cotransfected
with either wild-type FAK or Y925F-FAK together with mCherry-Src-
Y530F. Our results indicated that constitutively activate Src induces
formation of broad and/or multiple lamellipodia in FAK expressed
cells but not in Y925F-FAK cells (Supplemental Figure S3). This is in
agreement with our previous observation establishing a specific role
of Y925E-FAK in mediating enhanced protrusion.

Phosphorylation at Tyr-925 activates Rac1 via
phosphorylation of p130¢AS

The current model implicates the Rac signaling pathway in leading
edge protrusion via activation of the Arp2/3 complex to promote
actin polymerization. Hence we hypothesized that the increase in
cell protrusions that is seen in Y925E-FAK cells may be due to activa-
tion of Rac. To test this hypothesis, a G-LISA Rac activation assay
was carried out on fibronectin-stimulated FAK, Y925F-FAK, and
Y925E-FAK cells. Our results showed a significant increase in Rac
activity (~26%) in Y925E-FAK cells compared with wild-type FAK
cells (Figure 8A). A reduction in Rac activity was observed in Y925F-
FAK cells, although not significant compared with that of wild-type
FAK cells. Because Rac-dependent protrusion has been linked to
phosphorylation of p130“4S, which then binds to Crk and activates
the signaling pathway involving the complex formation with
Dock180/ELMO1 (Grimsley et al., 2004; El-Sibai et al., 2008; Sharma
and Mayer, 2008), we first looked at Dock180/Rac interactions by
coimmunoprecipitation assays. We noted an important decrease in
Dock180/Rac1 interaction in Y925F-FAK cells compared with wild-
type FAK cells and Y925E-FAK cells (Figure 8B). Second, quantifica-
tion of Western blots revealed a significant 32% increase in phos-
phorylated p130“AS in Y925E-FAK cells compared with wild-type
FAK cells (Figure 8C). Inversely, Y925F-FAK cells exhibited a 44%
decrease in phosphorylated p1304S compared with wild-type FAK
cells. Immunolabeling of p130°4S in wild-type FAK, Y925F-FAK, and
Y925E-FAK cells showed localization of p130“A% in FAs and colocal-
ization of p130“AS with wild-type and mutants of FAK (Figure 8D).
Taken together, these data indicate that phosphorylation of FAK at
Tyr-925 correlates with activation of Rac1 as well as an increased
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FIGURE 7: Increased cell protrusion in MEFs expressing Y925E-
FAK. (A) Selected frames from the time-lapse sequence (1 frame
per 30 s for a 30-min period) show representative images

(at 2-min intervals) of spreading Y925F-FAK and Y925E-FAK cells.
LED and TIRF images are shown in gray scale; Y925F-FAK and
Y925E-FAK are shown in green in the merged images that
correspond to the superimposition of LED and TIRF images of
Y925F-FAK and Y925E-FAK cells. In Y925F cells, arrowheads point
to FAs present at the cell leading edge in the process of
disassembling (arrowhead 1) when new FAs assemble (arrowheads
2). In Y925E cells, arrowhead 1 points to an assembling FA, which
starts to disassemble as a new FA assembles at its front
(arrowhead 2). Scale bar, 10 pm. (B) Kymographs were generated
on both TIRF and bright-field transmission images along the red
lines using ImageJ software. (C) Cell protrusion speed was
deduced from the kymographs. Note the significant difference in
protrusion progression in Y925E-FAK cells compared with
Y925F-FAK cells. tTp < 0.01. Scale bar, 5 pm.
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Increased phosphorylation of p130°AS and Rac1 activation
in Y925E-FAK cells. (A) Increased Rac1 activity in Y925E-FAK cells
compared with wild-type FAK and Y925F-FAK cells. Cells were serum
starved for 24 h before stimulation by fibronectin for 30 min. Rac
activation was measured by G-LISA, and absorbance was read at
490 nm. Graph combines data from four experiments performed
independently. (B) Cell extracts were immunoprecipitated using
anti-Dock180 antibody and blotted for Rac1. Membranes were
stripped and verified for Dock180 expression. (C) Equal expression
levels of p130©AS in wild-type FAK, Y925F-FAK, and Y925E-FAK cells.
Phosphorylated p130°AS was determined by immunoprecipitating
phosphorylated proteins with an anti-phosphotyrosine antibody
followed by blotting with a p130°AS antibody. Mean phospho-p130¢4S
data (mean + SEM; n = 3 independent experiments). (D). Confocal
images from fixed cells; YCam-tagged wild-type or mutant FAK
(green) and immunostaining for phospho-p130°S (red); merged
images (right). Scale bar, 10 pm.

phosphorylation of p130“4. Combined with our observation that
nonphosphorylatable Y925F-FAK—expressing cells display reduced
association between Rac1 and Dock180, these data strongly sug-
gest that FAK acts at least in part via the p130“A5/Dock180/Rac1
signaling pathway to regulate cell protrusion activities.

