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ABSTRACT  Crk-associated substrate (CAS) is a major tyrosine-phosphorylated protein in 
cells transformed by v-crk and v-src oncogenes and plays an important role in invasiveness of 
Src-transformed cells. A novel phosphorylation site on CAS, Tyr-12 (Y12) within the ligand-
binding hydrophobic pocket of the CAS SH3 domain, was identified and found to be en-
riched in Src-transformed cells and invasive human carcinoma cells. To study the biological 
significance of CAS Y12 phosphorylation, phosphomimicking Y12E and nonphosphorylatable 
Y12F mutants of CAS were studied. The phosphomimicking mutation decreased interaction 
of the CAS SH3 domain with focal adhesion kinase (FAK) and PTP-PEST and reduced tyrosine 
phosphorylation of FAK. Live-cell imaging showed that green fluorescent protein–tagged 
CAS Y12E mutant is, in contrast to wild-type or Y12F CAS, excluded from focal adhesions but 
retains its localization to podosome-type adhesions. Expression of CAS-Y12F in cas–/– mouse 
embryonic fibroblasts resulted in hyperphosphorylation of the CAS substrate domain, and 
this was associated with slower turnover of focal adhesions and decreased cell migration. 
Moreover, expression of CAS Y12F in Src-transformed cells greatly decreased invasiveness 
when compared to wild-type CAS expression. These findings reveal an important role of CAS 
Y12 phosphorylation in the regulation of focal adhesion assembly, cell migration, and inva-
siveness of Src-transformed cells.

INTRODUCTION
Crk-associated substrate (CAS) is a major Src substrate implicated in 
integrin control of cell behavior (reviewed in Defilippi et al., 2006). 
Reexpression of CAS in cas-deficient mouse embryo fibroblasts 
transformed by oncogenic Src promotes enhanced cell invasive-
ness, reorganization of actin into large podosome ring and belt 
structures, activation of matrix metalloproteinase-2, and elevated 
tyrosine phosphorylation of the focal adhesion proteins focal adhe-

sion kinase (FAK) and paxillin (Brabek et al., 2004). Moreover, CAS 
signaling is implicated in lung metastasis of Src-transformed mouse 
embryo fibroblasts (Brabek et al., 2005). The human orthologue of 
CAS (termed BCAR1, for breast cancer antiestrogen resistance) was 
identified in a functional screen for genes involved in resistance of 
breast cancer cells to antiestrogenic drugs (Brinkman et al., 2000). In 
breast cancer patients, high CAS/BCAR1 levels are associated with 
early disease recurrence, poor response to tamoxifen treatment, 
and lower overall survival (Dorssers et al., 2004).

Structurally, CAS is composed of an N-terminal Src homology 3 
(SH3) domain that binds to FAK and a C-terminal Src-binding do-
main (SBD) that includes a binding site for the SH3 domain of Src 
family of kinases (SFKs; Sakai et al., 1994). The central region of 
CAS contains a substrate domain (SD), characterized by 15 Tyr-X-X-
Pro (YxxP) motifs. SFKs, either directly bound to the CAS SBD or in-
directly associated with CAS through a FAK bridge, appear to phos-
phorylate many or all of the CAS SD YxxP tyrosines (Ruest et al., 
2001; Shin et al., 2004).
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In untransformed cells, phosphorylation of CAS SD tyrosines oc-
curs at sites of integrin‑mediated adhesion (Fonseca et al., 2004) 
and has been linked to integrin signaling pathways regulating cell 
motility and survival (Klemke et al., 1998; Honda et al., 1999; Cho 
and Klemke, 2000; Huang et al., 2002). In both cases, recruitment of 
Crk adaptor proteins to phosphorylated CAS SD YxxP sites is a cru-
cial next step in promoting relevant downstream signaling events, 
including assembly of a CAS-Crk-DOCK180 scaffold at adhesion 
sites (Kiyokawa et al., 1998b). Formation of this scaffold drives local-
ized Rac activation (Kiyokawa et al., 1998a), leading to actin polym-
erization and recruitment of high-affinity integrin receptors neces-
sary for lamellipodia extension and cell migration (reviewed in 
Burridge and Wennerberg, 2004).

The CAS SH3 domain interacts with polyproline motifs on pro-
teins including FAK (Polte and Hanks, 1995) and PYK2/RAFTK kinases 
(Li and Earp, 1997), C3G (Kirsch et al., 1998), PTP‑PEST (Garton et al., 
1997), PTP1B (Liu et al., 1998), CIZ (Nakamoto et al., 2000), and 
FRNK (Harte et al., 1996). FAK is a prominent focal adhesion protein 
that interacts with the CAS SH3 domain (Polte and Hanks, 1995, 
1997; Harte et al., 1996). This interaction contributes to SD tyrosine 
phosphorylation by virtue of Src bound to the FAK autophosphoryla-
tion site (Ruest et al., 2001). Deletion of the CAS SH3 domain impairs 
CAS SD tyrosine phosphorylation (Fonseca et al., 2004). In addition 
to FAK, CAS SH3 domain interacts with tyrosine phosphatases PTP1B 
(Liu et al., 1998) and PTP‑PEST (Garton et al., 1997), suggesting a 
function for this domain as a molecular switch regulating both CAS 
phosphorylation and dephosphorylation (Fonseca et al., 2004). Di-
rect interaction of the CAS SH3 domain with C3G might also activate 
CAS/C3G/DOCK180 signaling (Kirsch et al., 1998). Deletion of 
the CAS SH3 domain significantly impairs the localization of CAS to 
focal adhesions (Donato et al., 2010). Phosphoproteomics studies 
recently identified Tyr-12 (Y12) located within the CAS SH3 domain 
as a novel site of phosphorylation in Src‑transformed mouse embry-
onic fibroblasts (MEFs) (Luo et al., 2008), although the functional sig-
nificance of this phosphorylation was not determined.

The objective of this study was to investigate the biological sig-
nificance of CAS Y12 phosphorylation. A phosphomimicking muta-
tion, Y12E, was found to decrease the SH3 domain‑mediated inter-
action of CAS with FAK and to decrease localization of CAS to focal 
adhesions (FAs). A nonphosphorylatable Y12F mutation resulted in 
slower turnover of focal adhesions associated with decreased cell 
migration in both integrin‑dependent and integrin-independent 
manners. Moreover, expression of CAS Y12F in Src‑transformed 
cells greatly decreased cell invasiveness when compared with wild-
type (wt) CAS.

RESULTS
CAS Y12 site is phosphorylated in vivo, and Y12 
phosphorylation is elevated in invasive cancer cells
A novel site of tyrosine phosphorylation within the CAS SH3 domain, 
Tyr‑12, was recently identified in a phosphoproteomic analysis of 
Src‑transformed mouse fibroblasts (Luo et al., 2008). To aid in the in-
vestigation of CAS Tyr‑12 phosphorylation, a phospho-specific anti-
body was developed against the site. In cas–/– MEFs reexpressing 
CAS, the phospho-specific antibody detected wt CAS but not a mu-
tant in which Tyr‑12 was changed to nonphosphorylatable phenylala-
nine (CAS‑Y12F; Figure 1A), thus demonstrating antibody specificity.

