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ABSTRACT Caveolin-1 (Cav1), a major Src kinase substrate phosphorylated on tyrosine-14
(Y14), contains the highly conserved membrane-proximal caveolin scaffolding domain (CSD;
amino acids 82-101). Here we show, using CSD mutants (F92A/V94A) and membrane-perme-
able CSD-competing peptides, that Src kinase-dependent pY14Cav1 regulation of focal
adhesion protein stabilization, focal adhesion tension, and cancer cell migration is CSD de-
pendent. Quantitative proteomic analysis of Cav1-GST (amino acids 1-101) pull downs
showed sixfold-increased binding of vinculin and, to a lesser extent, a-actinin, talin, and fila-
min, to phosphomimetic Cav1Y14D relative to nonphosphorylatable Cav1Y14F. Consistently,
pY14Cav1 enhanced CSD-dependent vinculin tension in focal adhesions, dampening force
fluctuation and synchronously stabilizing cellular focal adhesions in a high-tension mode, par-
alleling effects of actin stabilization. This identifies pY14Cav1 as a molecular regulator of focal
adhesion tension and suggests that functional interaction between Cav1 Y14 phosphoryla-
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tion and the CSD promotes focal adhesion traction and, thereby, cancer cell motility.

INTRODUCTION

Focal adhesions are macromolecular complexes in which transmem-
brane integrins and cytoplasmic proteins, including vinculin, talin,
a-actinin, and focal adhesion kinase (FAK), link the extracellular ma-
trix (ECM) to the actin cytoskeleton (Burridge et al., 1988; Gardel
et al., 2010; Case and Waterman, 2015). Focal adhesions are key
transmitters of the cellular response to mechanical force upon acto-
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myosin contractility and ECM rigidity (Hoffman, 2014; Burridge and
Guilluy, 2016). Vinculin, a cytoplasmic component of focal adhe-
sions, interacts with both the talin-integrin complex and the actin
cytoskeleton and is closely involved in focal adhesion tension-
induced signaling (Cohen et al., 2006; Ziegler et al., 2006; del Rio
et al., 2009; Kanchanawong et al., 2010; Carisey et al., 2013). On
activation at sites of cell adhesion, vinculin switches from a closed,
globular conformation to an extended conformation allowing bind-
ing of specific partners to the head (Vh) and tail (Vt) domains
(Bakolitsa et al., 2004; Cohen et al., 2006; Ziegler et al., 2006).
Active extended vinculin stabilizes various focal adhesion proteins,
including FAK, within focal adhesions and activates integrins in an
actin- and talin-dependent manner (Carisey et al., 2013). A fluores-
cence resonance energy transfer (FRET)-based vinculin tension sen-
sor (VinTS) construct showed that force transmission across vinculin
is selectively enhanced in leading-edge focal adhesions and deter-
mines focal adhesion size and turnover (Grashoff et al., 2010;
Hernandez-Varas et al., 2015).

Src kinase is a key regulator of focal adhesion signaling, phos-
phorylating multiple focal adhesion proteins, including FAK and
vinculin, and also tumor cell migration. Integrin-dependent auto-
phosphorylation of FAK tyrosine 397 (Y397) creates a high-affinity
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binding site for Src homology 2 (SH2)-containing proteins, includ-
ing Src kinase (Mitra and Schlaepfer, 2006). FAK-Src signaling is a
key regulator of the dynamic recruitment of focal adhesion compo-
nents and leading-edge activity (Webb et al., 2004). Src phosphory-
lation of tyrosine 1065 (Y1065) of vinculin induces its conformation-
based activation and tension (Zhang et al., 2004; Huang et al.,
2014). Curiously, the major Src tyrosine-phosphorylated substrate
identified in an early study was caveolin-1 (Cav1), the caveolae coat
protein (Glenney, 1989; Parton and del Pozo, 2013). Y14-phosphor-
ylated Cav1 (pY14Cav1) stabilizes focal adhesion components pro-
moting Src- and ROCK-dependent focal adhesion turnover, cell
migration, and tumor metastasis (Grande-Garcia et al., 2007; Goetz
et al., 2008a; Joshi et al., 2008; Nethe et al., 2010; Boscher and
Nabi, 2013; Ortiz et al., 2016). Here we show that increased vinculin
tension in focal adhesions is associated with pY14Cav1 stimulation
of prostate cancer cell migration.

Cav1 contains a highly conserved caveolin scaffolding domain
(CSD; amino acids 82-101), including the essential F92TVT95 seg-
ment, which mediates Cav1 interaction with multiple signaling mol-
ecules, such as Src family tyrosine kinases, growth factor receptors,
endothelial nitric oxide synthase (eNOS), and G proteins (Li et al.,
1995, 1996, Couet et al., 1997, Garcia-Cardena et al., 1997; Nystrom
et al., 1999; Hoop et al., 2012). The CSD is also required for Cav1
regulation of integrin-dependent endocytosis, indicating a potential
role for the CSD in integrin-dependent cell adhesion and migration
(Hoffmann et al., 2010). A cell-permeable peptide sequence from
antennapedia (AP) fused to the CSD sequence (amino acids 82-101
of Cav1), namely AP-Cav, mimics CSD function, inhibiting eNOS
and blocking nitric oxide release from endothelial cells in vitro (Bucci
et al., 2000; Gratton et al., 2003; Bernatchez et al., 2005). AP-Cav
inhibition of eNOS decreases vasodilation, inflammation, and hy-
perpermeability of tumor microvasculature, thereby blocking tumor
angiogenesis and delaying tumor progression in vivo (Bucci et al.,
2000; Gratton et al., 2003; Bernatchez et al., 2005). This suggests
that the CSD-mimicking peptides might represent an effective anti-
cancer therapy (Williams and Lisanti, 2005). However, whether AP-
Cav peptide also affects promigratory functions of pY14Cav1 in tu-
mor cells is not known.