Y925F-FAK interacts with nonphosphorylated paxillin

Previous reports have suggested that phosphorylation of FAK at Tyr-
925 may be the mechanism used to induce FAK departure from the
FA, via disruption of FAK/paxillin interactions, thus causing disas-
sembly of FA. Coimmunoprecipitation experiments revealed a
threefold increase in FAK association with paxillin in Y925F-FAK cells
when compared with wild-type FAK or Y?25E-FAK cells (Figure 9A).
Of note, the difference in FAK/paxillin interaction between Y925E-
FAK and wild-type FAK is not significant. Immunofluorescence la-
beling of MEFs expressing Y?25F-FAK or Y925E-FAK showed local-
ization of both FAK mutants to FAs, demonstrating that their
recruitment to FAs by paxillin was not altered, as shown by merged
signals of FAK with paxillin (Figure 9B). These results substantiate
the fact that phosphorylation of Tyr-925 is not essential in the target-
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(A) Wild-type FAK, Y925F-FAK, and Y925E-FAK were
immunoprecipitated using anti-C-terminal FAK antibody and blotted
for paxillin. Membranes were stripped and blotted for FAK to control
for equivalent expression of FAK. Mean data + SEM (n = 3 independent
experiments). **p < 0.0006 vs. FAK, and tp < 0.015 vs. Y925F-FAK.
(B) Confocal images from fixed cells expressing wild-type or mutant
FAK (green) and immunostained for paxillin (red). Scale bar, 10 pm.

(C) Western blots showing phosphorylation status of paxillin at Tyr-118
in wild-type FAK, Y925F-FAK, and Y925E-FAK cells. Graph shows
increased paxillin phosphorylation in Y925E-FAK cells compared with
wild-type FAK cells (*p < 0.02) and to Y925F-FAK cells (Tp < 0.02);

n =4 independent experiments. (D) Images were acquired on the Leica
DMIRE2 microscope. Images were segmented and p-paxillin/FAK
intensity ratios were calculated using Arivis Browser. Intensity ratios
are scaled according to the spectrum table, which varies from

0.5 (blue) to 5.5 (red).

ing of FAK to FAs. Because phosphorylation of paxillin has been
implicated in adhesion turnover, we sought to investigate whether
phosphorylation at Tyr-925 impacted paxillin  phosphorylation.
Western blot analysis using a phosphospecific antibody targeting
paxillin phosphorylated at Tyr-118 revealed a 2.3-fold increase in
phosphorylated paxillin for Y925E-FAK cells compared with wild-
type FAK or Y925F-FAK cells (Figure 9C). Concomitantly, MEF cells
were immunolabeled with the same phosphospecific paxillin
(Figure 9D). In agreement with these results, analysis of intensity ra-
tios of phospho-paxillin over FAK in wild-type or mutant FAK-ex-
pressed cells showed a lower ratio at FAs in Y925F-FAK cells than in
wild-type FAK- or Y925E-FAK—expressing cells. Moreover, enrich-
ment of phospho-paxillin was observed at disassembling FAs at the
cell trailing edge (shown by an arrow) as well as in highly dynamic
structures such as membrane protrusion (indicated by arrowheads).
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Taken together, these results suggest an essential role of FAK
phosphorylation at Tyr-925 in the regulation of FAK/paxillin interac-
tions via control of paxillin phosphorylation, which leads to finer
regulation of FA dynamics.