The Tyr‑12 phospho-specific antibody was further used to con-
firm the phosphoproteomic analysis data showing the enrichment 
of Tyr‑12 phosphorylation in Src‑transformed mouse fibroblasts (Luo 
et al., 2008). Consistently, the antibody detected high levels of CAS 
phosphorylated on Tyr‑12 in Src‑transformed MEFs when compared 

to untransformed MEFs (Figure 1B). The possible role of Src in phos-
phorylation of CAS on Tyr‑12 was further confirmed in a rat fibrosar-
coma cellular model of metastasis composed of parental noninva-
sive K2 cells and derived, highly invasive, Rous sarcoma 
virus–transformed RsK4 cells (Vesely, 1972). As in Src‑transformed 
MEFs, the v‑Src–transformed RsK4 cells exhibited a higher level of 
CAS phosphorylation on Tyr‑12 than did parental nontransformed 
K2 cells (Figure 1C). Taken together, these data suggest that CAS 
phosphorylation on Tyr‑12 is mediated by activated Src.

To investigate the physiological relevance of Tyr‑12 phosphoryla-
tion, the level of Tyr‑12 phosphorylation was analyzed in set of hu-
man carcinoma cell lines. CAS was expressed at similar levels in all 
cell lines tested (Figure 1D, bottom). The highest level of phospho-
rylation on Tyr‑12 was detected in invasive colorectal carcinoma 
DLD cells (Figure 1D, top). Out of breast carcinoma cell lines tested, 
the highly invasive MDA‑MB cells exhibited much higher level of 
Tyr‑12 phosphorylation than did noninvasive MCF‑7 or EM‑G3 
(Tolde et al., 2010a) cells (Figure 1D, top). Taken together, these re-
sults confirm the biological relevance of Tyr‑12 phosphorylation of 
CAS and suggest that increased phosphorylation of CAS on Tyr‑12 
may correlate with enhanced invasive behavior.

Phosphorylation of CAS Tyr‑12 in the SH3 domain decreases 
the association with FAK and PTP‑PEST
Tyr‑12 lies within the first hydrophobic pocket of the SH3-
domain ligand-binding surface (Wisniewska et al., 2005), and its 

Figure 1:  CAS is phosphorylated on Tyr‑12 in invasive cancer cells. 
Total cell lysates were analyzed by immunoblotting. Tyr-12 
phosphorylation of CAS protein was detected with CAS pY12 
phospho-specific antibody in (A) untransformed cas–/– MEFs and 
cas–/– MEFs transiently reexpressing CAS Y12F or CAS wt (top; 
bottom, total CAS levels), (B) untransformed MEFs (MEF) and 
Src‑transformed MEFs (SrcF‑MEF), (C) K2 and RsK4 rat sarcoma cells, 
(D) human breast carcinoma cells lines G3, MCF‑7, MDA‑MB‑231 
(MDA), and 4T1 and human colorectal carcinoma line DLD. The 
immunoblots are representative of at least three independent 
experiments.
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phosphorylation could thus potentially affect ligand-binding ca-
pacity. To analyze the role of Tyr‑12 phosphorylation in regulating 
binding capacity of the CAS SH3 domain, mutational variants with 
either the nonphosphorylatable Y12F substitution or a phos-
phomimicking Y12E substitution (Tyr‑12 changed to glutamic acid) 
were prepared as glutathione S-transferase (GST)–SH3 fusion pro-
teins. Pull‑down assays were performed to analyze the association 
of the SH3-domain variants with FAK and PTP‑PEST, which both 
can bind directly to the CAS SH3 domain to regulate tyrosine 
phosphorylation of the CAS SD. As expected, the wt SH3 domain 
effectively recovered both FAK and PTP‑PEST from HeLa cell 
lysates, as did the structurally similar Y12F substitution (Figure 2A). 
However the Y12E substitution showed no detectable association 
with either FAK or PTP‑PEST (Figure 2A), indicating that phospho-
rylation of Tyr‑12 effectively disrupts the SH3-domain binding ca-
pacity. To confirm this, the wt versus Y12F SH3 variants were sub-
jected to phosphorylation in vitro and tested for their abilities to 
bind to FAK in the pull‑down assay. Recombinant Bmx kinase was 
found to effectively phosphorylate the wt CAS SH3 domain on Tyr-
12 (Figure 2B) and thus was used in the phosphorylation reaction. 
Recombinant Src kinase was also able to phosphorylate the CAS 
SH3 domain, although less effectively than the Bmx preparation 
(unpublished data). Similar to the Y12E substitution, phosphoryla-
tion of the wt SH3 domain resulted in a loss of association of the 
SH3 domain with FAK (Figure 2B). The Y12F SH3 domain variant 
was not phosphorylated by Bmx on Tyr-12 (Figure 2B), and conse-
quently the treatment with Bmx did not alter its capacity to bind 

FAK. To confirm that the Y12E substitution 
affects also the ability of full-length CAS to 
interact with FAK, FAK was immunoprecipi-
tated from cas–/– MEFs expressing CAS 
Y12 variants, and binding of CAS was ana-
lyzed using total CAS antibody. Consistent 
with the results of pull-down assays, CAS 
Y12E substitution resulted in a great de-
crease of association with FAK (Figure 2C 
and Supplemental Figure S1A).

The CAS Y12F substitution increases 
tyrosine phosphorylation of the CAS 
substrate domain, and the Y12E 
substitution decreases tyrosine 
phosphorylation of FAK
The foregoing findings indicate that CAS 
Tyr‑12 phosphorylation might be critically 
involved in regulating CAS signaling func-
tions. To further test this notion, cell lines 
were prepared to stably express full‑length 
CAS variants: wt, Y12E, or Y12F. The variants 
were expressed from a CMV‑based plasmid 
in both normal and Src‑transformed cas–/– 
MEFs. In the Src‑transformed cells, the Y12F 
substitution resulted in a significant increase 
in SD tyrosine phosphorylation as assessed 
by pY410 antibody. The Y12E substitution 
consistently resulted in slightly decreased 
tyrosine phosphorylation of the SD when 
compared to wt CAS, though the decrease 
was not statistically significant (Figure 2D 
and Supplemental Figure 1B).

The effects of the CAS Y12 substitutions 
on FAK tyrosine phosphorylation were also 

investigated. Replicate blots were probed with FAK antibody and 
phospho-specific antibodies against major FAK phospho-acceptor 
tyrosines. As previously reported (Brabek et al., 2004), wt CAS ex-
pression enhanced FAK tyrosine phosphorylation in Src‑transformed 
cells of both Tyr‑861 (the major C‑terminal Src site) and Tyr‑397 (the 
major autophosphorylation site; Figure 2E, compare first and last 
lanes). The CAS‑Y12F variant also was able to enhance FAK tyrosine 
phosphorylation, although not to the same extent as wt CAS. How-
ever, CAS‑Y12E was unable to promote FAK tyrosine phosphoryla-
tion above the basal level seen in the absence of CAS expression 
(Figure 2E and Supplemental Figure S1C). Taken together, these 
results suggest that inhibition of CAS SH3-domain binding capacity 
through Y12-site phosphorylation results in slightly decreased 
CAS‑mediated tyrosine phosphorylation of FAK.