Cav1 Y14 phosphorylation induces conformational changes that
spatially separate Cav1 molecules within the Cav1 oligomer and has
been predicted to alter the conformation and/or accessibility of the
CSD, facilitating CSD interaction with other proteins (Shajahan et al.,
2012; Zimnicka et al., 2016). Indeed, Y14 phosphorylation of Cav1
increases eNOS binding, an interaction mapped to a 10-amino acid
sequence within the CSD (Chen et al., 2012; Trane et al., 2014). We
show here that phosphomimetic Y14D Cav1 mutation enhances
Cav1 binding to focal adhesion proteins. Further, pY14Cav1 stabili-
zation of focal adhesion proteins, promotion of vinculin tension, and
cell migration require an intact CSD and are inhibited by AP-Cav
peptides. These studies identify pCav1 as a molecular regulator of
focal adhesion tension and define a novel role for the CSD in promi-
gratory pY14Cav1 function in tumor cells.

RESULTS

The CSD mediates pY14Cav1-dependent FAK stabilization
in focal adhesions and cell migration

DU145 prostate cancer cells express Cav1 and caveolae but no de-
tectable pY14Cav1 (Joshi et al., 2008; Gould et al., 2010). Transient
expression of Cavlwt and phosphomimetic Cav1Y14D promotes
Src/ROCK-dependent FAK stabilization and cell migration of DU145
cells (Joshi et al., 2008), making these cells an excellent model to
selectively study the contribution of pY14Cav1. To determine the role
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of the CSD in pY14Cav1-dependent FAK stabilization in focal adhe-
sions and cell migration, we introduced F92A/V94A mutations (Li
etal., 1996; Nystrom et al., 1999; Lajoie et al., 2007) into a wild-type,
Y14F dominant-negative mutant and Y14D phosphomimetic mutant
of C-terminal Myc— and monomeric red fluorescent protein (mRFP)-
tagged Cav1 (Figure 1A). Stable transfection of these Cav1 constructs
in DU145 cells resulted in detection by immunoblotting of a higher—
molecular weight band corresponding to recombinant Cav1 in addi-
tion to endogenous Cav1 (Figure 1B). Antibody against pY14Cav1
selectively detected recombinant Cavi-myc-mRFP in Caviwt-ex-
pressing cells (Figure 1B). Expression of all constructs was reduced
relative to endogenous Cav1, and introduction of the F92A/NV94A
mutation further reduced expression levels (Figure 1B). By confocal
microscopy, all constructs were expressed and exhibited the typical
cell surface distribution of wild-type Cav1 (Supplemental Figure S1).

To measure FAK stabilization in focal adhesions, we applied fluo-
rescence recovery after photobleaching (FRAP) to peripheral FAK-
enhanced green fluorescent protein (EGFP) in focal adhesions of the
DU145 Cav1 stable transfectants (Goetz et al., 2008a; Meng et al.,
2015). In contrast to Cavlwt and the Cav1Y14D mutant, and similar
to Cav1Y14F, the F92A/V94A CSD mutants of Cav1 were unable to
stabilize FAK within focal adhesions (Figure 1, C and D). To ensure
that differential stable expression levels of the Cav1 mutants (Figure
1B) did not affect the FRAP data, we transiently transfected DU145
cells with the Cav1-mRFP constructs together with FAK-EGFP and
selectively analyzed cells expressing similar levels of mRFP. As for
the stable transfectants, the F92A/V94A CSD mutants of Cav1 pre-
vented Cavlwt and Cav1Y14D stabilization of FAK in focal adhe-
sions (Supplemental Figure S2). Transwell cell migration assays
showed that migration was reduced by stable expression of the
F92/V94A CSD and Y14F Cav1l mutants and increased by expres-
sion of Cav1Y14D (Figure 1E).

We then treated the DU145 Cav1 stable transfectants with 10 uM
control AP or AP-Cav peptides for 6 h and monitored the mobile
fraction of focal adhesion—associated FAK-EGFP by FRAP. AP-Cav,
but not AP, decreased FAK stabilization in focal adhesions induced
by both Cavlwt and Cav1Y14D (Figure 2A). In contrast, only DU145-
Caviwt cells, and not DU145-Cav1Y14D cells, showed decreased
FAK stabilization in focal adhesions in response to PP2 inhibition of
Src kinase (Figure 2B). Consistently, AP-Cav selectively reduced the
migratory ability of all of the DU145 transfectants to the level of the
DU145-Cav1Y14F cells without affecting cell viability (Figure 2, C
and D). The CSD therefore mediates focal adhesion FAK stabiliza-
tion and cell motility stimulation due to pY14Cav1.