DISCUSSION

During migration, FAK is involved in both FA disassembly and cell
protrusion, but the molecular mechanisms by which FAK coordi-
nates these two processes remain poorly understood. In this studly,
we demonstrate that the outcome of FAK activity is dependent on
its phosphorylation at Tyr-925. Using mutated forms of FAK at Tyr-
925, we observed that impaired Tyr-925 phosphorylation decreases
FA disassembly rate and reduces migration, whereas constitutive
Tyr-925 phosphorylation increases dynamics of FAs at leading edges
and enhances cell protrusion. We also found that the Tyr-925 phos-
phorylation status influences the FAK/paxillin interaction and activa-
tion of the p130““>-Rac pathway. Our work shows that FAK is in-
volved in both regulating the disassembly of mature FA and cellular
protrusion areas where nascent FAs are located. Interestingly other
FA proteins such as Src and zyxin have been shown to shuttle be-
tween different subcellular locations (Hamadi et al., 2009; Welman
et al., 2010). An exciting possibility would be that FAK could also
shuttle between nascent and mature FAs. Determining whether
such an exchange could carry information to regulate cell protrusion
will promise important insights on the function of FAK as a molecu-
lar switch.

Regulation of FA disassembly and cell migration

by FAK phosphorylation

Directional cell migration requires spatiotemporal control of FA for-
mation and dissociation. Here we show that phosphorylation of FAK
at Tyr-925 is necessary for efficient disassembly of FAs based on the
decreased FA disassembly rate and the increased percentage of
stable FAs in Y925F-FAK cells (Figure 4). This impaired disassembly
led to a reduction in cell retractile activity (Figure 5) and conse-
quently a decrease in migration speed (Figure 2). The mechanism
implicated in these processes clearly involves FAK dynamics at FAs,
as indicated by our FRAP studies (Figure 3). Increased FAK turnover
at FAs led to the apparent stabilization of FAs, as already reported
(Giannone et al., 2004; Hamadi et al., 2005). This decrease in FAK
time residency may alter recruitment of crucial effectors at FAs es-
sential for FA disassembly. Among them, proteases like calpain or
guanine nucleotide exchange factors and GTPase-activating pro-
teins might be involved (Carragher et al., 2003; Iwanicki et al.,
2008).Our results are consistent with several studies reporting that
phosphorylation of FAK is associated with FA disassembly and
thus regulates cell migration (Sieg et al., 1999, Carragher et al.,
2001; Giannone et al., 2002; Westhoff et al., 2004).

Regulation of FA disassembly by FAK/paxillin interactions

Our studies reveal an increased interaction between paxillin and the
nonphosphorylatable form of FAK together with an increased asso-
ciation of phospho-paxillin with the phosphomimetic form of FAK.
Moreover, in Y925E-FAK cells, an increased phospho-paxillin over
FAK ratio was observed and enriched at both disassembling FAs at
trailing edges and short-lived FAs at protrusions. This suggests that
FAK phosphorylation is involved in paxillin phosphorylation, which
in turn controls FAK/paxillin interactions, thereby participating in the
regulation of FA dynamics. Previous structural studies indicated that
phosphorylation of FAK at Tyr-925 may decrease paxillin binding to
FAK, presumably leading to removal of FAK from FAs and, ulti-
mately, FA disassembly (Tachibana et al., 1995; Hayashi et al., 2002;
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Gao et al., 2004). In agreement, our data reveal that lack of FAK
phosphorylation at Tyr-925 increased FAK interaction with nonphos-
phorylated paxillin and impaired FAs disassembly. On the other
hand, constitutive phosphorylation of FAK at Tyr-925 while increas-
ing paxillin phosphorylation and interaction with FAK affected the
rate of FA disassembly only slightly, suggesting that either normally
occurring phosphorylation of this site is sufficient to drive this pro-
cess or additional mechanisms are needed to enhance this process.
Among them, mechanisms involved in phosphatase-mediated de-
phosphorylation of FAK could be implicated, as already demon-
strated (Yu et al,, 1998; Chen and Chen, 2006). Moreover, our
results, while highlighting the importance of FAK phosphorylation in
the control of FAK/paxillin interactions, clearly show that FAK phos-
phorylation at Tyr-925 is not sufficient to block localization of FAK to
FAs, as previously suggested (Dixon et al., 2004).