The Y12E substitution decreases the localization of CAS into 
focal adhesions but not into podosome‑type adhesions
Because the CAS SH3 domain has a role in targeting the protein to 
focal adhesions (Donato et al., 2010), the Y12 substitutions were 
further tested for their abilities to influence subcellular localization. 
To analyze localization, full‑length CAS Y12-site substitution vari-
ants were expressed with an N‑terminal green fluorescent protein 
(GFP) tag in RsK4 sarcoma cells. RsK4 cells are transformed by v‑Src 
and exhibit pronounced focal and podosome‑type adhesions 
(PTAs; Tolde et al., 2010b). GFP‑CAS localization was assessed by 
fluorescence confocal microscopy. Localization of GFP‑CAS to fo-
cal or podosome‑type adhesions was examined by differential 

Figure 2:  The effects of CAS Y12-site mutations on CAS ligand-binding capability and CAS 
and FAK phosphorylation. (A) Ligand binding of SH3 domains of CAS wt, CAS Y12F, and CAS 
Y12E fused with GST was analyzed after pull-down assays by immunoblotting. FAK, PTP‑PEST, 
and GST proteins were detected by general anti‑FAK, anti–PTP‑PEST, and anti‑GST antibodies. 
Aliquots of total cell lysates (Total) were used as controls. (B) Binding of FAK to SH3 domains of 
CAS wt and CAS Y12F after phosphorylation by Bmx kinase (CAS wt-P, CAS Y12F-P) or without 
Bmx kinase treatment was detected using general anti‑FAK antibody. The phosphorylation and 
the loading of CAS SH3 domains was documented using CAS pY12 phospho-specific anti-GST 
antibody, respectively. (C) FAK was immunoprecipitated from cas–/– MEFs expressing CAS Y12 
variants, and binding of CAS was analyzed using total CAS antibody. (D) Total cell lysates from 
cas–/– MEFs transformed by activated Src (SrcF) expressing CAS wt, CAS Y12F, and CAS Y12E 
were analyzed by immunoblotting. Total CAS protein was detected with general anti‑CAS 
antibody. Phosphorylation of CAS substrate domain was detected by phospho-specific antibody 
against Y410. (E) Total cell lysates from cas–/– MEFs transformed by activated Src (SrcF) 
expressing CAS wt, CAS Y12F, CAS Y12, and CAS wt from retroviral vector (SC) were analyzed 
by immunoblotting. Total FAK protein was detected with general anti‑FAK antibody, and 
tyrosine‑phosphorylated FAK was detected with phospho-specific antibodies against Y397 
or Y861.
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colocalization with phosphorylated FAK or phosphorylated cortac-
tin, respectively. Focal adhesions were identified as elongated 
structures at the cell periphery with a uniform colocalization of 
phosphorylated FAK and F‑actin. Podosome‑type adhesions were 
identified as rounded structures at the ventral surface with central 
staining for phosphorylated cortactin. In comparison to wt 
GFP‑CAS, the Y12E variant was significantly impaired in its ability 
to localize into focal adhesions (Figure 3, A and B). The GFP‑CAS 
Y12E was found only in 34% of focal adhesions (Figure 3B, left); 
moreover the relative intensity of GFP‑CAS Y12E signal in focal 
adhesions was slightly, albeit not significantly (p = 0.053) lower 
than the signal of GFP‑CAS wt (Figure 3B, right). The Y12F substitu-
tion had no effect on GFP‑CAS localization in focal adhesions 
(Figure 3, A and B). The same defect in focal adhesion localization 
for the Y12E variant was observed in nontransformed MEFs (Sup-
plemental Figure S2). Remarkably, neither the Y12E nor the Y12F 
substitution had any influence on the GFP‑CAS localization into 
podosome‑type adhesions (Figure 3, A and C). The GFP‑CAS wt, 
Y12F, and Y12E variants were all been confirmed to associate with 
active podosome‑type adhesions as evidenced by their colocaliza-
tion with sites of gelatin degradation (Figure 3C). Thus the phos-
phomimicking Y12E substitution has a differential effect on the 
ability of CAS to localize into focal adhesions and podosome‑type 
adhesions. To extend the evidence that phosphorylation of CAS 
Y12 decreases CAS localization to focal adhesions, the cells were 
analyzed for staining with the Tyr‑12 phospho-specific antibody. 
The antibody did not recognize either Y12F or Y12E variants, as its 
signal in the cas–/– cells expressing those variants was very low and 
uniform (Supplemental Figure S3). In contrast, in cas–/– cells ex-
pressing the wt CAS the pY12 signal was enriched in FAs. However, 
only a minor part of GFP‑CAS positive focal adhesions was stained 
with pY12 antibody (Supplemental Figure S3A), consistent with de-
creased localization of phosphomimicking Y12E variant to FAs 
(Figure 3A). Furthermore, in Src‑transformed cas–/– cells express-
ing CAS wt the Tyr‑12 phospho-specific antibody stained large po-
dosomal aggregates (Supplemental Figure S3B), as described in 
these cells previously (Brabek et al., 2004).

These results confirm the previously recognized role of the CAS 
SH3 domain in CAS localization into FAs and suggest that phospho-
rylation of the CAS Y12 site could result in releasing CAS from FAs.

The Y12 variants differentially affect cell migration and 
adhesion
Because the CAS Y12E substitution resulted in decreased localiza-
tion into focal adhesions, it was of interest to examine whether the 
Y12 substitution variants influenced cell migration. To analyze cell 
migration, wound-healing assays were performed on cas–/– paren-
tal cells versus cells expressing either wt CAS or Y12 substitution 
variants (Supplemental Figure S4A). The percentage wound cover-
age was determined after 12 h. As previously reported (Huang et al., 
2002; Shin et al., 2004; Meenderink et al., 2010), wt CAS expression 
significantly enhanced the wound-healing migration on fibronectin 
in comparison to the parental cells lacking CAS (Figure 4A and Sup-
plemental Figure S4B). The CAS‑Y12E variant promoted the wound-
healing cell migration response to a degree even greater than wt 
CAS (Figure 4A). In contrast, cells expressing CAS‑Y12F had a very 
poor migration response when compared to wt CAS—even lower 
than that of the cas–/– cells (Figure 4A). On polylysine-coated dishes, 
where cell adhesion is independent of integrins, wt CAS did not 
promote the cell migration response (Figure 4B).

