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Focal adhesion kinase-dependent 
focal adhesion recruitment of SH2 
domains directs SRC into focal 
adhesions to regulate cell adhesion 
and migration
Jui-Chung Wu1, Yu-Chen Chen1, Chih-Ting Kuo1, Helen Wenshin Yu2, Yin-Quan Chen2, 
Arthur Chiou2,3 & Jean-Cheng Kuo1,3

Directed cell migration requires dynamical control of the protein complex within focal adhesions (FAs) 
and this control is regulated by signaling events involving tyrosine phosphorylation. We screened the 
SH2 domains present in tyrosine-specific kinases and phosphatases found within FAs, including SRC, 
SHP1 and SHP2, and examined whether these enzymes transiently target FAs via their SH2 domains. 
We found that the SRC_SH2 domain and the SHP2_N-SH2 domain are associated with FAs, but only the 
SRC_SH2 domain is able to be regulated by focal adhesion kinase (FAK). The FAK-dependent association 
of the SRC_SH2 domain is necessary and sufficient for SRC FA targeting. When the targeting of SRC 
into FAs is inhibited, there is significant suppression of SRC-mediated phosphorylation of paxillin and 
FAK; this results in an inhibition of FA formation and maturation and a reduction in cell migration. This 
study reveals an association between FAs and the SRC_SH2 domain as well as between FAs and the 
SHP2_N-SH2 domains. This supports the hypothesis that the FAK-regulated SRC_SH2 domain plays an 
important role in directing SRC into FAs and that this SRC-mediated FA signaling drives cell migration.

Cell migration involves the extension of a cell protrusion; this is followed by the attachment of the protrusion to 
the substratum at the cell front, the translocation of the cell body and, finally, the detachment of the trailing end 
of the cell from the substratum1–3. During this process, integrin-based adhesive organelles, focal adhesions (FAs), 
need to dynamically control the coupling of actin filaments and the extracellular matrix (ECM) in order to translate 
actin polymerization and actomyosin contraction into cell motion4–6. FAs are complexes that contain hundreds of 
proteins; these proteins include structural, signaling and scaffold proteins that are able to link the actin cytoskeleton 
to clustered transmembrane integrin receptors7. It has been well established that there is a hierarchical cascade that 
involves FA compositional changes during FA maturation8. During this process, the FAs grow in size and undergo 
the spatiotemporal transduction of distinct biological signals. The latter occurs via specific groups of proteins found 
within the FAs that are able to control actin cytoskeleton organization and thus drive cell migration8–10.

One of the mechanisms regulating the dynamic organization of FAs involves the activity of tyrosine-specific 
kinases and phosphatases within the FAs. These tyrosine-specific kinases and phosphatases regulate the phospho-
rylation status of their substrates; such phosphorylation creates docking sites for Src-homologue-2 (SH2) domains 
[phosphotyrosine (pY) binding domains] on appropriate interacting molecules11. Thus, within FAs, the transient 
localization of tyrosine-specific kinases and phosphatases is likely to play a key role in dynamically controlling the 
association of other SH2 domain-containing FA proteins within FAs; this will regulate the composition of these 
FAs and control FA-mediated signaling. Among the tyrosine-specific kinases and phosphatases within FAs, the 
following proteins, SRC, SHP1 and SHP2, have been found to contain SH2 domain7. SRC, a non-receptor protein 
tyrosine kinase, contains an N-myristoylation site as well as SH3, SH2 and kinase domains (Fig. 1a)12,13. The SH2 
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Figure 1. The SRC_SH2 and SHP2_N-SH2 domains associate with focal adhesions. (a) Diagram of the 
domain structures of SRC, SHP1 and SHP2. The SH2 domains of SRC, SHP1 and SHP2 were cloned into 
pGFP-C1 individually and the resulting plasmids were named pGFP-SRC(SH2), pGFP-SHP1(NSH2), pGFP-
SHP1(CSH2), pGFP-SHP2(NSH2) and pGFP-SHP2(CSH2). (b) DNA from pGFP-C1, pGFP-SHP1(NSH2), 
pGFP-SHP1(CSH2), pGFP-SHP2(NSH2), pGFP-SHP2(CSH2) and pGFP-SRC(SH2) were digested with 
the restriction enzymes as indicated, which either linearize the DNA construct or release the DNA insert 
encoding the SH2 domain from the indicated constructs, as shown on an agarose gel stained with EtBr. Below: 
the same gel with a longer exposure time. (c) U2OS cells transfected with pGFP-C1, pGFP-SHP1(NSH2), 
pGFP-SHP1(CSH2), pGFP-SHP2(NSH2), pGFP-SHP2(CSH2) or pGFP-SRC(SH2) were analyzed by Western 
blotting with GFP and GAPDH antibodies. (d) TIRFM images of U2OS cells expressing GFP-SRC(SH2), 
GFP-SHP1(NSH2), GFP-SHP1(CSH2), GFP-SHP2(NSH2) or GFP-SHP2(CSH2). The adhesion-like pattern 
marked with red arrows in the images. Scale bar, 10 μ m. (e) TIRFM images of U2OS cells co-transfected 
with mApple-paxillin (red) and pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) (green). Bar, 10 μ m. The 
20 μ m ×  20 μ m areas indicated in the upper images are magnified in the images below. Values indicate Pearson’s 
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domain of SRC interacts with its C-terminal phospho-tyrosine (Y527) to form a closed, catalytically inactive, con-
formation12,14–16. This can be opened and activated by dephosphorylating of Y527 (or Y530 in human SRC)17–19 or 
by the binding of the SH2 or SH3 domain to another protein20–27. Active SRC is able to initiate intercellular signa-
ling via SH2-dependent or SH3-dependent binding to its downstream substrates, which include FAK or p130Cas. 
This initiates a process of phosphorylation and activation that results in integrin-mediated adhesion signaling 
and cell motility28–30. The SHP1 and SHP2 phosphatases, which are non-receptor protein tyrosine phosphatases, 
contain two SH2 domains (called N-SH2 and C-SH2) and a phosphatase domain (PTPase) (Fig. 1a)31–33; these 
are known to dephosphorylate downstream substrates that are able to modulate FAs. For example, a reduction in 
α -actinin phosphorylation by SHP134 or SHP235,36 promotes its binding to actin and thereby triggers the associ-
ation of α -actinin with FAs; this strengthens the links between integrins and the actin cytoskeleton. SHP2 also 
down-regulates the tyrosine phosphorylation of ROCKII at Y722 resulting in the activation of ROCKII and the 
promotion of FA maturation37. From the above studies it is clear that SRC, SHP1 and SHP2 activity within FAs is 
strongly correlated with the organization of FAs.