Regulation of FAs at protrusions by FAK

Y925E-FAK cells display increased migration efficiency (Figure 2).
Because this effect is not due to an altered FA disassembly rate
(Figures 3 and 4), the question then is how to explain the increases
in cell migration observed for Y?25E-FAK and wild-type FAK cells.
We noted a significant increase in the formation of new protrusions
in Y925E-FAK cells while no differences were observed between
wild-type FAK and Y925F-FAK cells (Figure 5). Using TIRF micros-
copy, we also identified highly dynamic adhesions at the leading
edges of Y925E-FAK cells (Figure 6). Finally, using dual TIRF/LED
microscopy, we noticed that an enhanced adhesion dynamic corre-
lated with increased protrusion activity (Figure 7). Therefore we pro-
pose a model in which FAK signaling couples the dynamics of na-
scent adhesions to enhanced protrusion, thereby promoting cell
migration. Several lines of evidence support this model. First, in
agreement with our data, it has been reported that FAK is required
for formation of lamellipodia during cell spreading and migration
into a wound (Tilghman et al., 2005). Second, during migration, the
effect of actin polymerization on protrusion is counterbalanced by
the retrograde flow of actin that therefore regulates the net protru-
sion rate. The clutch hypothesis stipulates that integrin-actin linkage
via the FA compartment inhibits actin retrograde flow by creating
traction forces on the substratum (Mitchison and Kirschner, 1988);
thus clutch engagement should result in enhanced protrusion. In-
deed, a high correlation has been found between protrusion rate,
actin dynamics, and FA assembly (Gupton and Waterman-Storer,
2006; Choi et al., 2008). Moreover, formation of nascent adhesions
appears to control the retrograde flow of actin (Alexandrova et al.,
2008). Taking these studies into account, our results are consistent
with Tyr-925 phosphorylation participating in the molecular mecha-
nisms involved in clutch engagement, thereby coupling nascent ad-
hesion dynamics to protrusion.

Regulation of the p130°A5/Rac1 pathway by FAK

What is the mechanism involved in enhanced FA dynamics and as-
sociated protrusion observed in Y?25E-FAK cells? The best charac-
terized downstream signaling pathway of FAK phosphorylation at
Tyr-925 involves binding of Grb2 to phosphorylated FAK and subse-
quent activation of the ERK/MLCK pathway. However, the ability of
Grb2 to bind to FAK as well as the level of MLC phosphorylation was
not different in Y925E-FAK cells as compared with wild-type FAK
and Y925F cells, suggesting that this pathway does not regulate
protrusion and FA-associated dynamics in our cells as already re-
ported for KM12C cells (Brunton et al., 2005). On the other hand,
we observed activation of p130“*° and subsequent increased Rac'
activity in Y925E-FAK cells as compared with FAK and Y925F-FAK
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cells (Figure 8). This is mediated at least in part through increased
Rac1/Dock 180 interactions. Moreover, it has been reported in NIH-
3T3 cells that the interaction of p130“AS with FAK is decreased in
Y861F-transfected cells during spreading, suggesting that phos-
phorylation of FAK at Tyr-861 is required for FAK/p130°AS interac-
tion and activation of Rac downstream of the p130“45-Crk complex
(Lim et al., 2004). Conversely, in Y925E-FAK cells, FAK phosphoryla-
tion at Tyr-861 was increased by 3.5-fold as compared with FAK (Fig-
ure 1C), demonstrating that this mechanism is sufficient for activat-
ing the p130““S/Rac1 pathway. Rac activation together with
increased FA turnover and lamellipodial protrusion is in agreement
with a previous report, suggesting that the relationship between ad-
hesion dynamics and protrusion is mediated by Rac activation
(Schwartz and Horwitz, 2006). Indeed, activated Rac1 promotes for-
mation of lamellipodia, membrane ruffling, and actin reorganization,
events associated with cell migration (Hall, 2005; Guo et al., 2006).
Likewise, the p130“A5/Rac1 pathway has been implicated in lamel-
lipodia and invadopodia formation, and thus in mechanisms under-
lying cell invasion (Hsia et al., 2003).

Overall, our findings provide new insights into the molecular
mechanisms regulated by FAK that promote tumor cell migration.
Activation of the positive FAK-Src feedback loop in tumor cells and
subsequent phosphorylation of FAK at Tyr-925 likely play pivotal
roles in cell migration and invasion by controlling FA turnover as well
as lamellipodia formation. We propose that specifically targeting
phosphorylation at Tyr-925 of FAK may provide a compelling basis
for new therapeutic strategies.