pY14Cav1 interaction with vinculin

To study the effect of Y14 phosphorylation on Cav1 interaction with
its binding partners, and in particular focal adhesion proteins, we
constructed glutathione S-transferase (GST)-conjugated Cav1 pep-
tides from amino acids 1-101, including both the Y14 phosphoryla-
tion site and the CSD. GST pull downs from DU145 whole-cell ly-
sates were analyzed by quantitative mass spectrometry (Figure 3A).
Consistent with reports of Cavi-integrin interaction (Wary et al.,
1998; del Pozo et al., 2005; Salanueva et al., 2007), integrin B1 was
detected but did not show preferred binding to GST-Cav1(1-101)
Y14D or Y14F (Y14F/Y14D ratio 0.432, SD 0.281, p=0.1718, n=3).
The other focal adhesion proteins detected (vinculin, o-actinin-4,
talin-1, and filamin-A/B) all showed significantly preferred binding
to GST-Cav1(1-101)Y14D compared with Y14F with vinculin, show-
ing the most robust binding preference to GST-Cav1(1-101)Y14D
(Y14F/Y14D ratio 0.150, SD 0.023, p=0.0090, n = 2). Supporting its
preferred interaction with Cav1Y14D in our proteomic analysis,
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not pY14Cav1, and only PC3 cells express
pY14Cav1 (Joshi et al., 2008; Gould et al.,
2010). PC3 showed significantly more vincu-
lin tension (less FRET efficiency) than DU145
and LNCaP cells (Figure 4C, D). Blocking F-
actin remodeling (ROCK  inhibitor Y27632)
and actin polymerization (latrunculin A [LatA])
relieved vinculin tension (high FRET effi-
ciency) in PC3 cells, whereas stabilization of
actin filaments with jasplakinolide (Jasp) in-
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CSD mutation prevents pY14Cav1 stabilization of FAK in focal adhesions and cell
migration. (A) Schematics showing the combined Cav1 Y14-CSD mutant constructs. (B) Western
blot of Cav1 and pY14Cav1 in DU145 and stably transfected DU145 cells (rec., recombinant;
end., endogenous.) (C) Representative FRAP images of DU145-Caviwt (untreated and PP2
treated) and DU145-Cav1F92A/V94A cells transiently transfected with FAK-EGFP. (D) Bar graphs
of intensity recovery curves and mobile fraction of FAK-EGFP in focal adhesions of stably
transfected DU145 cell lines. Data represent mean + SEM from one of three independent
experiments (n > 8 for each cell line). One-way analysis of variance (ANOVA) with Tukey posttest;
***p < 0.001. (E) Bar graph of the number of migrated DU145 and stably transfected DU145
cells (normalized to nontransfected DU145 cells) in Transwell migration assays (n = 5; two-tailed

unpaired t test; *p < 0.05; **p < 0.01).

coimmunoprecipitation of filamin A with Cav1 is Src-dependent
(Sverdlov et al., 2009). Western blotting of GST pull downs con-
firmed the preferential binding of vinculin to GST-Cav1Y14D com-
pared with GST and GST-Cav1Y14F (Figure 3B). As for FAK, vincu-
lin-Venus showed increased stabilization in focal adhesions of
Caviwt and Cav1Y14D DU145 cells but not in cells expressing
F92A/N94A or YT14F Cavl mutants (Figure 3C). pY14Cav1 therefore
interacts with and regulates vinculin stabilization in focal adhesions
in a CSD-dependent manner.

CSD-dependent pY14Cav1 regulation of vinculin tension

On the basis of the enriched binding of vinculin to GST-Cav1Y14D
and increased vinculin tension at leading-edge focal adhesions
(Grashoff et al., 2010), we expressed vinculin tension sensors to-
gether with myc-tagged Cav1 mutants in DU145 cells to examine
pY14Cav1 regulation of vinculin tension in focal adhesions. FRET
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prevent vinculin tension in Cav1Y14D cells
(Figure 5B) contrasts with the inability of Src
inhibition to reverse Cav1Y14D-dependent
FAK stabilization (Figure 2B). Src-dependent
Y14 phosphorylation of Cav1 therefore ap-
pears to be sufficient for the stabilization of
focal adhesion components, but additional
Src activity is required for vinculin tension.

pCavl-dependent vinculin tension in
PC3 cells is disrupted by treatment with
AP-Cav peptide but not control AP peptide;
in LNCaP and DU145 cells lacking pCav1,
vinculin tension levels are not affected by either AP or AP-Cav treat-
ment (Figure 5C). Further, both F922A/V94A mutation and AP-Cav
peptide treatment reversed increased vinculin tension in Cavlwt-
and Cav1Y14D-expressing DU145 cells (Figure 5, D and E). These
data support a role for the CSD in regulating pY14Cav1-dependent
vinculin tension at focal adhesions.

The dramatic differences in average vinculin tension in response
to the various conditions led us to analyze vinculin FRET data of in-
dividual focal adhesions by binning each focal adhesion in small in-
tervals of FRET efficiency values (FRET interval 0.04; range 0-0.8).
As shown in Figure 6A, focal adhesions with intermediate FRET val-
ues (0.12-0.24) were present in both Jasp- and LatA-treated cells.
However, focal adhesions with FRET values below this intermediate
range were present only in Jasp-treated cells and with FRET values
above this range only in LatA-treated cells. On the basis of this, we
defined individual focal adhesions as high tension (FRET 0-0.12),
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FIGURE 2: The CSD-mimicking peptide AP-Cav decreases pY14Cav1-dependent FAK
stabilization in focal adhesions and cell migration. (A) Intensity recovery curves and mobile
fraction for FAK-EGFP in focal adhesions from FRAP assays of the stable DU145 Cav1
transfectants treated with AP or AP-Cav peptide for 6 h. Data represent mean + SEM from
one of three independent experiments (n > 8 for each cell line). Two-tailed unpaired t test;
***p < 0.001. (B) Mobile fraction of FAK-EGFP in focal adhesions of DU145 (NT) and stably
transfected DU145 cell lines (Cav1 constructs as indicated) untreated or PP2 treated (control:
DU145 cells transfected with FAK-EGFP only). Bar graph represents mean + SEM of three
independent experiments (n >10 for each cell type/treatment for each experiment). One-way
ANOVA with Tukey posttest; ***p < 0.001. (C) Quantification of migrated cell numbers in
Transwell migration assays of DU145 (NT) and stably transfected DU145 cells (Cav1 constructs
as indicated) treated with AP or AP-Cav for 6 h (n = 5). Two-tailed unpaired t test; ***p < 0.001.
(D) Quantification of adherent cells after treatment with AP or AP-Cav for 6 h as a measure of
cell viability of nontransfected DU145 (NT) and stable DU145 Cav1 transfectants as indicated.
The numbers of cells were normalized to that of untreated cells. No significant difference was

detected with one-way ANOVA with Tukey posttest (n = 5).