Given the importance of SRC, SHP1 and SHP2 to FA organization, the mechanism directing these enzymes tran-
siently to FAs, whether the SH2 domain is able to control the targeting of the enzymes to FAs and the association of 
these enzymes with various substrate proteins remains unclear. Previous studies have implied that the SH2 domain 
is important to the directing of SRC to FAs because SRC mutants with an accessible SH2 domain are localizable 
at FAs12,38. Indeed, SRC kinase-domain deletion mutants with a point mutation within the SH2 domain (R175L) 
are unable to associate with FAs in SYF (SRC−/−, Yes−/−, Fyn−/−) MEFs39, indicating that the association between 
SRC and FAs in SYF cells depends on the protein having a functional SH2 domain. However, in cells that express 
SRC-family kinases, this SRC mutant (R175L) has been reported to be localized with FAs12, revealing that the role 
that the SH2 domain of SRC plays in FA targeting remains controversial. Although SHP1 and SHP2 contain SH2 
domains, it is not clear whether these SH2 domains are able to mediate the association of these phosphatases with 
FAs. Given the critical role of SRC, SHP1 and SHP2 in integrin-mediated adhesion signaling, we set to investigate 
whether the SH2 domain is able to direct these tyrosine-specific kinase and phosphatases towards FAs.

In the present study we have examined the localization of SH2 domain constructs derived from SRC, SHP1 and 
SHP2. We found that the SH2 domain of SRC and N-SH2 domain of SHP2 are able to bring about association with 
FAs; nevertheless, only the SH2 domain of SRC is able to be regulated by FAK, which enhances the abundance of 
SRC in FAs. We have also shown that the SH2 domain is necessary and sufficient for SRC recruitment to FAs. We 
have further demonstrated that the association of SRC with FAs plays a key role in transducing SRC-mediated 
signals, in the promotion of FA formation/maturation and in enhancing cell migration.

Results
The SRC_SH2 domain and SHP2_N-SH2 domain are able to associate with focal adhe-
sions. Before demonstrating whether SRC, SHP1 and SHP2 are able to localize to FAs via their SH2 domains, 
we first identified the SH2 domains of these three enzymes, all of which are known to localize at FAs7. Previous 
studies have shown that SRC contains only one SH2 domain, while SHP1 and SHP2 both contain two SH2 domains, 
one called N-SH2 and the other called C-SH2, as indicated in Fig. 1a. The cDNA of each individual SH2 domain 
was amplified (Supplemental Table 1) and fused via their C terminus to GFP in order to generate recombinant 
pGFP-SH2 constructs, namely pGFP-SRC(SH2), pGFP-SHP1(NSH2), pGFP-SHP1(CSH2), pGFP-SHP2(NSH2) 
and pGFP-SHP2(CSH2) (Fig. 1a,b). The modified GFPs containing these SH2 domains allow the SH2 protein to 
be expressed as a fluorescent protein that is detectable and visualizable in cells (Fig. 1c,d).

Next we examined the intracellular localization of these various GFP-SH2 proteins by expressing 
pGFP-SRC(SH2), pGFP-SHP1(NSH2), pGFP-SHP1(CSH2), pGFP-SHP2(NSH2) or pGFP-SHP2(CSH2) indi-
vidually in human osteosarcoma U2OS cells, which were then plated on fibronectin-coated coverslips. On visual-
izing the cells by total internal reflection fluorescence microscopy (TIRFM), it was found that GFP-SRC(SH2) and 
GFP-SHP2(NSH2) did show an adhesion-like pattern (marked with the red arrows), while pGFP-SHP1(NSH2), 
pGFP-SHP1(CSH2), and pGFP-SHP2(CSH2) were found diffused throughout the cytosol (Fig. 1d). To fur-
ther examine if SRC(SH2) and SHP2(NSH2) specifically localize within FAs, we utilized TIRFM to image 
U2OS cells co-transfected with mApple-paxillin, which acted as a FA marker, and pGFP-C1, pGFP-SRC(SH2) 
or pGFP-SHP2(NSH2). A comparison of images of GFP-expressing cells showed that GFP-SRC(SH2) mainly 
co-localized with paxillin at FAs close to the cell center and periphery, while GFP-SHP2(NSH2) appeared as fibril-
lary structures within the cell center; this association included paxillin-marked FAs, and localization within lamel-
lipodia (Fig. 1e). In order to prevent false-positive results that might have been caused by the bleed-through, we 
immunostained paxillin with Cy5-conjugated secondary antibodies in cells expressing pGFP-C1, pGFP-SRC(SH2) 
or pGFP-SHP2(NSH2) (Fig. 1f). These images produced similar results, as shown in Fig. 1e. Thus it is highly likely 
that the SH2 domain of SRC and N-SH2 domain of SHP2 are involved in the association of SRC and SHP2 with 
FAs, respectively.