MATERIALS AND METHODS

Reagents and antibodies

DMEM, Alexa Fluor 488-conjugated goat anti-mouse immunoglob-
ulin (Ig) G, and Lipofectamine 2000 were obtained from Invitrogen
(Paisley, UK). Fetal bovine serum (FBS), penicillin, streptomycin, and
trypsin-EDTA solution were from Lonza (Verviers, Belgium). Western
blot stripping reagent was from Millipore (Molsheim, France). Hu-
man fibronectin, mouse monoclonal FAK kinase (directed against
amino acids 354-533), mouse monoclonal phospho-paxillin (Y118),
and mouse monoclonal p1304S antibodies were from BD Biosci-
ences (Franklin Lakes, NJ). Rabbit anti-phospho-Y925 FAK antibody
was from US Biological (Swampscott, MA). Rabbit anti—-FAK C-termi-
nal domain (amino acids 748-1052) and conformation-specific
mouse monoclonal FAK (clone 2A7) antibodies were from Millipore
(Molsheim, France). Mouse monoclonal anti-paxillin, rabbit poly-
clonal anti-phospho-Y397 FAK, rabbit anti-phospho-Y576 FAK, and
rabbit anti-phospho-Y861 FAK antibodies were from Invitrogen.
Mouse monoclonal anti-B-actin antibody was from Sigma (Lyon,
France). Mouse monoclonal anti-phosphotyrosine (4G10 Platinum)
and mouse monoclonal anti-Rac1 antibodies were from Millipore
(Molsheim, France). Horseradish peroxidase-conjugated goat anti—
mouse or anti-rabbit IgG were from Promega (Madison, WI). Goat
polyclonal anti-Dock180 (N-ter) and horseradish peroxidase—conju-
gated rabbit anti-goat IgG were from Santa Cruz Biotechnology
(Santa Cruz, CA). Rhodamine Red-X-conjugated goat anti-mouse
or anti—rabbit antibodies were from the Jackson Laboratory (Bar
Harbor, ME).

Expression vectors

pcDNA3.1-FAK/YCam expressing human FAK (wild-type FAK)
fused to cyan fluorescent protein and YFP tags was constructed
as described previously (Giannone et al., 2002). The Y925F-
FAK and Y925E-FAK mutants were generated using the
QuikChange Mutagenesis kit (Agilent, Massy, France). Briefly,
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pcDNA3.1-FAK/YCam was used as a template to generate the
Y925E-FAK construct using AKY925E (5'-GTCGAATGATAAGGT-
GGAAGAGAATGTGACGGGC-3) and AKY925EAS (5-GC-
CCGTCACATTCTCTTCCACCTTATCATTCGAC-3') primers. The
Y925F-FAK construct was made using AKY925F (5-GTCGAAT-
GATAAGGTGTTCGAGAATGTGACGGGC-3’) and AKY925FAS
(5-GCCCGTCACATTCTCGAACACCTTATCATTCGAC-3) prim-
ers. pcDNA3.1-mCherry/Src-Y530F was generated by inserting
the PCR product mCherry-Src-Y530F in pcDNA3.1(zeo) plasmid
(Invitrogen) (Hamadi et al., 2010). All constructs were amplified
and purified using either Jetstar or Qiagen HiSpeed Maxiprep
kits (Courtaboeuf, France) and specific point mutations were
verified by sequencing. Plasmid enhanced green fluorescent
protein/cherry-vinculin was kindly provided by I. Lavelin (Weiz-
mann Institute of Science, Rehovot, Israel) (Wolfenson et al.,
2009).

Cell line, transfection, and fibronectin stimulation

Primary FAK™~ MEFs (passages 9-15) were maintained in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin as previously described (Neff et al., 2003). Cells were
maintained in a 5% CO, humidified incubator at 37°C. Transient
transfections were used in all experiments because FAK™~ MEFs
cells and our expression vectors both enclosed the neomycin resis-
tance gene. To generate populations of MEFs expressing wild-type
or mutant FAK, cells were seeded in 6-well plates and, after 24 h,
transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer's directions. Transfection efficiency was 30-40% and
was routinely verified by measuring YFP fluorescence. All experi-
ments using transfected cells were carried out within 48 h after
transfection. For fibronectin stimulation, 48 h—transfected cells were
serum starved for 24 h and cells were detached from culture dishes
using trypsin-EDTA, seeded onto fibronectin precoated 10-cm cul-
ture dishes, and incubated for 30 min.