medium tension (FRET 0.12-0.24), and low tension (FRET 0.24-0.8)
based on their FRET values (Figure 6A). In PC3 cells, as observed for
LatA, Y27632, PP2 treatment, siCav1 knockdown, and AP-Cav de-
creased high-tension focal adhesions and increased low-tension fo-
cal adhesions (Figure 6B). Consistently in DU145 cells, overexpres-
sion of Caviwt and Cav1Y14D, but not Cavl1Y14F, increased
high-tension focal adhesions, an increase that could be reversed by
CSD mutation, AP-Cav treatment, and PP2 treatment (Figure 6, C
and D). This suggests that CSD- and Src-dependent pY14Cav1 shifts
the tension distribution of cellular focal adhesions, enhancing or sta-
bilizing those focal adhesions with higher tension.

pY14Cav1 stabilizes vinculin tension in focal adhesions

We then analyzed vinculin tension using FRET-sensitized emission
(FRET SE) analysis over ~6.5 min at a high frame rate (~2 s/frame) in
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were lower and narrower and consistent
both between different cells and among fo-
cal adhesions within the same cell (Figure
8A). Consistent with our analysis of individ-
ual focal adhesions (Figure 7B), inhibiting
motility by targeting Cav1 with siCav1, PP2,
or AP-Cav was associated with increased
tension ranges for individual focal adhe-
sions and increased variation between the
FRET ranges observed for individual cells
(Figure 8A). Of interest, FRET ranges were
highly similar between focal adhesions of an
individual cell, irrespective of the FRET aver-
age or FRET range. This is reflected in the
significant increase in average cellular FRET
(average FRET of all focal adhesions per cell)
but not in SD of average focal adhesion
FRET per cell in PP2-, siCav1-, and AP-Cav-treated cells (Figure 8B).
pCav1 promotion of tumor cell motility is therefore associated with
CSD-dependent dampening of the range of vinculin tension in cel-
lular focal adhesions, thereby maintaining cellular focal adhesions at
high tension.

DISCUSSION

Functional interaction between Y14 phosphorylation

and the CSD controls promigratory Cav1 activity

Cav1 is a 178-amino acid integral membrane protein whose highly
conserved CSD binds and regulates the activity of multiple recep-
tors, scaffold proteins, and kinases (Okamoto et al., 1998; Goetz
et al., 2008b). Cav1 is also a major Src kinase substrate (on tyrosine
14), and pCav1 promotes pseudopodial protrusion, RhoA activa-
tion, focal adhesion dynamics, and the migration and invasion of
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FIGURE 3: pY14Cav1 interacts with vinculin and regulates its stability within focal adhesions.
(A) Focal adhesion proteins detected by quantitative proteomics analysis of GST-Cav1Y14D and
GST-Cav1Y14F pull-down elution. Data represent six independent experiments. N, number of
experiment repeats that detect the same protein; “average # peptides” indicates the average
number of peptides detected that match the protein; “binding ratio Cav1Y14F/Cav1Y14D"
indicates the ratio of the quantity of the binding partner detected from the elution from
GST-Cav1Y14F vs. that from GST-Cav1Y14D. (B) Western blot of elution from GST pull down
labeled with an anti-vinculin antibody, showing the preferential binding of vinculin with GST-
Cav1Y14D. Blots were quantified with the intensity of the vinculin blots, and the bar graph
represents mean = SEM of six independent experiments. One-way ANOVA with Tukey posttest;
*p < 0.05 compared with both of the others. (C) Intensity recovery curve and mobile fraction of
FRAP assays on vinculin-Venus within focal adhesions of nontransfected DU145 (NT) and stable
DU145 Cav1 transfectants as indicated. Intensity recovery curves represent one of three
independent experiments; mobile fraction bar graph represents mean + SEM of three
independent experiments (n > 12 for each cell line for each experiment). One-way ANOVA with

Tukey posttest; ***p < 0.001.

metastatic cancer cells (Parat et al., 2003; Gaus et al., 2006; Grande-
Garcia et al., 2007; Goetz et al., 2008a; Joshi et al., 2008; Nethe
et al., 2010; Boscher and Nabi, 2013; Ortiz et al., 2016). We demon-
strate here that pCav1 control of focal adhesion dynamics and
tumor cell migration is CSD-dependent and mediated through en-
hanced interaction of pCav1 with multiple focal adhesion proteins
and increased tension of vinculin in focal adhesions. Src-dependent
control of CSD binding affinity for focal adhesion proteins through
Y14 phosphorylation therefore controls focal adhesion tension and
thereby tumor cell migration.

Early studies showing pCav1 localization to focal adhesions (Lee
et al., 2000; Beardsley et al., 2005) were challenged because the
monoclonal anti-pY14Cav1 antibody was shown to cross-react with
phospho-paxillin (Hill et al., 2007). Nevertheless, numerous studies
have shown functional roles for Cav1, and more specifically pCav1,
using Y14D and Y14F Cav1 phosphomimetics and Src inhibition, in
focal adhesion signaling, organization, and dynamics, integrin traf-
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phorylation induces conformational changes
that increase the spacing between Cav1l
molecules (Shajahan et al., 2012; Zimnicka
et al., 2016). Indeed, Cav1 Y14 phosphory-
lation has been shown to enhance CSD in-
teraction with eNOS (Chen et al., 2012). Y14
phosphorylation induced conformational
changes may thereby distance the CSD
from the membrane, promoting CSD acces-
sibility to binding partners, including the fo-
cal adhesion proteins reported here.