correlation coefficients (PC) of images of mApple-paxillin and GFP, GFP-SRC(SH2) or GFP-SHP2(NSH2) in 
U2OS cells. Data are means ±  s.e.m. (GFP: n =  6 cells; GFP-SRC(SH2): n =  6 cells; GFP-SHP2(NSH2): n =  7 
cells). ***p <  0.001, in comparison with GFP-expressing cells. (f) TIRFM images of U2OS cells transfected 
with pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) (green) and immunostained to detect paxillin (red). 
Bar, 10 μ m. The 20 μ m ×  20 μ m areas indicated in the upper images are magnified in the images below. Values 
indicate PC of images of paxillin-Cy5 and GFP, GFP-SRC(SH2) or GFP-SHP2(NSH2) in U2OS cells. Data are 
means ±  s.e.m. (GFP: n =  11 cells; GFP-SRC(SH2): n =  9 cells; GFP-SHP2(NSH2): n =  9 cells). ***p <  0.001, in 
comparison with GFP-expressing cells.
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Figure 2. Focal adhesion kinase activity, but not SRC activity, positively regulates the abundance of SRC_
SH2 domain within focal adhesions. (a) Total cell lysate from untreated U2OS cells (− ) or cells treated with 
FAKi (focal adhesion kinase inhibitor; 50 μ M, 1 h), PP2 (SRC inhibitor; 10 μ M, 1 h) or SU6656 (SRC inhibitor; 
5 μ M, 1 h) were analyzed by Western blotting to detect pY118-paxillin, pY31-paxillin, SRC, FAK, paxillin and 
GAPDH. (b) U2OS cells transfected with pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) were untreated 
(− ) or treated with FAKi or PP2, and immunostained to detect paxillin. TIRFM images of GFP, GFP-SRC(SH2) 
or GFP-SHP2(NSH2) (green) and paxillin (red). Bar, 10 μ m. The 20 μ m ×  20 μ m areas indicated in the upper 
images are magnified in the images below. Values indicate Pearson’s correlation coefficients (PC) of images of 
paxillin-Cy5 and GFP, GFP-SRC(SH2) or GFP-SHP2(NSH2) in U2OS cells untreated (− ) or treated with FAKi 
or PP2. Data are means ±  s.e.m. (GFP: n =  3 cells (− ), n =  4 cells (FAKi), n =  6 cells (PP2); GFP-SRC(SH2): 
n =  7 cells (− ), n =  6 cells (FAKi), n =  7 cells (PP2); GFP-SHP2(NSH2): n =  5 cells (− ), n =  5 cells (FAKi), n =  4 
cells (PP2)). **p <  0.01; NS, no significance. (c) Time-lapse TIRFM images of U2OS cells co-transfected with 
mApple-paxillin (red) and pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) (green) during FAKi or PP2 
treatment. The time is shown in hour. Bar, 10 μ m. (d) The ratio of the average density (intensity per μ m2) of GFP, 
GFP-SRC(SH2) or GFP-SHP2(NSH2) within segmented paxillin-marked FAs of U2OS cells treated with FAKi 
or PP2 at 0 h relative to 1 h. Data are means ±  s.e.m. (n =  number of cells). *p <  0.05.



www.nature.com/scientificreports/

5Scientific RepoRts | 5:18476 | DOI: 10.1038/srep18476

The SH2 domain of SRC is involved in the protein’s association with focal adhesions and this 
association is regulated by focal adhesion kinase. SRC and FAK, non-receptor protein-tyrosine 
kinases, are activated by integrin engagement in order to transduce adhesion signaling, which then cooperatively 
regulates FA dynamics, enabling cell migration28,29,40–44. We first used pharmacological manipulation to modify 
SRC or FAK activity independently in order to determine the involvement of SRC and FAK activity in the associ-
ation of the SRC_SH2 domain and the SHP2_N-SH2 domain with FAs. By examining the level of pY31-paxillin 
and pY118-paxillin45,46 (Fig. 2a), we found that when cells were treated with an FAK inhibitor (FAKi; 50 μ M, 1 h), 
with the SRC-family tyrosine kinase inhibitor PP2 (10 μ M, 1 h) or the SRC-specific inhibitor SU6656 (5 μ M, 1 h) 
there was blockage of FAK-mediated and SRC-mediated signaling in U2OS cells, but this change did not affect 
the expression level of GFP, GFP-SHP2(NSH2), GFP-SHP2(CSH2), GFP-SHP1(NSH2), GFP-SHP1(CSH2) or 
GFP-SRC(SH2) (Supplemental Fig. 1a,b). Although the blockage of FAK-mediated signaling decreased the total 
number of FAs, especially large FAs (> 2 μ m2) and medium-sized FAs (0.5 ~ 2 μ m2) (Supplemental Fig. 1c,d), the 
purpose of this experiment is not to examine FAK-mediated signaling on FA formation, but rather to determine 
FAK-mediated signaling on the association of the SH2 domains with FAs. Compared to control cells, when cells 
expressing pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) were treated with FAKi in order to inhibit FAK 
activity significantly, there was blockage of the localization of GFP-SRC(SH2). However, blockage did not occur 
with either GFP or GFP-SHP2(NSH2), using paxillin-marked FAs (Fig. 2b). Furthermore, the association of GFP, 
GFP-SRC(SH2) or GFP-SHP2(NSH2) with paxillin-marked FAs did not change in cells treated with PP2 (Fig. 2b). 
To further examine the effect of FAK or SRC activity on the association of SRC_SH2 and SHP2_N-SH2 domains 
with FAs in living cells, we applied time-lapse TIRFM to examine cells that were co-expressing mApple-paxillin 
and pGFP-C1, mApple-paxillin and pGFP-SRC(SH2) or mApple-paxillin and pGFP-SHP2(NSH2). Analysis 
of GFP, GFP-SRC(SH2) and GFP-SHP2(NSH2) dynamics during perfusion with FAKi for 1 h revealed that the 
reduction in FAK activity caused the dissociation of GFP-SRC(SH2), but not GFP or GFP-SRC(NSH2), from 
paxillin-marked FAs (Fig. 2c). Next we quantified the ratio of fluorescence density of GFP, GFP-SRC(SH2) and 
GFP-SHP2(NSH2) in paxillin-marked FAs and the results indicated that FAK activity was able to significantly 
increase the density of GFP-SRC(SH2) in FAs (1.57-fold), but caused no effect on GFP or GFP-SHP2(NSH2) 
(Fig. 2d). However, treatment with PP2 (treatment with SU6656 was not carried out because it exhibits autofluo-
rescence) did not affect the association of GFP, GFP-SRC(SH2) or GFP-SHP2(NSH2) with paxillin-marked FAs 
(Fig. 2c,d), which supports the findings presented in Fig. 2b. Thus, the SRC_SH2 domain is able to bring about 
accumulation in FAs and this event is positively regulated by FAK activity.