Of interest, the migration‑enhancing effect of CAS‑Y12E was 
even more pronounced on polylysine (Figure 4B). The CAS‑Y12F 

variant had a small but significant inhibitory effect on migration on 
the polylysine surface (Figure 4B). Thus the Y12E substitution leads 
to enhanced cell migration in a manner largely independent of inte-
grin‑mediated adhesion, whereas the Y12F substitution leads to 
decreased migration in both integrin‑dependent and integrin‑inde-
pendent manners. Similar to results obtained in nontransformed 
cells, in Src‑transformed cells CAS‑Y12E enhanced migration on 
polylysine relative to wt CAS, whereas CAS‑Y12F had a mild inhibi-
tory effect, although the decrease was not statistically significant 
(p = 0.06; Figure 4C). To further analyze the effect of CAS Y12 
variants on motility of Src‑transformed cells, Boyden chamber 
chemotaxis assays were performed. Consistent with results obtained 
in wound-healing assays, in Src‑transformed cells CAS‑Y12E greatly 
enhanced chemotaxis toward 10% fetal bovine serum (FBS) relative 
to wt CAS (Figure 4D).

Studies have linked CAS SD hyperphosphorylation to increased 
cell adhesiveness (Angers-Loustau et al., 1999; Kira et al., 2002; 
Siesser et al., 2008). Because the Y12F substitution was found to 
enhance CAS SD tyrosine phosphorylation, we further analyzed the 
effect of the Y12 substitution variants on the spreading of Src‑trans-
formed cells. Indeed, the CAS‑Y12F variant was found to result in 
slight, albeit not statistically significant, increase in cell spreading on 
polylysine in comparison to wt (Figure 4E). Of interest, CAS‑Y12E 
was found to greatly decrease cell spreading on both polylysine and 
fibronectin (Figure 4, E and F), suggesting that this function depends 
on the SH3-domain binding capacity. These results suggest that 
CAS Y12-site phosphorylation results in enhanced cell migration 
and decreased cell spreading.

The Y12E and Y12F variants differentially affect 
CAS‑enhanced cell invasiveness and the activity 
of extracellular proteases
Having established the critical importance of the CAS Y12 phospho-
rylation site for cell migration, we next analyzed whether this site 
also influences the invasive behavior of Src‑transformed cells in a 
three-dimensional environment. Similar to results from the migra-
tion assays, when compared to wt CAS, CAS‑Y12E slightly increased 
the invasiveness of Src‑transformed cells in three-dimensional col-
lagen (Figure 5A). However, CAS‑Y12F resulted in profound de-
crease in cell invasiveness, to levels comparable to the Src‑trans-
formed parental cells lacking CAS (Figure 5A).

Invasiveness of Src‑transformed cells was previously found to be 
associated with expression and activation of matrix metalloprotei-
nases (Brabek et al., 2004). To analyze whether the CAS Y12 substi-
tutions affect expression and production of matrix metalloprotei-
nases, the cells were plated on Alexa 633 gelatin and cell‑associated 
gelatinase activity was detected by localized loss of Alexa 633 fluo-
rescence. This in situ assay effectively detects either secreted or 
membrane-bound gelatinase activity. We found gelatinase activity 
to be substantially increased in cells expressing the CAS Y12E sub-
stitution when compared to wt CAS or Y12F variants (Figure 5, B and 
C). Thus the differences in invasion potential of cells expressing the 
Y12 variants appear to be at least partially caused by differences in 
gelatinase activity. These results show that inhibition of CAS Y12-site 
phosphorylation results in decreased cell invasiveness.

The Y12F substitution results in decreased turnover of focal 
adhesions, and the Y12E substitution increases turnover 
of CAS in podosome‑type adhesions
As suggested by the pronounced effects of the Y12 variants on cel-
lular migration, the differences in invasion potential of the CAS Y12 
variant cell lines could be also due to differences in turnover of focal 
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Figure 3:  CAS Y12E mutation results in decreased localization of CAS into focal adhesions but not into podosome-
type adhesions. CAS wt, Y12F, and Y12E cells were grown on fibronectin‑coated coverslips. (A) RsK4 cells expressing 
GFP‑CAS (green) were stained for F‑actin (blue) and either phospho‑FAK (red; left) or phosphocortactin (red; right). 
Details, as indicated in larger images, show several FA (left) and PTA (right) structures. (For Y12F mutant, 
phosphocortactin staining of focal adhesions, right images are rotated 90° relative to boxed area on the left.) (B) Left, 
indicated number, n, of FAs in RsK4 cells expressing CAS variants were analyzed for the presence of GFP‑CAS. The 
histogram bars represent the percentage of FAs positive for GFP‑CAS. Right, in GFP‑CAS‑positive FAs, the average 
fluorescence intensity of GFP signal in FAs was compared to average fluorescence intensity of the GFP signal in 
cytoplasm. The histogram bars represent the average ratio of fluorescence intensity of GFP signal in FAs vs. cytoplasm, 
with error bars representing standard deviations and p values indicating statistical significance. The data were obtained 
from a minimum of 30 cells in three independent experiments. (C) RsK4 cells expressing GFP‑CAS (green) were plated 
on Alexa 633–stained gelatin (red); the areas of gelatin degradation are black. Right, details show colocalization of PTA 
structures with sites of gelatin degradation. Scale bars,10 μm.



Volume 22  November 15, 2011	 CAS Y12 phosphorylation critical for invasiveness  |  4261 

adhesions required for cellular motility. To 
test this hypothesis, the mean size of ventral 
adhesion structures as revealed by fluores-
cence microscopy was determined. This 
analysis revealed a difference in the size of 
the cellular adhesion structures formed in 
the cells expressing the different CAS Y12 
variants. Whereas the adhesions of the cells 
expressing the Y12E variant were similar in 
size relative to those of wt CAS cells, the 
mean adhesion size of the CAS‑Y12F cells 
was significantly larger than that of the wt 
and Y12E‑expressing cells (Figure 6A).

To further confirm the differences in FA 
dynamics, live-cell microscopy was per-
formed on Src‑transformed MEFs coex-
pressing individual CAS Y12 variants to-
gether with mCherry‑vinculin as a marker of 
FAs. FAs assembly and disassembly rates 
were measured for all variants. Consistent 
with the observed differences in FA size, 
cells expressing CAS Y12F mutation were 
found to have slower rates of both FA as-
sembly (Figure 6B, left) and FA disassembly 
(Figure 6B, right).

The dynamic exchange of vinculin in fo-
cal adhesions decreases during adhesion 
maturation (Mohl et al., 2009). FRAP was 
used to determine whether the different 