A scaffolding function for pY14Cav1 at
focal adhesions is supported by the require-
ment for the CSD in the regulation of pY-
14Cav1 activity in focal adhesions and tu-
mor cell migration (Figure 2). Disruption of
pY14Cav1-dependent focal adhesion stabi-
lization, vinculin tension, and cell migration by the membrane-per-
meable, CSD-mimicking peptide AP-Cav defines a critical role for
the CSD in focal adhesion dynamics and migration of tumor cells.
The AP-Cav peptide inhibits angiogenesis and delays tumor pro-
gression in vivo (Bucci et al., 2000; Gratton et al., 2003) such that
CSD-mimicking peptides may represent an effective anticancer
therapy (Williams and Lisanti, 2005). Our data suggest that thera-
peutic use of CSD-mimicking peptides may also affect pY14Cav1-
dependent tumor cell migration, enhancing the potential value of
these CSD-targeted reagents as anticancer therapeutics.

pCav1 promotes vinculin tension at focal adhesions

pY14Cav1 stabilizes FAK in focal adhesions, which is associated with
FAK-Y397 phosphorylation and focal adhesion disassembly and cell
migration (Hamadi et al., 2005; Goetz et al., 2008a; Joshi et al.,
2008). Vinculin is also activated by Src phosphorylation of Y1065
and stabilizes various components of focal adhesions, including

Molecular Biology of the Cell
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Use of a FRET sensor to report on vinculin tension in metastatic prostate cancer
cells. (A) Representative images of acceptor photobleaching FRET assay on vinculin tension
sensor (VinTS) and control vinculin tailless (VinTL) in DU145 cells cotransfected with Caviwt-myc.
Cells were fixed and Cav1-myc constructs detected by immunolabeling with anti-myc tag
antibody. Insets, enlarged focal adhesions color-coded for FRET efficiency. Scale bar, 10 um.

(B) Quantification of FRET efficiency of VinTS or VinTL of indicated DU145 Cav1 transfectants.
(C) Representative images of prebleach and FRET efficiency of PC3 cells, untreated (Control)
cells, or cells treated with Y27632, LatA, or Jasp. (D) Quantification of VinTS FRET efficiency in
focal adhesions of LNCaP, DU145, and PC3 cells, untreated (Control) cells, or cells treated with
Y27632, LatA, or Jasp as indicated. For B and D, data represent mean + SEM of three
independent experiments (n > 20 for each cell type/treatment for each experiment). One-way
ANOVA with Tukey posttest for B and two-way ANOVA with Dunnett posttest for D; *p < 0.05;

*xp < 0.001.

FAK, in a force-dependent manner (Carisey et al., 2013). Indeed,
PP2 disrupts the Src-dependent activation of vinculin and tension
development in airway smooth muscle cells (Zhang et al., 2004;
Huang et al., 2014). We show here that pCav1 also stabilizes vinculin
and regulates vinculin tension in focal adhesions. Curiously, whereas
FAK stabilization in focal adhesions by Cav1Y14D is insensitive to
Src inhibition (Figure 2B), increased vinculin tension induced by
Cav1Y14D remains PP2 sensitive (Figure 5B). This suggests that
Src-dependent Cav1 Y14 phosphorylation is sufficient to stabilize
focal adhesion components but not to induce vinculin tension.
pCav1 stabilization of focal adhesion components may enable the
Src phosphorylation of vinculin Y1065 required for its conformation-
based activation and tension (Zhang et al., 2004; Huang et al.,
2014).

Further, mechanical tension drives Src-dependent Cavl Y14
phosphorylation (Radel and Rizzo, 2005; Joshi et al., 2012). At the
same time, Cav1 promotes Csk-dependent inactivation of Src and
prevents Src/p190RhoGAP inhibition of RhoGTPase signaling,
thereby driving cell polarization and motility (Grande-Garcia et al.,
2007; Place et al., 2011). The results taken together suggest that
Src-dependent pY14Cav1 stabilization of focal adhesion proteins is
a central component of a feedback loop that enables temporal vin-
culin activation, unfolding, and focal adhesion tension.

Our data suggest that pCav1 generally increases vinculin tension
in focal adhesions and dampens the elasticity of tension variations in
focal adhesions, paralleling the effects of actin cytoskeleton stabili-
zation. Indeed, the effect on focal adhesion vinculin tension ob-
served on modulation of the actin cytoskeleton (LatA, Y27632, Jas)
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was highly similar to that induced by alter-

Ez::% ing pCav1 status and function (Figures 6
and 7). This can be seen in the higher abun-
dance of high-tension focal adhesions in

pCavl-expressing and Jasp-treated cells

(Figure 6) and in the larger FRET range

of individual focal adhesions over time in

o S s PC3 cells treated with siCav1, PP2, LatA,
&%&o & o;\* oq,ﬁ\ or Y27632 (Figure 7B). This suggests that
’ pCav1 is a molecular effector that promotes

actin- and ROCK-dependent focal adhesion

=f$2;rg;2 E:IJ_:;? tension. Consistently, pCav1 induces RhoA

R
e
N

activation and promotes Rho/ROCK-depen-
dent cell migration and invasion (Grande-
Garcia et al., 2007; Joshi et al., 2008).

pCav1-dependent vinculin tension

and tumor cell migration

Vinculin interacts with both the talin-integrin
complex and the actin cytoskeleton and is
therefore closely involved in focal adhesion
tension-induced signaling (Cohen et al.,
2006; Ziegler et al., 2006; del Rio et al.,
2009; Kanchanawong et al., 2010). A consti-
tutively active vinculin mutant shows less
turnover from focal adhesions and leads to
enlarged focal adhesions in a high-tension
environment (Balaban et al., 2001; Cohen
etal., 2006; Humphries et al., 2007). Tension
maintains vinculin in focal adhesions, and a
mutated active vinculin activates integrins
and stabilizes other focal adhesion proteins
within focal adhesions (Carisey et al., 2013).
A more recent study found a plastic relation-
ship between vinculin tension and the size and lifetime of focal ad-
hesions and identified a subpopulation of adhesions with stable
vinculin tension (Hernandez-Varas et al., 2015). These data are con-
sistent with our identification of a population of focal adhesions that
maintain a midrange tension irrespective of modulation of pCav1
status or actin polymerization state.