To further determine whether expression of FAK or expression of SRC regulates the association of 
SRC_SH2 domain or SHP2_N-SH2 domain with FAs, we visualized the localization of GFP-SRC(SH2) and 
GFP-SHP2(NSH2) in FAK+/+, FAK−/−, SRC-8T (SRC+/+/YES+/+/FYN+/+) and SYF (SRC−/−/YES−/−/FYN−/−) 
MEF cells (Fig. 3a). TIRFM images of the cells expressing pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) 
showed that GFP-SRC(SH2) seemed to be able to localize at FAs in FAK+/+, SRC-8T and SYF cells, but not in 
FAK−/− cells. However, GFP-SHP2(NSH2) seemed to be localized at FAs in all of these different cell types (Fig. 3b). 
To further confirm whether the FA localization of the SRC_SH2 domain and the SHP2_N-SH2 domain occurs 
in response to FAK or SRC expression, pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) were co-expressed 
with mApple-paxillin in FAK+/+, FAK−/−, SRC-8T and SYF cells. TIRFM imaging revealed the absence of 
GFP-SRC(SH2) at paxillin-marked FAs in FAK−/− cells, compared with FAK+/+cells (Fig. 3c), SRC-8T and SYF 
cells (Supplemental Fig. 2a). On the other hand, GFP-SHP2(NSH2) did co-localize with mApple-paxillin at FAs 
in FAK+/+, FAK−/−, SRC-8T and SYF cells (Fig. 3c and Supplemental Fig. 2a). Immunostaining of cells expressing 
pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) with paxillin antibodies tagged with Cy5 also revealed sim-
ilar results as shown in Fig. 3c and Supplemental Fig. 2a (Fig. 3d and Supplemental Fig. 2b). Thus, the SRC_SH2 
domain is able to bring about the concentration of this protein within FAs and this event occurs in a FAK-dependent 
manner.

The association of SRC with FAs depends mainly on its SH2 domain, which is regulated by 
FAK. We next sought to examine whether the SRC_SH2 domain is required for the association of SRC with 
FAs, since the mechanism controlling SRC FA targeting is still controversial. We generated a series of mutants 
of chicken c-SRC that were GFP tagged at the C terminus, namely SRC-GFP (wild-type), SRCΔ SH2-GFP 
(wild-type SRC without SH2 domain), SRCY527F-GFP (open-conformation constitutively active SRC) and 
SRCY527FΔ SH2-GFP (open-conformation constitutively active SRC without SH2 domain) (Fig. 4a,b). These 
GFP-tagged SRC mutants were expressed in U2OS cells and imaged by TIRFM. SRC-GFP and SRCY527F-GFP 
displayed membrane association, while SRCY527F-GFP showed significant localization within FAs, reflecting the 
association of activated SRC with FAs (Fig. 4c). By way of contrast, SRCY527FΔ SH2-GFP was not present within 
FAs, indicating that SH2 domain is required to active SRC FA targeting.

The SRC_SH2 domain has been demonstrated to associate with FAs in FAK-dependent manner (Figs 2,3) 
and therefore it is important to determine the effect of FAK on the association of active SRC with FAs in liv-
ing cells. After treatment with FAKi, it was found that the expression levels of GFP, SRC-GFP, SRC∆SH2-GFP, 
SRCY527F-GFP and SRCY527F∆SH2-GFP were not changed (Supplemental Fig. 3). Time-lapse TIRFM imaging 
(at 1 h intervals) of cells expressing SRCY527F-GFP and mApple-paxillin after treatment of FAKi showed that 
SRCY527F-GFP exhibited an association with paxillin-marked FAs in cells before treatment (at the 0 h time point), 
followed by a dissociation from the paxillin-marked FAs at the 1 h time point after FAKi treatment (Fig. 4d). A 
quantification of the fluorescence density of SRCY527F-GFP within FAs indicated that FAK activity was able to 
significantly increase the FA density of SRCY527F-GFP (by 2.78-fold) (Fig. 4e). On the other hand, when cells were 
treated with PP2, SRCY527F-GFP colocalization to paxillin-marked FAs at 1 h time point was similar to that of the 
control at 0 h time point (Fig. 4d,e). Therefore, the activity of FAK and not that of the SRC-family kinases in general 
is able to enhance the concentration of SRCY527F in FAs. Next, in order to determine whether endogenous SRC 
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Figure 3. Focal adhesion kinase expression controls the abundance of SRC_SH2 domain within focal 
adhesions. (a) Total cell lysate from FAK+/+, FAK−/−, SRC-8T (SRC+/+/YES+/+/FYN+/+), and SYF (SRC−/−/
YES−/−/FYN−/−) cells were analyzed by Western blotting to detect FAK, SRC and GAPDH. (b) TIRFM images 
of FAK+/+, FAK−/−, SRC-8T, and SYF cells expressing GFP, GFP-SRC(SH2) or GFP-SHP2(NSH2). Scale bar, 
10 μ m. (c) TIRFM images of FAK+/+ and FAK−/− cells co-transfected with mApple-paxillin (red) and pGFP-C1, 
pGFP-SRC(SH2) or pGFP-SHP2(NSH2) (green). Bar, 10 μ m. The 20 μ m ×  20 μ m areas indicated in the upper 
images are magnified in the images below. Values indicate Pearson’s correlation coefficients (PC) of images 
of mApple-paxillin and GFP, GFP-SRC(SH2) or GFP-SHP2(NSH2) in FAK+/+ or FAK−/− cells. Data are 
means ±  s.e.m. (GFP: n =  3 FAK+/+cells, n =  4 FAK−/− cells; GFP-SRC(SH2): n =  5 FAK+/+cells, n =  5 FAK−/− 
cells; GFP-SHP2(NSH2): n =  3 FAK+/+cells, n 9 FAK−/− cells). **p <  0.01; NS, no significance. (d) TIRFM 
images of FAK+/+ and FAK−/− cells transfected with pGFP-C1, pGFP-SRC(SH2) or pGFP-SHP2(NSH2) (green) 
and immunostained for paxillin (red). Bar, 10 μ m. The 20 μ m ×  20 μ m areas indicated in the upper images are 
magnified in the images below. Values indicate PC of images of paxillin-Cy5 and GFP, GFP-SRC(SH2) or GFP-
SHP2(NSH2) in FAK+/+ or FAK−/− cells. Data are means ±  s.e.m. (GFP: n =  4 FAK+/+cells, n =  3 FAK−/− cells; 
GFP-SRC(SH2): n =  6 FAK+/+cells, n =  4 FAK−/− cells; GFP-SHP2(NSH2): n =  6 FAK+/+cells, n =  8 FAK−/− 
cells). *p <  0.05; NS, no significance.
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Figure 4. The localization of SRC at focal adhesions depends on its SH2 domain. (a) Diagram of the domain 
structures of SRC-GFP, SRCΔ SH2-GFP, SRCY527F-GFP and SRCY527FΔ SH2-GFP. (b) Cell lysates from 
U2OS cell expressing GFP, SRC-GFP, SRCΔ SH2-GFP, SRCY527F-GFP or SRCY527FΔ SH2-GFP were analyzed 
by Western blotting. (c) TIRFM images of U2OS cells expressing SRC-GFP, SRCΔ SH2-GFP, SRCY527F-GFP 
or SRCY527FΔ SH2-GFP. Scale bar, 10 μ m. (d) Time-lapse TIRFM images of U2OS cells co-transfected with 
mApple-paxillin (red) and SRCY527F-GFP (green) that have been treated with FAKi or PP2. Time is shown in 
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accumulation in FAs is regulated by FAK, we used FA isolation8,47 in order to biochemically isolate the FA fraction 
from U2OS cells that had or had not been treated with FAKi (Fig. 4f); specially, we examined the abundance of SRC 
by Western blot analysis. Our results showed that an inhibition of FAK activity resulted in a decrease in the presence 
of endogenous SRC in the FA fraction by 0.7-fold compared to the control (Fig. 4f). Similarity, in FAK−/− cells, the 
abundance of SRC in the FA fractions was significantly decreased by 0.67-fold compared to FAK+/+ cells (Fig. 4g). 
Thus, our analysis of the presence of SRC in various isolated FA fractions confirmed that the concentration of SRC 
in FAs appeared to be positively regulated by FAK activity and FAK expression.