Rac activation assay

Rac activation (Rac1/2/3) was measured using the G-LISA Rac Acti-
vation Assay Kit (Cytoskeleton, Denver, CO) according to the manu-
facturer’s instructions. Briefly, a Rac-GTP-binding protein is linked to
the bottom wells of a 96-well plate. Active GTP-Rac in cell lysates
will bind to the Rac-GTP-binding protein, while inactive GDP-Rac
will not. MEFs serum starved for 24 h were fibronectin stimulated
and then lysed on ice. After centrifugation, aliquots of protein lysates
were snap frozen in liquid nitrogen and kept at —80°C. Negative and
positive controls were obtained with lysis buffer or nonhydrolyzable
Rac, respectively. Thawed samples were added to wells precoated
with Rac-GTP-binding domain (p21 binding domain) and incubated
for 45 min on ice, followed by addition of the antigen-presenting
buffer for 2 min, incubation for 45 min with Rac primary antibody
(diluted at 1:200), and incubation for 45 min with secondary anti—
horseradish peroxidase-labeled antibody (1:100), with thorough
washing with wash buffer between all steps. The signal was mea-
sured immediately after addition of the horseradish peroxidase de-
tection reagent at 492 nm using a microplate reader (Labsystems
IEMS Reader MF, Helsinki, Finland).

Cell lysis, immunoprecipitation, and immunoblotting

At 48 h after transfection, cells were rinsed twice with ice-cold phos-
phate-buffered saline (PBS) (pH 7.4) and lysed for 30 min on ice with
ice-cold IP lysis buffer (150 mM NaCl, 1% Triton X-100, 1% Nonidet
P-40, 50 mM Tris-HCI, pH 8.0, 10 mM NaF, 2 mM Na3VOy,,
and a protease inhibitor mixture tablet [Complete Mini; Roche,
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Meylan, France]). Lysates were cleared by centrifugation and pro-
tein concentrations determined (Dc protein assay; Bio-Rad, Hercu-
les, CA) using bovine serum albumin (BSA) as a standard. For im-
munoprecipitation, 500 ug cell lysates was incubated with specific
antibody (at dilutions recommended by manufacturers) for 3 h
at 4°C with continuous shaking. Protein G Sepharose beads
(GE Healthcare, Orsay, France) were then added for overnight incu-
bation. Beads were collected, washed three times with ice-cold ra-
dioimmunoprecipitation assay buffer (150 mM NaCl, 1% Triton
X-100, 0.5% Na deoxycholate, 0.1% SDS, 50 mM Tris-HCI, pH 7.5,
and a protease inhibitor mixture tablet), and then resuspended in
Laemmli buffer. For Western blots, 20 ug protein lysates were re-
solved by SDS-10% PAGE and transferred to polyvinylidene difluo-
ride membranes (Hybond-P; GE Healthcare, Orsay, France). Block-
ing of the membrane was done in 5% nonfat milk-TBST (10 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Tween-20) for 1 h at room
temperature before overnight incubation at 4°C with primary anti-
bodies (diluted 1:1000 in 5% nonfat milk-TBST). After three washes
with TBST, the membrane was incubated with corresponding horse-
radish peroxidase—conjugated secondary antibodies (1:20,000).
Signals were assessed using enhanced chemiluminescence (ECL
Plus; GE Healthcare) and BioMax MR films (Eastman Kodak).

Immunofluorescence microscopy

At 24 h after transfection, MEFs were plated at low density on
10 pg/ml fibronectin-coated imaging p-Dishes (Ibidi, Martinsried,
Germany). After 24 h incubation, cells were fixed with 4% paraform-
aldehyde (PFA) for 10 min, permeabilized in 0.1% Triton X-100 for
5 min, blocked in 1% BSA/PBS for 1 h, and incubated with primary
antibodies diluted (1:300) in 1% BSA/PBS for 1 h at room tempera-
ture. After three washes with PBS, cells were incubated with rhod-
amine-conjugated donkey anti-mouse antibody (1:400) for 1 h,
washed three times with PBS, and then observed using a confocal
microscope (Bio-Rad 1024, Kr/Ar laser; Nikon (Champigny sur
Marne, France) Eclipse TE300, 60x water-immersion CFI Plan-Fluor,
numerical aperture [NA] 1.3 objective). Z-series stacks (0.2-pm steps)
were collected using LaserSharp 2000 software. YFP and rhodamine
were excited at 488 and 568 nm, respectively, and fluorescence was
collected at 522 nm (green) and 585 nm (red). ImageJ 1.37v soft-
ware was used for treatment and analysis of images.