The large fluctuations that we observe in vinculin tension over
time were reported previously for both vinculin and talin (Margadant
etal., 2011; Plotnikov et al., 2012; Hernandez-Varas et al., 2015) and
were predicted by modeling of a molecular clutch linking the actin
cytoskeleton to the substrate (Chan and Odde, 2008). Vinculin is
required to couple retrograde flow to focal adhesions and for
ROCK-dependent focal adhesion traction in response to ECM rigid-
ity (Plotnikov et al., 2012; Thievessen et al., 2013). The molecular
clutch hypothesis argues that linking the ECM to the actin cytoskel-
eton through integrins and focal adhesions engages and directs ret-
rograde actin flow to drive lamellipodial protrusion (Mitchison and
Kirschner, 1988). Slippage between retrograde flow and substrate
will reduce force transmission and tension at focal adhesions and
thereby lamellipod protrusion and cell motility (Case and Water-
man, 2015). By dampening force fluctuation in focal adhesions,
pCav1 may promote clutch engagement, driving membrane protru-
sion and migration of the cancer cells studied here.

Consistent with this interpretation, focal adhesions of pCav1 ex-
pressing PC3 cells show a general shift to high-tension FRET ranges.
pCav1 disruption with PP2, siCav1, or AP-Cav resulted in reduced
average vinculin tension values for cellular focal adhesions and
larger tension ranges, indicative of increased slippage between
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sity and extracellular matrix organization are
associated with tumorigenesis (Ursin et al.,
2005; Provenzano et al., 2006). Increasing
matrix stiffness links to cellular tension to
promote tumor migration and metastasis
through focal adhesion signaling (Paszek

et al., 2005; Levental et al., 2009; Kraning-
Rush et al., 2012). Fluctuations in focal ad-
hesion tension sample ECM rigidity and
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guide cellular migration to areas of ECM
stiffness (Plotnikov et al., 2012). The extent
to which pCav1 induction of cellular focal
adhesion tension mediates the cancer cell
response to matrix stiffness and is involved
in Cav1 function in cancer progression re-
mains to be determined. However, inas-
much as Cavl responds to mechanical
stress (Radel and Rizzo, 2005; Joshi et al.,
2012), is a key component of caveolae that
protect against mechanical induced dam-
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pY14Cav1 induces vinculin tension in a CSD-dependent manner. (A) Quantification
of FRET efficiency of VinTS in focal adhesions of siRNA-transfected PC3 cells (no siRNA, siCTL,
or siCav1) and/or PP2 treatment. (B) Quantification of FRET efficiency of VinTS of DU145 Cav1
transfectants as indicated, untreated (control) or treated with PP2. (C) Quantification of VinTS
FRET efficiency in focal adhesions of LNCaP, DU145, and PC3 cells, untreated (Control) cells, or
cells treated with AP/AP-Cav as indicated. (D, E) Quantification of FRET efficiency of VinTS of
variously transfected DU145 cells as indicated, untreated (D) or treated with AP/AP-Cav for 6 h
(E). Data represent mean + SEM of three independent experiments (n >20 for each cell type/
treatment for each experiment). One-way ANOVA with Tukey posttest; ***p < 0.001.

actin flow and substrate adhesions. Although not directly addressed
in this study, our data do not preclude a leading edge/trailing edge
gradient for vinculin tension (Grashoff et al., 2010). Indeed, pCav1
association with the leading edge (Nomura and Fujimoto, 1999;
Parat et al., 2003; Joshi et al., 2008) suggests that it acts predomi-
nantly at protrusive actin regions. Our data instead argue that pCav1
expression generally maintains cellular focal adhesions at high ten-
sion, that is, shifts cells to high gear.
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DU145 cells sion, Cav1 is critically placed to contribute

to and mediate the tumor cell response to
mechanical stress and ECM stiffness.

MATERIALS AND METHODS
Antibodies and reagents

Bovine serum albumin solution (BSA; 30%),
and mouse anti—B-actin antibodies were
purchased from Sigma-Aldrich. Rabbit anti-
Cav1 and rabbit anti-FAK were purchased
from Santa Cruz Biotechnology, and rabbit
anti-pY14Cav1 and rabbit anti-Cav antibod-
ies from Transduction Laboratories. Horse-
radish peroxidase (HRP)-conjugated mouse
and rabbit secondary antibodies were pur-
chased from Jackson ImmunoResearch
Laboratories. Phalloidin and secondary anti-
bodies conjugated to Alexa 488, 568, or
647 were purchased from Life Technolo-
gies, Invitrogen. PP2 and Y27632 were pur-
chased from EMD Millipore. LatA and Jasp
were purchased from Sigma-Aldrich. AP
and AP-Cav were as described (Bernatchez
et al., 2005).

Plasmids

C-terminal-tagged, myc/mRFP-tagged Caviwt, Cav1Y14F,
Cav1Y14D, and Cav1Y14R under control of the cytomegalovirus
promoter in pcDNA3 plasmid were as previously described
(Goetz et al., 2008a; Joshi et al., 2008). The Cav1 scaffolding
domain mutant (Cav1F92A/V94A) and the combined mutants
(Cav1Y14F/F92A/N94A and Cav1Y14D/F92A/V94A) were gen-
erated using the following sets of primers: for F92A/V94A-F,

Molecular Biology of the Cell
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FIGURE 6: pY14Cav1 shifts the vinculin tension distribution of focal adhesions. (A) FRET AB
measurements of vinculin tension of focal adhesions of PC3 cells treated with Jasp and LatA
were binned at interval of 0.04 unit. Focal adhesions were arbitrarily divided into groups of
high (FRET 0-0.12), medium (FRET 0.12-0.24), and low (FRET 0.24 - 0.8) tension by comparing
the Jasp- and LatA-treated cells. (B-D) Percentage of low-/medium-/high-tension focal
adhesions in PC3 and DU145 cells with various treatments and transfections as noted.