Our findings indicate that there is an association of constitutively active SRC (SRCY527F) with FAs via the 
SH2 domain and therefore we hypothesized that the SRC_SH2 domain and SRCY527F have a similar adhesion 
binding affinity. To test this, we applied fluorescence recovery after photobleaching (FRAP) to SRCY527F-GFP 
and GFP-SRC(SH2) separately using individual FAs as the target (Fig. 4h). We then calculated the mobile and 
immobile fractions in order to provide a measure of the extent to which the GFP-tagged proteins are able to move 
within FAs. GFP-SRC(SH2) protein (83.15 ±  1.33%) appeared to be significantly more mobile than SRCY527F-GFP 
protein (79.73 ±  0.92%) (Supplemental Fig. 4) (χ 2 =  10.39, p =  0.0156; see Supplemental Table 3). In addition, we 
calculated the mean fluorescence recovery time t1/2 and the diffusion coefficient in order to assess the stability of 
FA binding. GFP-SRC(SH2) protein had a shorter FRAP t1/2 (2.44 ±  0.11 sec) and a higher diffusion coefficient 
[(1.88 ±  0.15) ×  10−10 cm2/sec] than SRCY527F-GFP protein [FRAP t1/2: 3.47 ±  0.12 sec; diffusion coefficient: 
(1.26 ±  0.06) ×  10−10 cm2/sec] (Fig. 4i,j). These findings indicate that the SRC_SH2 domain has a higher protein 
turnover within FAs than SRCY527F, which suggests that constitutively active SRCY527F is also able to interact 
with slowly diffusing proteins within the FAs via regions other than the SH2 domain.

The association of SRC with FAs plays a crucial role in regulation of FA-mediated signaling and 
cell migration. Although SRC seems to be able to interact with proteins within FAs using regions other 
than the SH2 domain, the SH2 domain was confirmed to play a crucial role in constitutively active SRC FA 
targeting (Fig. 4c). Therefore, we focused our investigation on the association of SRC with the functioning of 
FAs. First we determined whether the SRC_SH2 domain is required for SRC-mediated substrate phosphoryla-
tion, including the formation of pY31-paxillin, pY118-paxillin and pY577-FAK46,48; this was carried out in either 
U2OS or SYF cells. Cell lysates were immunoblotted with phosphospecific antibodies and the results showed 
that, in U2OS cells, SRC-GFP and SRCY527F-GFP independently were able to significantly enhance the levels of 
pY31-paxillin, pY118-paxillin and pY577-FAK compared with cells expressing only GFP. Separately, in lysates of 
either SRC∆SH2-GFP or SRCY527F∆SH2-GFP transfected cells, the levels of pY31-paxillin, pY118-paxillin and 
pY577-FAK were substantially reduced compared to cells expressing SRC-GFP or SRCY527F-GFP, respectively 
(Fig. 5a). In SYF cells, the levels of pY31-paxillin, pY118-paxillin and pY577-FAK were significantly enhanced 
when SRCY527F-GFP was expressed but not when SRCY527FΔ SH2-GFP was expressed (Fig. 5b). These findings 
indicate that SRC FA targeting via its SH2 domain is required for SRC-mediated substrate phosphorylation.

Paxillin phosphorylation is known to modify FA dynamics and cell migration49–54 and therefore we next 
explored the effect of SRC FA targeting on FA formation. Immunolocalization of paxillin in cells expressing GFP, 
SRCY527F-GFP or SRCY527FΔ SH2-GFP showed that expression of SRCY527FΔ SH2 was able to significantly 
decrease the total number of FAs present in U2OS cells compared to GFP-expressing or SRCY527F-expressing 
cells (Fig. 5c,d). A quantitative analysis of these paxillin-marked FAs indicated that SRCY527F expression sig-
nificantly increased the number of large FAs (> 2 μ m2) compared to GFP-expressing cells, while expression of 
SRCY527FΔ SH2 was found to decrease significantly the number of large FAs (> 2 μ m2), medium-sized FAs 
(0.5 ~ 2 μ m2) and small FAs (< 0.5 μ m2) compared with GFP or SRCY527F-expressing cells (Fig. 5e). Thus, the 
association of constitutively active SRC (SRCY527F) with FAs via its SH2 domain appears to modulate SRC-induced 
FA formation and FA maturation. In addition, SRCY527FΔ SH2 expression also plays a dominant-negative role 
in the suppression of FA formation and FA maturation in U2OS cells.