Figure 4:  Effect of CAS Y12-site mutations on motility of mouse embryonic fibroblasts. 
(A) cas–/– MEFs expressing indicated CAS variants (wt, Y12E, and Y12F) were allowed to 
migrate for 12 h on either polylysine- or 10 μg/ml fibronectin–coated wells using the Oris Cell 
Migration Assay as described in Material and Methods. (B) cas–/– MEFs expressing CAS variants 
were allowed to migrate for 12 h on polylysine-coated, 35-mm μ‑Dish with Ibidi Culture‑Insert. 
The distance migrated by the cells was monitored over a period of time by observation with 
Nikon Eclipse TE2000‑S. (C) Src‑transformed cas–/– MEFs (SrcF) expressing CAS variants (wt, 
Y12E, and Y12F) were allowed to migrate for 12 h on polylysine-coated, 35-mm μ‑Dish with Ibidi 
Culture‑Insert. For A–C, histogram bars represent migration rates obtained from three 
independent experiments, with error bars representing standard deviations and p values 
indicating statistical significance. (D) Src‑transformed cas–/– MEFs (SrcF) expressing CAS 

variants (wt, Y12E, and Y12F) were analyzed 
using Boyden chamber chemotaxis assay 
toward 10% FBS. The cells were allowed to 
chemotax for 10 h. The histogram bars show 
average numbers of transmigrated cells 
obtained from three independent 
experiments, with error bars representing 
standard deviations and p values indicating 
statistical significance. (E, F) The effect of 
CAS Y12-site mutants on cell spreading. 
(E) Src‑transformed cas–/– MEFs (SrcF) 
expressing wt CAS or CAS Y12 mutants were 
allowed to spread on polylysine-coated tissue 
culture dishes, and the number of spread 
cells was assayed after 120 min. A 
quantitative evaluation was expressed as the 
number of cells spread as a percentage of 
the total number of cells in the field. Average 
number of cells per field, 200. (F) 
Src‑transformed cas–/– MEFs (SrcF) 
expressing wt CAS or CAS Y12 mutants were 
allowed to spread on fibronectin-coated 
tissue culture dishes, and the number of 
spread cells was assayed after 120 min. A 
quantitative evaluation was expressed as the 
number of cells spread as a percentage of 
the total number of cells in the field. Average 
number of cells per field, 400. For E and F 
the histogram bars represent the mean 
percentage of spreading from three replicate 
assays, with error bars representing standard 
deviations and p values indicating statistical 
significance.
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CAS Y12 variants had an effect on vinculin exchange dynamics. 
Src‑transformed cas–/– parental cells and cells expressing the CAS 
Y12 variants were transiently transfected to express YFP‑vinculin, 
and the exchange rates of YFP‑vinculin in mature focal adhesions at 
the periphery of the cells were determined. The fluorescence recov-
ery after photobleaching (FRAP) experiments revealed a much 
higher recovery half‑life for vinculin in cells expressing the Y12F vari-
ant (24.5 ± 5 s) than in cells expressing wt CAS (14.6 ± 2.5 s; wt vs. 
Y12F, p = 0.0007) or the Y12E variant (9.5 ± 3.7 s; wt vs. Y12E, p = 
0.014; Figure 6C). The higher vinculin recovery half‑life observed in 
cells expressing the Y12F variant correlates with the larger mean 
adhesion size in these cells and is indicative of a defect in focal ad-
hesion disassembly. On the other hand, vinculin has a shorter recov-
ery half‑life in the cells expressing CAS‑Y12E and an almost 100% 
mobile fraction, which is consistent with the smaller adhesion size 
and could indicate a short adhesion lifetime.

We further assessed whether the Y12F substitution could influ-
ence the exchange dynamics of GFP‑CAS in focal adhesions. In-
stead of Src‑transformed cas–/– MEFs, which express cytoplasmic 
GFP, Src‑transformed RsK4 cells were used for FRAP analysis of the 
GFP‑CAS variants. The recovery half‑life of CAS in focal adhesions 
was found to be comparable for both wt (4.2 ± 1.3 s) and Y12F 

(4.3 ± 1.6, wt vs. Y12F, p = 0.86) variants 
(Figure 6D). However the percentage recov-
ery was significantly decreased for the Y12F 
variant (38 vs. 75% for wt; Figure 6D) sug-
gesting that a much larger fraction of the 
CAS‑Y12F variant is stably bound within fo-
cal adhesions in comparison to the wt. The 
Y12E variant was not tested in the FRAP 
analysis of focal adhesions because it is ex-
cluded from focal adhesions.

Because CAS Y12-site substitutions 
greatly affected the invasion potential of 
Src‑transformed cells, it was of interest to 
determine whether the substitutions also in-
fluenced the recovery half‑life of CAS within 
podosome‑type adhesions. The recovery 
half‑life in podosome‑type adhesions was 
found to be significantly lower for the Y12E 
variant (1.5 ± 0.4 s) than in the CAS wt (4.8 ± 
2.3 s, wt vs. Y12E, p = 0.0052) or Y12F (3.7 ± 
1.2 s, wt vs. Y12F, p = 0.18; Figure 6E), sug-
gesting that the phosphomimicking Y12E 
mutation greatly increases CAS dynamics 
within podosome‑type adhesions.

DISCUSSION
In this study we showed that phosphoryla-
tion of Tyr‑12 in the CAS SH3 domain dis-
rupts the SH3 binding function. Blocking the 
capacity for Tyr‑12 phosphorylation through 
phenylalanine substitution resulted in cells 
having abnormally large focal adhesions 
and decreased FA dynamics and exhibiting 
defects in cell migration in both two- and 
three-dimensional environments. Moreover, 
substitution of Tyr‑12 with glutamate to 
mimic the negative charge of the phosphate 
group resulted in increased cell motility. 
Thus we identified a new mechanism for 
the functional regulation of CAS.

Tyrosine phosphorylation within SH3 domains is gaining in-
creased recognition as an important mechanism for regulating sig-
naling proteins. CAS Tyr‑12 lies within the first hydrophobic pocket 
of the SH3-domain surface involved in ligand interaction. Homolo-
gous tyrosine residues in SH3 domains in other proteins, including 
Btk (Park et al., 1996), Syk, (Morrogh et al., 1999), and Abl (Meyn 
et al., 2006; Chen et al., 2008), have been shown to be subject to 
phosphorylation and disruption of SH3 binding function. These 
studies provided substantial evidence for a significant role of phos-
phorylation on well-conserved tyrosines within SH3-domain hydro-
phobic pockets on the binding capacity of the SH3 domain.

CAS was found to promote both migration and invasiveness of 
transformed cells (Brabek et al., 2004, 2005). Reexpression of CAS 
in cas‑deficient mouse embryo fibroblasts transformed by onco-
genic Src promoted an invasive phenotype associated with en-
hanced cell invasiveness, reorganization of actin into large podo-
some ring and belt structures, activation of matrix metalloproteinase‑2, 
and elevated tyrosine phosphorylation of the focal adhesion pro-
teins FAK and paxillin. The SH3 domain of CAS was important for all 
of these processes but was not required for formation of large po-
dosome structure. Efficient metalloproteinase activation involving 
CAS SH3 domain–mediated signaling and enhanced podosome 

Figure 5:  CAS Y12F mutation results in decreased invasiveness of Src‑transformed cells. 
(A) Three-dimensional collagen invasion assay. Cas–/– MEFs transformed by activated Src (SrcF) 
expressing CAS wt, CAS Y12F, and CAS Y12E were seeded on top of the collagen gel and their 
invasion was scored as described in Materials and Methods. The histogram bars represent the 
mean percentage of invasion from three independent experiments, with error bars representing 
standard deviations and p values indicating statistical significance. Total number of cells counted 
was as followed: cas–/– SrcF, 116; +WT, 266; +YE, 311; +YF, 196. (B) Gelatin degradation assay. 
Src‑transformed MEFs cells expressing indicated GFP‑CAS variant (green) were plated on Alexa 
633–stained gelatin (red); the areas of degradation are black. Representative images are shown. 
Scale bars, 50 μm (C) Quantification of the gelatin degradation assay (B). The histogram bars 
represent the mean percentage of relative degradation activity calculated as degraded area 
divided by area occupied by cells from three replicate assays, with error bars representing 
standard deviations and p values indicating statistical significance.
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assembly involving CAS SD tyrosine phosphorylation are both likely 
to be important for CAS‑mediated invasiveness. Consistent with 
these assumptions, we found greatly elevated gelatin‑degrading 
capability in Src‑transformed cells expressing CAS Y12E mutant 
when compared to cells expressing CAS wt or Y12F mutant. Thus 

increased invasion potential of CAS Y12E mutant could be caused 
at least in part by elevated activation of matrix metalloproteinases.