Data represent mean + SEM of three independent experiments (n > 20 for each cell type/
treatment for each experiment). One-way ANOVA with Tukey posttest; *p < 0.05; **p < 0.01;

*exp < 0.001.

5’cac cac cgc cac tgc gac gaa ata ctg g3’, and for F92A/V94A-R,
5’cca gta ttt cgt cgc agt ggc ggt ggt g3’; for Cavl-BamHI-R,
5’ggg gat ccc tat ttc ttt ctg ca agt tga tgc gga c3’, and for
Cav1-Hindlll-F, 5’gga agc tta gca tgt ctg ggg gca aat ac3’; where
either Cavlwt or its Y14 mutants were used as templates for
postoverlapping extension. The final PCR-amplified products,
Cav1F92A/V94A, CavlY14F/F92A/N94A, or CavlY14D/F92A/
V94A, were TA-cloned (Invitrogen), restriction digested (by

e “U“ ?U i

Hindlll) and sequence verified before subcloning back into pRFP-

N1 at EcoR1-BamH1 restriction sites. Restriction enzymes (EcoR1
and BamH1) were purchased from New England Biolabs. T4 li-
gase was purchased from Invitrogen.
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Cell culture, transfection,
and drug treatment
The human DU145 cell line was from the
American Type Culture Collection and main-
tained in complete RPMI 1640 supplemented
with 10% fetal bovine serum. Stable DU145
cell lines expressing dsR or the Cav1 con-
structs were prepared by transfecting dsR
or the Cav1 construct expression vectors us-
ing Effectene (Qiagen). Neomycin-resistant
cells were selected for 15 d against 400 pg/
mL Geneticin (Life Technologies, Invitrogen),
and resistant colonies were trypsinized and
sorted for mRFP positives by fluorescence-
activated cell sorting. Pooled mRFP-positive
cells were allowed to recover and expanded
in complete medium supplemented with
Geneticin. All cell lines were passaged at
least twice after recovery from frozen stocks
before initiation of experiments and main-
tained in culture for a maximum of 8-10 pas-
sages to minimize phenotypic drift.
Transient plasmid transfection was done
24 h after plating of the cells or small inter-
fering RNA (siRNA) transfection, using Lipo-
fectamine 2000 (Life Technologies, Thermo
Fisher Scientific) following the manufactur-
er's protocol. Experiments were performed
24 h after plasmid transfection. To knock
down Cav1, cells were cultured in complete
medium for 24 h before transfection with
specific mouse Cav1 siRNA or control siRNA
SMARTpools (mouse siCav1: L-0058415-00;
siCONTROLS: D-001210-01; Dharmacon)
using Lipofectamine 2000 transfection re-
agent (Life Technologies, Thermo Fisher
Scientific) following the manufacturer’s pro-
tocol. Where indicated, cells were treated
with 10 uM PP2 for 30 min, 20 pM Y27632
for 1 h, 150 nM Jasp for 2 h, and 150 nM
LatA for 30 min.

Western blotting

Cell pellets from 80% confluent cultures
were washed with cold phosphate-buff-
ered saline (PBS) and resuspended in lysis
buffer (20 mM Tris-HCI, pH 7.6, 0.5% NP-
40, 250 mM NaCl, 3 mM EDTA, and 3 mM
ethylene glycol tetraacetic acid containing
freshly added 2 mM dithiothreitol (DTT),

0.5 mM phenylmethylsulfonyl fluoride, 1 mM sodium vanadate,
2.5 mM sodium fluoride, and 1 pM leupeptin) for 30 min at 4°C,
and pelleted at 13,000 rpm at 4°C, and the supernatant was col-
lected and stored at —80°C. Equal amounts of proteins were sepa-
rated on 12% SDS-PAGE, electroblotted onto nitrocellulose (GE
Healthcare Life Sciences), probed with indicated antibodies and
HRP-conjugated secondary antibodies, and revealed by enhanced
chemiluminescence.

Immunofluorescence labeling
Cells were fixed with 3% paraformaldehyde (PFA) for 15 min at

room temperature, rinsed with PBS, permeabilized with 0.1%
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FIGURE 7: Live-cell FRET analysis shows that pY14Cav1 narrows the range of vinculin tension in focal adhesions. PC3
cells transiently transfected with VinTS were treated with Jasp, LatA, or Y27632 (A, C, D) or with PP2, siCtl/siCav1, or
AP/AP-Cav (B, E, F) and analyzed by live-cell FRET (sensitized emission, FRET-SE) analysis for ~6.5 min (2-s intervals,
200 frames). Live scans of FRET in individual focal adhesions (A, B), average and SD of FRET values for individual focal
adhesions over time (C, E), and a point distribution of individual focal adhesion FRET values (D, F; focal adhesions from
the same cell are coded with the same color; line shows average) are shown for the different conditions. Boxes show
groupings of high- and low-tension focal adhesions. Data represent mean + SEM of three independent experiments
(n> 20 for each cell type/treatment for each experiment). One-way ANOVA with Tukey posttest; ***p < 0.001.

Triton X-100 in PBS plus 0.1 mM Ca? and 1 mM Mg?* (PBS/CM),
blocked with PBS/CM containing 2% BSA, and then incubated
with primary and fluorescent secondary antibodies in PBS/CM
containing 2% BSA. After labeling, the coverslips were mounted in
CelVol (Celanese) or Prolong Gold (Life Technologies, Thermo
Fisher Scientific), and images were acquired with a 60x or 100x
Plan-Apochromat objectives (numerical aperture [NA] 1.35) of an
Olympus FV1000 confocal microscope or with a 100x HC PL APO
objective (NA 1.40; oil) of a Leica TCS SP8 confocal microscope.