As the expression of SRC is positively correlated with integrin-mediated cell motility29, we next investigated 
the effect of SRC on migratory behavior and whether this involves FA recruitment of SRC. U2OS cells expressing 
GFP, SRCY527F-GFP or SRCY527FΔ SH2-GFP were plated on fibronectin-coated plates and subjected to random 
migration analysis. We first analyzed the trajectory of each individual GFP-labeled cell over a 6-hour migration 
period by tracking the geometric center of each GFP-labeled cell’s nucleus using time-lapse imaging. It was found 
that, in comparison with GFP-expressing cells, SRCY527F-GFP-expressing cells displayed much longer paths and 
a greater net translocation, whereas cells expressing SRCY527FΔ SH2 showed much shorter paths and lower net 
migration (Fig. 5f). These findings are more clearly visualized when presented as trajectories on window plots 

hours. Bar, 10 μ m. (e) The ratio of the average density (intensity per μ m2) of SRCY527F-GFP within segmented 
paxillin-marked FAs within U2OS treated with FAKi or PP2 for 0 h relative to 1 h. Data are means ±  s.e.m. 
(FAKi: n =  11 cells; PP2: n =  14 cells). ***p <  0.001. (f) Total cell lysate (TCL) and the focal adhesion fraction 
(FA) from U2OS cells untreated or treated with FAKi were analyzed by Western blotting for SRC and GAPDH. 
Data are mean ±  s.e.m. (n =  3 individual experiments). (g) Total cell lysate (TCL) and focal adhesion fraction 
(FA) from FAK+/+, FAK−/−, SRC-8T, and SYF cells were analyzed by Western blotting for SRC and GAPDH. 
Data are means ±  s.e.m. (n =  3 individual experiments). (h, i, j) SRCY527F-GFP and GFP-SRC(SH2) localized 
to FAs were subjected to FRAP: (h) Sample fluorescence recovery curves for SRCY527F-GFP and GFP-
SRC(SH2) within a single FA. (i) Half-times of fluorescence recovery. (j) Diffusion coefficient of fluorescence 
recovery. Data are means ±  s.e.m. (SRCY527F-GFP: n =  78 FAs/12 cells; GFP-SRC(SH2): n =  54 FAs/16 cells). 
***p <  0.001.
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Figure 5. Focal adhesion association of SRC controls SRC-mediated substrate phosphorylation, focal 
adhesion formation and cell migration. (a) Cell lysates from U2OS cells expressing GFP, SRC-GFP, 
SRCΔ SH2-GFP, SRCY527F-GFP or SRCY527FΔ SH2-GFP were analyzed by Western blotting for pY577-
FAK, pY397-FAK, pY118-paxillin, pY31-paxillin, paxillin, GAPDH and GFP. (b) Cell lysates from SYF cells 
expressing GFP, SRC-GFP, SRCΔ SH2-GFP, SRCY527F-GFP or SRCY527FΔ SH2-GFP were analyzed by 
Western blotting for pY577-FAK, pY397-FAK, pY118-paxillin, pY31-paxillin, paxillin, GAPDH and GFP.  
(c) U2OS cells expressing GFP, SRCY527F-GFP or SRCY527FΔ SH2-GFP (blue) were immunostained to 
detect F-actin (phalloidin; red) and paxillin (green), and imaged by epi-fluorescence and TIRFM, respectively. 
Scale bar, 10 μ m. (d) The number of segmented paxillin-marked FAs within U2OS cells, as described in (c). 
Data are means ±  s.e.m. (GFP: n =  11 cells; SRCY527F-GFP: n =  13 cells; SRCY527FΔ SH2-GFP: n =  12 cells). 
**p <  0.01; ***p <  0.001; NS, no significance. (e) Size distribution of segmented paxillin-marked FAs of U2OS 
cells, as described in (c). Data are means ±  s.e.m. *p <  0.05; **p <  0.01; ***p <  0.001; NS, no significance.  
(f) The migratory behavior of U2OS cells expressing GFP, SRCY527F-GFP or SRCY527FΔ SH2-GFP for 6 hrs. 
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(Fig. 5g). We also calculated the migration velocity (Fig. 5g) and speed (data not shown) of these cells, which 
revealed that cells expressing SRCY527F showed a significant increase in migration velocity and speed, but that 
this effect of SRCY527F was blocked by deletion of the SH2 domain (SRCY527FΔ SH2). Furthermore, expression 
of SRCY527F∆SH2 displayed a dominant-negative functionality when suppressing endogenous SRC-mediated cell 
migration. The same result appeared in SRC-8T MEFs (Fig. 5i). These findings reveal that various types of cell show 
significant differences in their migration speed and velocity and that these factors may dictate their migration capa-
bility. Taken together, our findings suggest that SRC promotes random migration through the recruitment of SRC 
to FAs via the protein’s SH2 domain and that this leads to a transduction of appropriated SRC-mediated adhesion 
signals, which in turn control FA formation and FA maturation; these processes thereby enhance cell migration.

Discussion
We screened the SH2 domains of the FA tyrosine-specific kinases and phosphoatases, including SRC, SHP1 
and SHP2 in order to explore the association of the SRC_SH2 domain and the SHP2_N-SH2 domain with FAs. 
We found that the association of the SRC_SH2 domain with FAs was promoted by the activity of FAK, but not 
SRC-family kinases; this however was not true for the SHP2_N-SH2 domain. Experiments using deletion of the 
SH2 domain from a constitutively active SRC (SRCY527F) demonstrated that the SH2 domain was necessary and 
sufficient for the recruitment of SRCY527F into FAs, and that the recruitment of SRC or SRCY527F into FAs was 
postively regulated by FAK, but not by SRC-family kinases. This study shows for the first time that the SRC_SH2 
domain is necessary and sufficient for SRC specific association with FAs and that the SRC_SH2 domain is a critical 
factor in SRC signal transduction, FA formation, FA maturation, and cellular migration.