Although it is recognized that CAS localizes to FAs, where it en-
gages in integrin‑mediated signaling via tyrosine phosphorylation 
(Nojima et al., 1995; Vuori and Ruoslahti, 1995), the dynamics of 

Figure 6:  Effects of CAS Y12-site mutations on dynamics of focal adhesions and podosome‑type adhesions. 
(A) Quantification of cellular adhesion structure size in cas–/– + SrcF MEFs expressing indicated CAS variant and 
mCherry‑vinculin as a marker of FAs using confocal fluorescence microscopy. Columns represent average area of focal 
adhesion in one cell. The data are shown as an average size of FA ± standard deviation obtained from analyses of 10 
cells in three independent experiments. The p values indicate statistical significance. (B) FA dynamics. Live microscopy 
of Src‑transformed MEFs (SrcF) expressing indicated CAS variants together with mCherry‑vinculin as a marker of FAs 
was performed, and FA assembly (left) and disassembly rates (right) were calculated for all variants. The histogram bars 
represent the mean number of assembled or disassembled FAs per cell during a 60-min period, with error bars 
representing standard deviations and p values indicating statistical significance. Ten cells per indicated cell line were 
analyzed in three independent experiments. (C) FRAP curves of vinculin‑YFP associated with focal adhesions in 
Src‑transformed MEFs (SrcF) expressing indicated variants of CAS protein. Cells were subjected to FRAP analysis 24 h 
after plating on 10-μg/ml fibronectin–coated wells at 37°C using 63×/1.45 oil objective. After photobleaching, 
fluorescence recovery was recorded at 6-s intervals. (D) FRAP curves of GFP‑CAS variants in FAs of RsK4 cells. Cells 
were subjected to FRAP analysis 24 h after plating on 10-μg/ml fibronectin–coated wells at 37°C using 63×/1.45 oil 
objective. After photobleaching, fluorescence recovery was recorded at 1.6-s intervals. (E) FRAP curves of GFP‑CAS 
variants in podosome‑type adhesions. FRAP experiments were performed the same way as FRAP experiments in RsK4 
cells, but bleached regions were podosome‑type adhesions instead of FAs. For all FRAP experiments, the data are 
shown as an average of 10 independent experiments, with error bars representing standard errors.
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CAS targeting to these sites remains poorly understood. CAS arrives 
early during the assembly of FAs and departs late during FA disas-
sembly (Donato et al., 2010). The early localization of CAS to assem-
bling FAs supports the notion that CAS engages in signaling at the 
leading edge of migrating cells to promote plasma membrane pro-
trusion. During FA disassembly, CAS appears to persist longer than 
paxillin. This persistence is supportive of a proposed role for CAS in 
promoting FA disassembly (Webb et al., 2004). Consistent with 
these observations, our data show that blocking the capacity for 
Tyr‑12 phosphorylation through phenylalanine substitution results in 
slower rate of both FA assembly and, to even greater extent, FA 
disassembly, suggesting the promoting effect of Y12 phosphoryla-
tion on FA turnover. Notably, the slower turnover rate of FA in CAS 
Y12F mutant is associated with hyperphosphorylation of CAS SD, 
the association that was also observed in PTP-PEST–null cells 
(Angers-Loustau et al., 1999) and STAT3-null cells (Kira et al., 2002) 
and cells expressing FAK/Src chimera (Siesser et al., 2008). In all 
these studies, these phenomena were associated with increased cell 
adhesiveness and reduced cell motility. We therefore propose that 
reduced migration and invasiveness of CAS Y12F mutant is caused 
by decreased rate of FA turnover.

Knowing the subcellular location of signaling‑competent CAS 
molecules would provide valuable insight into the regulation and 
biological role of CAS signaling. Remarkably, we found that CAS 
Y12E mutation results in decreased localization of CAS into FAs but 
not into podosome‑type adhesions (Figure 3, A and C). Consistent 
with these results, the CAS Tyr‑12 phospho-specific antibody clearly 
stained podosome-type adhesions but was mostly excluded from 
FAs (Supplemental Figure S2). The recent study by Donato et al. 
(2010) clarified the domain requirements for FA targeting of CAS 
and clearly showed that both the N-terminal SH3 and C-terminal 
CCH domains are necessary for CAS to properly localize to FAs. The 
data obtained in our study suggest the possible role of tyrosine 
phosphorylation within CAS SH3 domain as a mechanism that could 
regulate the presence of CAS in FAs. Chan et al. (2009) observed 
that FAK depletion switches phosphotyrosine-containing proteins, 
including CAS, from focal adhesions to invadopodia through the 
temporal and spatial regulation of c-Src activity. The decreased as-
sociation of CAS with FAK in the CAS Y12E mutant might similarly 
account for the reduction of CAS localization at FAs.

Localization of CAS in podosomes was first described by 
Nakamoto et al. (1997). They found that CAS translocates to the po-
dosomes as a result of the introduction of activated Src. The CAS 
mutants with impaired binding of Src were not localized to podo-
somes, whereas CAS wt was located predominantly in podosomes. 
However, staining in podosomes was not detected in the 3T3-aSrc 
(Src-transformed 3T3) cells expressing the deltaSH3 mutant. These 
results suggested that the SH3 domain of CAS is essential and the 
Src-binding domain is also important for the recruitment of CAS to 
podosomes. Of interest, we observed that CAS harboring the Y12E 
mutation in the SH3 domain retains its ability to localize in podo-
some-type adhesions, suggesting that rather than Y12-site phospho-
rylation status, integrity of the SH3 domain is important for CAS local-
ization to podosome–type adhesions. In our study we did not observe 
the effect of CAS Y12-site mutations on CAS localization within podo-
some structures; however, we did see great increase of CAS dynam-
ics within podosome-type adhesions in the CAS Y12E mutant.

Further studies need to be done to find a kinase responsible for 
CAS Y12 phosphorylation and to elucidate in detail the mechanism 
of Y12-site phosphorylation regulation. Our data suggest that Src or 
Bmx could be among the candidates responsible for CAS Y12-site 
phosphorylation. This is further supported by previously published 

data, which extensively document CAS phosphorylation by Src 
(Vuori et al., 1996; Ruest et al., 2001) and also suggest a Tec family 
member, Bmx, as a possible kinase for CAS (Abassi et al., 2003). 
Moreover, another Tec family kinase, Itk, was shown to be capable 
of autophosphorylation on homologous Tyr‑180 within its SH3 do-
main (Joseph et al., 2007).