For PFA-fixed cells labeled for phospho-paxillin, a Leica (Nan-
terre, France) DMIRE2 microscope (40x HCX PL APO [1.25 NA] ob-
jective) was used to acquire 16-bit images. Subsequently, images
were segmented using ImageJ software, and intensity ratios of phos-
pho-paxillin on FAK signals were obtained with Arivis Browser soft-
ware (Rostock, Germany).

Live cell imaging, FRAP, and TIRF experiments

For cell migration assays, confluent cells plated on 10 pg/ml fi-
bronectin-coated coverslips were wounded with a pipet tip and
mounted in a Ludin Chamber (Life Imaging Services, Basel Switzer-
land). The cells were then placed at 37°C, 5% CO,, on a Leica
DMIRE2 microscope. Images were acquired with a 40x HCX PL APO
(1.25 NA) objective every 10 min during 13 h and a Leica DC350FX
CCD camera piloted by Leica FW4000 software. Expressing cells at
the leading edge of the wound were initially located via the GFP
signal and were subsequently followed only via phase contrast. Up
to 13 different fields were sequentially recorded during each ex-
periment using a Méarzhauser (Wetzlar, Germany) automated stage
piloted by the FW4000 software. The position of each cell was de-
termined manually by tracking the center of the nucleus using Meta-
Morph (Molecular Devices, Sunnyvale, CA). Cell coordinates were
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exported to Microsoft Excel software to calculate all migration pa-
rameters. Live cell imaging for other experiments were carried out
in phenol red-free medium supplemented with 20 mM HEPES and
10% FBS. Cells were maintained at 32°C using a temperature-con-
trolled stage (Harvard apparatus). The 24 h-transfected cells were
plated at low density on 10 pg/ml fibronectin-coated p-Dishes. After
24 h incubation, images were acquired every 5 min for 1 h using a
confocal microscope as above (488 nm excitation, 522 nm emis-
sion). Ratios of fluorescence at a FA at each time point (Ft) to that of
the same FA at t = 0 (FO) were made. The rate of fluorescence loss
was calculated by linear regression.

FRAP experiments were done on a Bio-Rad confocal microscope
at 32°C. To avoid possible artifacts of overexpression, only cells ex-
pressing low but detectable amounts of protein were chosen for
further analysis. Briefly, fluorescence intensity was measured at low
laser power before bleach in selected regions of interest at FAs and
in the cytosol. Photobleaching was done at 100% of the 488 nm line
with four iterations. Recovery was followed with low laser power at
various time intervals until the intensity had reached a steady pla-
teau. For each time point, the intensity of the bleached area was
normalized to that of a corresponding unbleached area. Fluores-
cence during recovery was normalized to the prebleached intensity.
FRAP recovery curves were generated using GraphPad Prism 5 (La
Jolla, CA).

TIRF images were acquired using an iMIC microscope (Till
Photonics, Munich, Germany) equipped with a Cobolt Dual
Calypso Laser 491/532 nm (Solna, Sweden) and an Olympus
(Rungis, France) 60x TIRFM (1.45 NA) objective. During acquisi-
tion, cells were maintained at 37°C in a 5% CO, humidified atmo-
sphere using an environmental control system (Life Imaging Ser-
vices). TIRF images were acquired every 2 min on an EMCCD
camera (Andor Technology, Belfast, Ireland) and analyzed using
ImageJ software.

Image acquisition rate for bright-field transmitted LED/fluores-
cence microscopy was one frame per 30 s for 30 min. To estimate
the velocity of cell protrusion, time-lapse images were analyzed us-
ing a kymograph macro of ImageJ software.

Protrusion—retraction analysis

Fluorescence time-lapse images of wild-type FAK, Y925F-FAK, and
Y925E-FAK were used to outline cells by thresholding for pixels with
high intensity. Areas covered by cells in consecutive images in the
time series were subtracted to determine the percentage change of
the total cell area contributing to protrusion or retraction occurring
in the 2.5 min elapsed between images.

Statistical analysis

Data were analyzed using one-way analysis of variance and Stu-
dent’s t test, and differences were considered to be significant at
p < 0.05. Unless otherwise stated, all data presented are from at
least three independent experiments.
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