








between Cav1 expression in colon cancer and the presence
of distant metastatic disease at presentation (Fig. 1B, inset),
supporting an association between Cav1 expression and cancer
progression and metastasis.

For rectal cancer patients, Cav1 overexpression was associated
with decreased years of disease-free survival (P = 0.005).
Furthermore, we observed a significant association between Cav1
expression in rectal cancer and the development of distant
metastasis (disease recurrence, P = 0.049; Fig. 1C).

pY14Cav1 is expressed in select metastatic cell lines.
Caveolin (Cav1/2) expression was profiled in MCF-10A, MCF-7,
MDA-231, MDA-435, HEPG2, CT26 (mouse), LnCAP, DU145, PC3,
SW480, LS174T, HCT116, and HT29 cell lines. As shown in Fig. 2A ,
Cav1/2 expression was significantly increased in metastatic
MDA-231, PC3, DU145, CT26, and HCT116 cells relative to the
other cell lines. Interestingly, pY14Cav1 levels were selectively
detected in breast MDA-231, colon HCT116, and prostate PC3 cells,
where it was associated with either elevated Cav1 levels and/or
elevated expression of phosphorylated Src (pSrc; Supplementary
Fig. S1A). In the previously characterized MSV-MDCK-INV cell line
that exhibits well-defined protrusive pseudopodial domains (8),
pY14Cav1 levels were increased relative to the polarized MDCK
epithelial cell line (Fig. 2A).

Using a protocol to purify pseudopodial domains projecting
through 1 Am filter pores (8), we determined whether Cav1/2 and
pY14Cav1 were localized to tumor cell protrusions. As seen in
Fig. 2B for MSV-MDCK-INV and MDA-231 cells, both pY14Cav1 and
pSrc are significantly enriched in the pseudopodial fraction relative
to the cell body. Importantly, mitochondrial HSP70 is predomi-
nantly expressed in the cell body serving as a marker of the purity
of the pseudopodial fraction. Cav1/2 is also found in the
pseudopodial fraction localizing caveolin to tumor cell protrusions.

By immunofluorescence, Cav1/2 distribution in MSV-MDCK-INV,
HCT116, PC3, and MDA-231 cells did not exhibit a polarized
distribution and extended to peripheral cellular regions (Supple-
mentary Fig. S1B). To verify the distribution of Cav1 to protrusive
cellular domains, we cotransfected the MDA-435 cell line that
expresses reduced levels of endogenous Cav1 (Fig. 2A) and few
caveolae (24), as well as DU145 cells that express Cav1 but
not pY14Cav1 (Fig. 2A), with Cav1-mRFP or Cav1Y14F-mRFP
and h-actin-GFP. Time lapse imaging shows clearly that Cav1-
mRFP is present in protrusive lamellipodial domains defined by
h-actin-GFP expression (Fig. 2C and D, left ; Supplementary Videos
1 and 3). In contrast, mutant Cav1Y14F-mRFP is excluded from the
h-actin-GFP–rich leading edge of moving cells (Fig. 2C and D, right ;
Supplementary Videos 2 and 4). Kymograph analysis showed that
wild-type (WT) Cav1, but not Cav1Y14F, was expressed throughout
the lamellipodial region. These data suggest that pY14Cav1 is
targeted to tumor cell protrusions.

Cav1 tyrosine phosphorylation is Rho/ROCK-dependent and
Src-dependent. pY14Cav1 expression has been shown to be
associated with Rho activation in mouse embryo fibroblasts (19).
As shown in Fig. 3A , significantly increased GTP-RhoA levels were
detected in breast MDA-231, prostate PC3, and colon HCT116
relative to MDA-435, DU145, and HT29 cells, corresponding to the
elevated expression of pY14Cav1 in those cells (Fig. 2A). Total RhoA
levels were similar in all the cell lines. We then tested the ability of
DA and DN forms of RhoA and Rac1 to affect pY14Cav1 expression
in MDA-231 and PC3 cells. Both DN-RhoA and DA-Rac1 selectively
reduced pY14Cav1 levels of transfected MDA-231 and PC3 cells
by Western blot analysis (Fig. 3B). Cav1 tyrosine phosphorylation

is therefore downstream of activated Rho and regulated by
differential activation of the Rho/Rac GTPases.