Taken together, our observations imply an important role of ty-
rosine phosphorylation in the first binding pocket of the CAS SH3 
domain for CAS localization, turnover of adhesion structures, migra-
tion, and invasiveness of Src‑transformed cells. We hypothesize that 
CAS Y12 phosphorylation might represent a novel regulatory mech-
anism by which the CAS‑mediated signaling can be altered to trig-
ger different cellular responses. Clarifying the specific role of Y12 for 
CAS‑mediated oncogenic potential may bring new insight into the 
complex process of cell transformation.

MATERIALS AND METHODS
Cell transfection and culture
cas–/– MEFs expressing constitutively active mouse Src Y529F (SrcF 
cells) or both SrcY529F and wt CAS (SC cells) were prepared using 
the LZRS‑MS‑IRES‑GFP retroviral vector and the Phoenix E packag-
ing line as described previously (Brabek et al., 2004). RsK4 cells were 
transfected with pEGFP‑C1‑CAS using Lipofectamine 2000 reagent 
(Life Technologies, Carlsbad, CA) as specified by the manufacturer. 
cas–/– MEFs were transfected with pEGFP‑C1 CAS or pIRES‑puro‑CAS 
using Lipofectamine 2000. Src‑transformed cas–/– MEFs were trans-
fected with plasmids pIRES‑puro‑CAS or yellow fluorescent protein 
(YFP)–vinculin using Lipofectamine 2000. Stable transfectants were 
obtained using puromycin selection (3 μg/μl). All cells were culti-
vated in full DMEM (Life Technologies) with 4500 mg/l l‑glucose, 
l‑glutamine, and pyruvate, supplemented with 10% fetal bovine 
serum (Sigma-Aldrich, St. Louis, MO), 2% antibiotic–antimycotic 
(Life Technologies), and 1% MEM nonessential amino acids (Life 
Technologies).

Immunoblotting and immunoprecipitation
Subconfluent cell cultures were washed with phosphate‑buffered 
saline (PBS) and lysed in modified RIPA buffer (0.15 M NaCl; 50 mM 
Tris‑HCl, pH 7.4; 1% Nonidet P‑40; 0.1% SDS; 1% sodium deoxy-
cholate; 5 mM EDTA; 50 mM NaF). Protein concentrations in the 
lysates were determined using the DC Protein Assay (Bio‑Rad, 
Hercules, CA). Protein lysates were diluted in Laemmli sample buffer 
(0.35 M Tris‑HCl, pH 6.8; 10% SDS; 40% glycerol; 0.012% bro-
mophenol blue). For immunoblotting, samples were separated on 
10% SDS‑polyacrylamide gels and transferred onto nitrocellulose 
membrane. Nonspecific activity was blocked by incubating mem-
branes for 45 min at 37°C in Tris‑buffered saline containing 4% bo-
vine serum albumin. Membranes were then incubated overnight at 
4°C with primary antibody, washed extensively with Tris buffered 
saline with Tween-20 (TTBS), and then incubated for 1 h at room 
temperature with horseradish peroxidase (HRP)–conjugated sec-
ondary antibody. After extensive washing in TTBS, the blots were 
developed using the LAS‑1000 Single System (Fujifilm, Tokyo, Ja-
pan). Monoclonal antibodies against CAS (clone 24) and paxillin 
(clone 349) were obtained from BD Transduction Laboratories (Lex-
ington, KY). Anti‑FAK polyclonal rabbit antibody (FAK C‑20), anti–
Cas-L monoclonal mouse antibody (2G9), and HRP‑conjugated 
anti‑mouse and anti–rabbit immunoglobulin G were from Santa 
Cruz Biotechnology (Santa Cruz, CA). Anti‑GST antibody was from 
Amersham Pharmacia Biotech (Piscataway, NJ). Anti–phosphoty-
rosine 4G10 was from Millipore (Billerica, MA). Phospho-specific 
antibodies against FAK phosphotyrosine (397, 861) were from 
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BioSource International (Camarillo, CA). Phospho-specific antibod-
ies against CAS phosphotyrosine 410 and paxillin phosphotyrosine 
118 were from Cell Signaling Technology (Beverly, MA).

CAS pY12 antibody was developed in collaboration with 21st 
Century Biochemicals (Marlboro, MA) by immunizing rabbits with 
synthetic peptide corresponding to residues surrounding mouse 
CAS Y12 tyrosine, CVLAKAL[pY]DNVAESP amide, respectively, 
where pY indicates phosphotyrosine. The peptide was synthesized 
with N‑terminal cysteine residue and coupled to MBS for immuniza-
tion. The antibody was affinity purified from rabbit antisera by affin-
ity chromatography steps using protein A columns to purify immu-
noglobulins followed by specific immunodepletion using 
nonphosphopeptide and affinity purification using phosphopeptide 
(immunogen) columns to obtain the CAS pY12 affinity‑purified anti-
body used in this study.

For immunoprecipitations, cells were lysed in NP-40 lysis buffer 
(50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 5 mM EDTA, 50 mM 
NaF). Lysates containing 500 mg of proteins were incubated for 4 h 
on ice with 1 μg of primary antibody (FAK C- 20), and immune com-
plexes were collected by additional 1-h incubation with protein A–
Sepharose (20 μl of 50% slurry; Zymed, San Francisco, CA). The im-
munoprecipitates were washed five times with 1 ml of ice-cold 
NP-40 lysis buffer, resuspended in 2× SDS–PAGE sample buffer, and 
processed for immunoblotting.

GST pull‑downs and phosphorylation reactions
Cell lysates were incubated with glutathione Sepharose 4B beads 
with immobilized GST or GST‑CAS‑SH3 variants at 4°C for 2 h. The 
beads were washed extensively and boiled in Laemmli sample buf-
fer, and proteins were detected by SDS–PAGE and immunoblotting. 
Phosphorylation reactions of the CAS SH3-domain variants were 
conducted in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid, pH 7.4, containing 10 mM MgCl2, 0.1 mM sodium orthovana-
date, 2 mM dithiothreitol, and 0.1 mM ATP for 80 min at 30°C and 
initiated by adding 400 ng of recombinant Bmx kinase (Cell Signal-
ing Technology).

Immunofluorescence microscopy
Cell were seeded on coverslips coated with human fibronectin 
10 μg/ml (Invitrogen, Carlsbad, CA), grown for 24–48 h, and subse-
quently fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton 
X‑100, washed extensively with PBS, and blocked in 3% bovine se-
rum albumin. The cells were then sequentially incubated with pri-
mary antibody for 2 h, secondary antibody for 60 min, and Alexa 
Fluor 594 phalloidin (Molecular Probes, Invitrogen) for 15 min, with 
extensive washing between each step. The primary antibodies were 
as follows: anti‑phosphotyrosine (clone 4G10; Upstate, Millipore), 
anti-phosphopaxillin (Tyr118; Cell Signaling Technology), and anti-
phosphocortactin (pY421; BioSource International). The secondary 
antibodies were as follows: anti‑rabbit (Alexa 546) and anti‑mouse 
(Alexa 594, Alexa 633; Molecular Probes). Images were acquired by 
a TCS SP2 microscope system (Leica, Wetzlar, Germany) equipped 
with a Leica 63×/1.45 oil objective.