FRAP and FRET analysis

FRAP was performed on an Olympus FV1000 confocal microscope
equipped with a 60x Plan Apochromat objective (NA 1.35; oil) and
SIM scanner. Cells were plated at low density on fibronectin (FN;
10 pg/ml) for 24 h in an eight-well p-slide chamber (ibidi) and trans-
fected with denoted plasmid constructs; experiments were per-
formed 24 h later at 37°C in bicarbonate-free medium. PP2 at 10 uM
was applied to cells 30 min before imaging. Alternatively, 18 h after
transfection, culture medium was replaced with serum-free medium
containing 10 uM AP or AP-Cav for 6 h. For each FRAP analysis, a
prebleach frame was acquired, followed by a single bleach event,
using the simultaneous and independent stimulation of the 405-nm
laser line of the SIM scanner. Fluorescence recovery was followed at
4-s time intervals until the intensity reached a plateau. Fluorescence
intensity during recovery was normalized to the prebleach intensity.
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Normalized intensity value of the recovery plateau in each bleached
area was calculated as the mobile fraction using Prism 4 (GraphPad).
Graphs are representative of a minimum of three independent
experiments in which between 10 and 25 focal adhesions were
bleached.

FRET was performed on a Leica TCS SP8 confocal microscope
with a 100x HC PL APO objective (NA 1.40; oil) or a 63x water im-
mersion objective, using either FRET AB (acceptor bleaching) or
FRET SE (sensitized emission) Leica software modules. Cells were
plated at low density on FN (10 pg/ml) in an eight-well p-slide
chamber (ibidi) and transfected with the indicated plasmids 24 h
postplating. For FRET AB, cells were fixed with 3% PFA 24 h after
transfection and then permeabilized with 0.1% Triton X-100,
blocked with 2% BSA, and incubated with specific primary anti-
bodies (mouse anti-myc tag or rabbit anti-Cav1) and Alexa Fluor
647-conjugated secondary antibodies. Regions of interest were
drawn around visible focal adhesions and excited with the 515-nm
laser line to bleach the Venus channel. Both a prebleach image
and a postbleach image of the mTFP and Venus channels were
acquired, and FRET efficiency was determined by the Leica soft-
ware (LAS AF). For FRET SE, cells were changed to bicarbonate-
free medium containing 10% serum. Images were zoomed three
times to focus on single cells and taken at ~2 s/frame for 200
frames or imaged for 10 frames every 30 min for a total length of
180 min at zoom 1x.

Molecular Biology of the Cell
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Beads were prepared using Glutathione-S-
Sepharose (GE Healthcare) following sup-
plied protocol, and prepared beads (vali-
dated by SDS-PAGE and GST, Cavl
Western blots) were stored at 4°C for fur-
ther use.

Pull-down assays with GST, GST-
Cav1Y14D, and GST-Cav1Y14F beads were
performed following protocol (Garcia-
Carden et al., 1997). Briefly, ~15 pg of total
protein lysate was incubated with the GST,
GST-Cav1Y14D, or GST-Cav1Y14F beads on
rotor at 4°C for 3 h, washed, and subjected
to thrombin cleavage (0.1 U/reaction) in re-
action buffer (20 mM Tris-HCI, pH 8.0,
100 mM NaCl, 0.3 mM CaCl,, T mM DTT,
and 0.1% Triton X-100). Reaction mixtures
were incubated overnight at 4°C. The super-
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FIGURE 8: pY14Cav1-dependent vinculin tension control is cell specific. (A) The ranges of focal
adhesion FRET over the 6.5-min live-cell FRET analysis for PP2, siCtl/siCav1, and AP/AP-Cav
treated cell color coded for individual cells. (B) Average and SD of FRET for all the focal
adhesions within a cell (cellular FRET). Two-way ANOVA with Bonferroni’s multicomparison test;
*p < 0.05; ***p < 0.001; ns, not significant. The absence of significant differences in SD between
focal adhesions in individual cells is indicative of synchronous changes between tension levels of

focal adhesions within a cell.

Migration assay and cytotoxicity assay

For the Transwell migration assay, cells were trypsinized,
counted, and transferred to uncoated 8-um cell culture inserts
(BD Falcon) in medium containing 2% serum; the assembly was
placed into 24-well plates containing complete medium with
10% serum. After 16 h, nonmigrated cells were removed from
the top of the filter with a cotton swab, and migrated cells on the
bottom of the filter were fixed with 3% PFA and stained with 5%
crystal violet, and labeled cells were counted. Cell counts were
normalized to the control DU145 group. Alternatively, after 2 h,
medium in the inserts was replaced with serum-free medium
containing 10 pM AP or AP-Cay, and after 6 h, the nonmigrated
cells were removed and migrated cells were fixed, stained, and
counted. Cell counts were normalized to the DU145 plus AP
treatment group. For the cytotoxicity assay, cells were trypsin-
ized, counted, and plated in complete medium for 24 h, which
was replaced with serum-free medium (control) or serum-free
medium containing 10 uM AP or AP-Cav for 6 h, after which the
cells were fixed, stained, counted, and normalized to the control
group for each cell line.

GST pull-down and proteomics analysis

The amino acid 1-101 fragments of Cav1 (wild-type, Y14F, Y14D)
were subcloned into pGEX-4T1 plasmid (GE Healthcare). GST,
GST-Cav1Y14D, and GST-Y14F plasmids were transformed into
BL21 Escherichia coli strain, and sequence-verified clones were in-
duced with 0.4 mM isopropyl-B-p-thiogalactoside 30°C for 3 h.
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peptides, respectively.

The peptide mixtures were analyzed
on an Orbitrap Velos as described (Imami
et al., 2013), and the mass spectra were
used to identify and quantify proteins us-
ing the MaxQuant package (Cox and
Mann, 2008). Proteins having at least two
peptides were considered for further bio-
informatics analysis using the Quantitative
Proteomics P-value Calculator (Chen et al., 2014). A distribution-
free permutation method based on replicated log(ratio) was ap-
plied to the raw peptide ratios to identify significantly altered
proteins. Of the significantly changed proteins, only those with a
fold change greater >1.5 were considered further.
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