The discovery that the SH2 domain is indispensable for SRC FA targeting is surprising, because both the SH2 
domain and the SH3 domain have been considered to act as SRC protein interaction modules55 that are able to 
direct SRC transiently to FAs. In cells expressing SRC-family kinases, a point mutation in the SH2 domain (R175L) 
of SRC251 (with a deletion mutation in kinase domain of SRC to avoid intramolecular interaction) still allows 
localization to within FAs12, which suggests that there may be a contribution of the SH3 domain or some other res-
idues within the SH2 domain to SRC FA recruitment. In spite of the fact that in SYF cells (SRC−/−, Yes−/−, Fyn−/−) 
SRC251T175L does not significantly accumulate within FAs, the protein is still able to promote significantly the 
phosphorylation status of FAK (Y576), paxillin (total pY) and p130Cas (total pY)39. This raises the question as to 
whether the SH2 domain mediates SRC FA targeting producing SRC-mediated signal transduction. Our findings 
answer this point because we have shown that the SH2 domain is necessary (Fig. 4c) and sufficient (Fig. 1e,f) for 
recruitment of SRC to FAs, and that the association of SRC with FAs is required for the downstream phosphoryl-
ation of various substrates, including pY31-paxillin, pY118-paxillin and pY577-FAK; this is true for both U2OS 
cells (containing wild-type SRC-family kinases) (Fig. 5a) and SYF cells (SRC−/−, Yes−/−, Fyn−/−) (Fig. 5b). Although 
the SH3 domain and the N-myristoylation site may contribute to the association of SRC with FAs based on the 
fact that there is slower diffusion of SRCY527F than the SH2 domain within FAs by FRAP analysis (Fig. 4h–j, 
Supplemental Fig. 4), we have been able to further confirm that the association of SRCY527F with FAs via its SH2 
domain is required for the regulation of FA formation and FA maturation (Fig. 5c–e) and thus the enhancement 
of cell migration (Fig. 5f–i).

A question remains as to how SRC protein diffusion within FAs is regulated. We have confirmed that the asso-
ciation of SRC with FAs via the protein’s SH2 domain is regulated by FAK (Fig. 4c–g), which is in accord with the 
report that the mobility-restricting interactions of SRC are largely mediated by its SH2 domain56. However, the 
slower protein turnover of SRCY527F than the SH2 domain within FAs (Fig. 4h,j, Supplemental Fig. 4) indicates 
that the regions other than the SH2 domain contribute to its mobility-restricting interactions with FA-associated 
proteins. Some FA-associated protein partners for SRC, such as p130Cas26, FAK27,28 and paxillin57, contain both 
SH2- and SH3-binding sequences, which are able to contribute to SRC binding via the protein’s SH3 domain. 
Furthermore, a signal sequence for myristoylation at SRC’s N-terminus had been demonstrated to localize SRC 
to the cell membrane; this may correlate with the mobility-retarding interactions of SRCY527F by its binding 
to membrane-associated protein substrates. Thus, the SRC domains are responsible for the mobility-retarding 
interactions of SRCY527F within FAs and whether these domains are involved in the regulation of SRC signal 
transduction remains to be determined.

Our results have also revealed a previous unrecognized role of the SHP2_N-SH2 domain (5-103 a.a in human), 
not the SHP2_C-SH2 domain (111-218 a.a in human), namely that the SHP2_N-SH2 domain is sufficient for FA 
recruitment (Fig. 1d–f). Together with previous studies showing that 46-110 a.a of the mouse SHP2 (PTPN11 exon 
3; 45-109 a.a in human) is required for SHP2 FA targeting37, these results indicate that the N-SH2 domain mediates 
SHP2 recruitment into FAs. However, how N-SH2 domain targets SHP2 to FAs remains an open question. We found 
that FAK and SRC-family kinases are not able to change the abundance of SHP2_N-SH2 domain protein within 

Cells were plated for 16 hrs, and then monitored for 6 hrs. (right) These images delineate the trajectory of the 
GFP-marked cells over a 6-hr period. Colored stars and lines were used to distinguish cell trajectories. Scale bar, 
50 μ m. (g) Analysis of migration trajectories. The trajectories of representative cells are plotted. The origins of 
migration are superimposed at (0, 0). (h) Migration velocity was calculated as described in Methods. Data are 
means ±  s.e.m. (GFP: n =  58 cells from 3 individual experiments; SRCY527F-GFP: n =  65 cells from individual 
experiments; SRCY527FΔ SH2-GFP: n =  58 cells from 3 individual experiments). ***p <  0.001. (i) Migration 
velocity of SRC-8T (SRC+/+/YES+/+/FYN+/+) MEFs expressing GFP, SRCY527F-GFP or SRCY527FΔ SH2-
GFP within 6 hrs were calculated as described in Methods. Data are means ±  s.e.m. (GFP: n =  28 cells from 3 
individual experiments; SRCY527F-GFP: n =  120 cells from 3 individual experiments; SRCY527FΔ SH2-GFP: 
n =  91 cells from individual experiments). *p <  0.05; ***p <  0.001.
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FAs (Fig. 2b–d), which implies that FA recruitment of SHP2 occurs in a FAK-independent and SRC-independent 
manner. Whether SHP2 FA targeting is regulated by N-SH2-associated proteins remains to be determined.

Several questions remain concerning the recruitment of SHP1 to FAs. In spite of the fact that it has been listed 
in the integrin adhesome7, the detailed mechanism of SHP1 FA targeting remains unknown. Our findings have 
revealed a diffused pattern of the SHP1_SH2 domain proteins (N-SH2 and C-SH2) within the cell cytosol, which 
indicates that the SH2 domains do not act to direct SHP1 to FAs. Therefore, it is clear that the recruitment of SHP1 
to FAs is likely to be mediated through interacting proteins that are yet to be determined.

Methods
Cells. U2OS (human bone osteosarcoma cell line), FAK+/+ MEFs, FAK−/− MEFs58, SRC-8T MEFs and SYF 
MEFs29 were gifts from Prof. R.-H. Chen’s laboratory (Academia Sinica, Taipei, Taiwan), and were maintained in 
DMEM-high glucose (Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% antibiotics solution (penicillin 
and streptomycin; Invitrogen) under 5% CO2. Transfection was carried out using Lipofectamine 2000 (Invitrogen). 
For all experiments, cells were seeded on 10 μ g/ml fibronectin (homo)-coated coverslips or plates.

Plasmids, reagents and antibodies. In order to create pGFP-SRC(SH2), pGFP-SHP1(NSH2), 
pGFP-SHP1(CSH2), pGFP-SHP2(NSH2), and pGFP-SHP2(CSH2), cDNAs encoding the SH2 domains of 
pBabe-SRCY527F (chicken) (a gift from Prof. R.-H. Chen’s laboratory), pCMV-flag-SHP1 (human), and 
pCMV-flag-SHP2 (human) (gifts from Prof. Z.-F. Chang’s laboratory, NYMU, Taiwan) were generated by PCR 
and inserted into pGFP-C1 (Clontech). To create SRCY527F-GFP, full-length SRCY527F cDNA was PCR ampli-
fied from the template pBabe-SRCY527F, and cloned into pGFP-N1 (Clontech). To create SRC-GFP, site-directed 
mutagenesis was performed by amplifying full-length SRC cDNA followed by cloning into pGFP-N1. To create 
SRCΔ SH2-GFP and SRCY527FΔ SH2-GFP, the regions SRC1–144 and SRC244–533 were amplified from SRC-GFP 
and SRCY527F-GFP, respectively, and cloned into pGFP-N1. The detailed information on the primers use is pro-
vided in Supplemental Table 2.