In-gel gelatin zymography
Fifty thousand cells were plated per well of a 24-well dish. After 
16 h, cells were washed with PBS and incubated in 300 μl of se-
rum‑free media for 24 or 72 h. Aliquots (30 μl) of the conditioned 
media were loaded for zymography on a 10% SDS–PAGE gel con-
taining 1 mg/ml gelatin as described previously (Pozzi et al., 2000). 
Briefly, gel proteins were washed for 1 h in 50 mM Tris‑HCl (pH 7.5), 
0.1 M NaCl, and 2.5% Triton X‑100 and then incubated at 37°C in 

50 mM Tris‑HCl (pH 7.5), 10 mM CaCl2, and 0.02% Na azide for 
17 h. Gels were stained with Coomassie blue and destained in 7% 
acetic acid/5% methanol.

Alexa 633 gelatin zymography
To prepare Alexa Fluor 633 gelatin, 2 μl of Alexa 633 reactive dye 
(1 μg/ml; Molecular Probes) was conjugated with 1 ml of gelatin 
(10 mg/ml; Bio‑Rad, Hercules, CA) diluted in 0.1 M sodium bicar-
bonate buffer, pH 9.0, for 30 min. The unconjugated dye was re-
moved by passage through a Zeba Micro Desalt Spin Column 
(Thermo Scientific, Waltham, MA). Coverslips were coated with Al-
exa Fluor 633 gelatin (1 mg/ml), air dried, rehydrated with water for 
15 min in 4°C, and fixed with 0.5% glutaraldehyde for 30 min in 4°C. 
RsK4 cells transfected with GFP‑CAS were grown on Alexa Fluor 633 
gelatin–coated coverslips for 24 h and then fixed in 4% paraformal-
dehyde, permeabilized in 0.5% Triton X‑100, washed thrice with 
PBS, blocked in 3% bovine serum albumin, and mounted.

Migration assays
Cell migration was analyzed using the Oris Cell Migration Assay 
(Platypus Technologies, Madison, WI) with some modifications. The 
cell-seeding stopper was inserted into 96‑well plate, and well bot-
toms were either uncoated (polylysine) or coated with 10 μg/ml fi-
bronectin (Invitrogen). Fifty thousand cells were seeded into each 
well with a stopper to restrict cell seeding to the outer annular re-
gions of the wells. Removal of the stopper results in opening of 
a round, unseeded region, into which the seeded cells migrate. 
Migration was assessed using Eclipse TE2000‑S (4×/0.13 Plan 
Fluor objectives; Nikon, Melville, NY) mounted with a VDS Vossküh-
ler CCD‑1300 camera (Allied Vision Technologies, Osnabrück, 
Germany) as a decrease of cell‑free area in time quantified by 
NIS‑Elements software (Nikon). Alternatively, migration was ana-
lyzed according to manufacturer’s protocol using an Ibidi Culture‑In-
sert (Ibidi, Munich, Germany) in a 35-mm μ‑Dish. Briefly, 70 μl of a 
cell suspension (7 × 105 cells/ml) was applied into each well and in-
cubated at 37°C and 5% CO2. After appropriate cell attachment was 
achieved (24 h), the Culture‑Insert was removed and the μ‑Dish was 
filled with cell-free medium (2 ml of media for 35-mm μ‑Dish). Mi-
gration was also assessed, using a Nikon Eclipse TE2000‑S (10×/0.25 
Plan Fluor objective), as a decrease of cell‑free area in time quanti-
fied by NIS‑Elements software (Laboratory Imaging, Prague, Czech 
Republic).

Chemotaxis was analyzed using a Boyden chamber chemotaxis 
assay (BD Biosciences, Oxford, UK) according to the manufacturer’s 
protocol. Briefly, 500 μl of media containing 10% fetal bovine serum 
was added to the lower chambers. A total of 105 cells suspended in 
0.3 ml serum‑free D‑MEM was loaded to the top of each chamber 
and then incubated at 37°C in 5% CO2. After 10 h, the chambers 
were washed with PBS. Cells were fixed in 4% paraformaldehyde in 
1× PBS for 15 min and stained with 4′,6-diamidino-2-phenylindole. 
Representative fields were documented by fluorescence microscopy 
and the numbers of transmigrated cells determined from replicate 
chambers by counting 10 random areas at 200× magnification.

Spreading assays
Cells were trypsinized and counted, and 2.5 × 105 cells were added 
with medium to 100-mm culture dishes for a final volume of 10 ml. 
Random fields were photographed after 120 min using a low-mag-
nification, phase‑contrast microscope and evaluated for the per-
centage of spread cells. Unspread cells were apparent as phase‑bright 
and punctual, whereas spread cells were not phase‑bright, with 
extensive visible membrane protrusions. The two kinds of cells were 
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distinguishable such that two independent counts of the same field 
gave the same result ±2%. Three fields were counted for each cell 
line, and, in each field, >200 cells were counted. The experiment 
was repeated twice.

Invasion assays
Invasiveness of cells was analyzed using the Ibidi μ‑Slide Angiogen-
esis System. A 200-μl solution containing 2 mg/ml collagen R (Serva, 
Heidelberg, Germany) and 4 mg/ml collagen G (Biochrom, Berlin, 
Germany) was prepared, and 46 μl of NaHCO3 and 46 μl minimum 
essential medium Eagle (modified) with Hank’s salts (HMEM) were 
added. A total of 10 μl of the collagen solution was added into each 
well of μ‑Slide Angiogenesis plate and polymerized at 37°C. Fifty μl 
of cell suspension (2 × 105 cells/ml) was added on top of a collagen 
gel. After 2 d, invasion was scored as an average invasion depth of 
the cells in selected field of view using Nikon Eclipse TE2000‑S 
(20×/0.45 Plan Fluor objective) and NIS Elements software. For 
each experiment six fields of view were analyzed by 10-μm optical 
sections.

Fluorescence recovery after photobleaching
FRAP studies were conducted on live cells expressing either GFP-
tagged CAS or YFP-tagged vinculin. The cells were plated on 
glass‑bottom dishes (MatTek, Ashland, MA) coated with 10 μg/ml 
fibronectin and cultured for 24 h before the experiment. Measure-
ments were performed in DMEM at 37°C and 5% CO2. Ten focal 
adhesions and 10 podosome‑type adhesions, each structure from a 
different cell, expressing GFP‑CAS or YFP‑vinculin was analyzed. Af-
ter a brief measurement at monitoring intensity (488 nm), a high-
energy beam was used to bleach 30–50% of the intensity in the 
spot. The intensity of recovery of the bleached region was extracted 
from the images series, and curves were fit to single-exponential 
functions. The characteristic fluorescence recovery time was ex-
tracted from the FRAP curves.

Statistical analysis
Statistical significances were determined using an unpaired, two-
tailed, Student’s t test.
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