The reagents used were PP2 from Biosource, SU6656 from Biosource and FAK inhibitor from TOCRIS.
The sources of the antibodies used and their dilutions were as follows: mouse anti-paxillin (BD Bioscience 

610052; dilution for Western blotting: 1/10000; dilution for immunofluorescence: 1/1000); rabbit anti-paxillin 
(Santa Cruz Sc-5574; dilution for immunofluorescence: 1/50); rabbit anti-paxillin-pY31 (Invitrogen 44-720G; dilu-
tion for Western blotting: 1/1000); rabbit-anti-paxillin-pY118 (Invitrogen 44-722G); dilution for Western blotting: 
1/1000); mouse-anti-GAPDH (GeneTex GTX627408; dilution for Western blotting: 1/1000); mouse-anti-GFP 
(GeneTex GTX628528; dilution for Western blotting: 1/5000); Alexa Fluor 568 phalloidin (Invitrogen A12380; 
dilution for immunofluorescence: 1/300); rabbit-anti-SRC (Cell Signaling 2108; dilution for Western blotting: 
1/1000); rabbit-anti-FAK (Invirtogen AHO0502; dilution for Western blotting: 1/1000); rabbit-anti-FAK-pY397 
(Invitrogen 44-625G); dilution for Western blotting: 1/500); rabbit-anti-FAK-pY577 (Invitrogen 44-614ZG); 
dilution for Western blotting: 1/500); Alexa Fluor 647-anti-mouse IgG (Invitrogen A21236; dilution for immu-
nofluorescence: 1/300); Alexa Fluor 568 phalloidin (Invitrogen 12380; dilution for immunofluorescence: 1/300).

Immunofluorescence staining and image analysis. For paxillin and phalloidin staining, cells were 
fixed and immunostained using a method described previously8. For TIRFM imaging, cells were mounted on 
slides with PBS containing N-propyl gallate. TIRFM images were obtained with a 100X, 1.49NA (Oil-Immersion) 
Plan objective lens (Nikon) using the iLas multi-modal of TIRF (Roper)/spinning disk confocal (CSUX1, 
Yokogawa) microscope system equipped with a Coolsnap HQ2 CCD camera (Photometrics).

The association of GFP-SRC(SH2), GFP-SHP2(NSH2), and SRCY527F-GFP with paxillin-marked FAs was 
quantified based on the fluorescence intensities of the TIRFM images using Image J to obtain Pearson’s correlation 
coefficients59.

To determine the number of FAs, TIRFM images of paxillin-stained cells were thresholded to highlight only 
FA and the areas of these regions recorded using Metamorph8. The total number of recorded FAs was counted as 
the total number of FAs. Based on the recorded FA areas, FAs were classified into three size categories, including 
large (> 2 μ m2), medium-sized (0.5–2 μ m2), and small (< 0.5 μ m2). The number of large FAs, medium-sized FAs 
and small FAs was counted individually. The results are presented graphically using Excel software (Microsoft).

Time-lapse TIRFM. U2OS cells expressing GFP, GFP-SRC(SH2), GFP-SHP2(NSH2) or SRCY527F-GFP 
together with mApple-paxillin were imaged by dual-color time-lapse TIRFM using the iLas multi-modal of TIRF 
(Roper)/spinning disk confocal (CSUX1, Yokogawa) microscope system. This was equipped with a 100 ×  1.49NA 
(Oil-Immersion) Plan objective lens (Nikon). The TIRFM images were captured using a Coolsnap HQ2 CCD 
camera (Photometrics).

The relative abundance of GFP-SRC(SH2), GFP-SHP2(NSH2), and SRCY527F-GFP in paxillin-marked FAs 
was calculated using Metamorph as described previously8.

Random migration analysis. U2OS and SRC-8T cells expressing GFP, SRCY527F-GFP or 
SRCY527FΔ SH2-GFP were plated on six-well plates in the regular culture medium for 16 hrs and then placed 
in a temperature-controlled and CO2-controlled chamber, which was then examined using a microscope (Axio 
Observer.Z1; Zeiss). Time-Lapse images were obtained at 10 min intervals over 6 hrs using a 10 ×  0.25NA objec-
tive lens (Zeiss) and an AxioCamMR3 CCD camera. To capture the motility parameters, including velocity 
and speed, the trajectories of the GFP-labeled cells were recorded by tracing the geometric center of individual 
GFP-labeled cell’s nucleus for each frame using Metamorph image analysis software (Molecular Device). The 
results are presented graphically using Excel software (Microsoft). The velocity was calculated as the ratio of the 
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net distance moved (i.e. the length of the displacement vector from the initial point to the end-point) and time 
duration of 6 hr for the period of migration. The speed was determined as the ratio of the total length of the tra-
jectory (the accumulated distance) and time duration, namely 6 hr.

Fluorescence recovery after photobleaching (FRAP). U2OS cells were transfected so that they tran-
siently expressed mApple-paxillin in order to localize FAs together with GFP-SRC(SH2) or SRCY527F-GFP. 
FRAP of GFP-SRC(SH2) or GFP-SRCY527F was performed using a 100 ×  1.49NA Plan objective lens on the 
iLas multi-modal of TIRF (Roper)/spinning disk confocal (CSUX1, Yokogawa) microscope system. A 488-nm 
laser was used to photobleach a spot within an individual fluorescent FA. Images were acquired at 1s intervals 
before and after the photobleaching using a Coolsnap HQ2 CCD (Photometrics). Image frequency was adjusted 
depending on the fluorescence photobleaching recovery rate of the GFP-tagged protein that was being imaged. 
The half-times and the diffusion coefficient of fluorescence recovery, the mobile fraction and the immobile frac-
tion were then calculated using a method described previously60.

Statistical analysis. Statistical significance was measured by Student’s t-test for all the experiments and χ 2 
test for Supplemental Table 3.
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