Rho/ROCK activation is associated with pseudopod protrusion
in MSV-MDCK-INV cells (8, 27), and Cav1 is a known substrate of
Src kinase (18). We therefore assessed the role of ROCK and Src
signaling on Cav1 phosphorylation. As seen in Fig. 3C , treatment
with 10 Amol/L PP2, a Src family kinase inhibitor, or 20 Amol/L
Y27632, a ROCK inhibitor, significantly reduced Cav1 phosphory-
lation by Western blot in MSV-MDCK-INV, MDA-231, PC3, and
HCT116 cells. Transfection of MDA-231 and PC3 cells with targeted
siRNA selectively reduced expression levels of c-Src and ROCK1,
whereas control siRNA had no effect on the expression level of the
other targeted protein or on the expression of Cav1/2 or h-actin
(Fig. 3D). Both c-Src and ROCK1 siRNA significantly reduced
pY14Cav1 compared with control siRNA (Fig. 3D), confirming the
data obtained with specific inhibitors (Fig. 3C). ROCK1 siRNA
mediated knockdown also inhibited Src phosphorylation, suggest-
ing that ROCK1 may regulate Src activity in these cells (Fig. 3D).
This suggests that c-Src–mediated phosphorylation of Cav1 is
linked to Rho/ROCK signaling.

Increased FA dynamics in pY14Cav1-expressing tumor cell
lines is Src-dependent and ROCK-dependent. Rho/ROCK
signaling has been associated with increased tumor cell invasivity
via a nonproteolytic, amoeboid mode of tumor cell migration (11).
However, zymogram studies did not show a correlation between
matrix metalloproteinase (MMP) expression and pY14Cav1 expres-
sion or Rho activation state in these tumor cells (data not shown).
Indeed, MDA-231 cells have recently been shown to follow a
proteolytic, mesenchymal migratory mode (28) and HCT116 cells
to exhibit ROCKII-dependent regulation of invasion, MMP-2 and
MMP-13 activity, and invadopodia formation (29). Aside from
increased binding of prostate PC3 cells to collagen types I and IV
relative to DU145 cells, we detected no significant changes in
adhesion to extracellular matrix components between the tumor
cell lines studied (Supplementary Fig. S1C). However, using a
Boyden chamber assay, we detected increased migration of
pY14Cav1 expressing MDA-231, PC3, and HCT116 cells relative
to MDA-435, DU145, and HT29 cells that do not express elevated
pY14Cav1 levels (Fig. 4A). The migration of pY14Cav1-expressing
MDA-231, PC3, and HCT116 cells, but not of MDA-435, DU145,
and HT29 tumor cells, was sensitive to ROCK and Src inhibition
(Fig. 4A).

We previously observed that pY14Cav1 stabilizes FAK exchange
in FAs leading to enhanced FA turnover (23). The presence of
pY14Cav1 in cellular protrusions led us to investigate FA
dynamics in these cancer cell lines. Cells were transiently
transfected with FAK-GFP, and FRAP of FAK-GFP in FAs was
determined as previously described (23, 30, 31). Integrin-mediated
adhesion sites show molecular and functional heterogeneity so
that only peripheral FAs were photobleached, and the rate of
fluorescence recovery in the bleached region followed over time
(Fig. 4B and C). Increased FAK exchange between FA and
cytosolic pools, reflected in the higher mobile fraction, was
consistently detected in pY14Cav1-negative MDA-435, DU145, and
HT29 cells compared with pY14Cav1-positive MDA-231, PC3,
and HCT116 tumor cell lines (Fig. 4D ; Supplementary Table S1).
Treatment of cells with the ROCK inhibitor Y27632 and the Src
inhibitor PP2, under conditions that reduce Cav1 tyrosine
phosphorylation, selectively affect FAK exchange in pY14Cav1
expressing MDA-231, PC3, and HCT116 tumor cell lines. Y27632
and PP2 did not affect FAK exchange in MDA-435, DU145, and
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HT29 tumor cells that do not express elevated levels of pY14Cav1
(Fig. 4D ; Supplementary Table S1).

Transfection of MDA-435 cells with Cav1-mRFP, but not
Cav1Y14F-mRFP, results in FAK stabilization in FAs (23). Similarly,

transfection of either MDA-435 or DU145 cells with Cav1-mRFP or
the phosphomimetic Cav1Y14D-mRFP, but not Cav1Y14F-mRFP,
showed increased FAK stabilization in FAs (Fig. 5A). Importantly,
whereas Cav1 expression rendered FAK exchange sensitive to

Figure 3. Cav1 tyrosine phosphorylation is Rho/ROCK-dependent and Src-dependent. A, RhoA-GTP pull-down assay was performed using RhoA-GTP assay kit
from Upstate Biotechnology on MDA-435, MDA-231, DU145, PC3, HT29, and HCT116 cells. RhoA-GTP pull-down and total RhoA fractions were probed by
Western blot with anti-RhoA antibody. B, MDA-231 and PC3 cells were transiently transfected with empty plasmid (pCDNA) or with myc-tagged WT RhoA, DN-RhoA,
DA-RhoA, WT Rac, DN-Rac, and DA-Rac and then Western blotted for pY14Cav1, the myc epitope tag, and h-actin. C, pY14Cav1-expressing MSV-MDCK-INV,
MDA-231, PC3, and HCT116 cells were either untreated (control, C ) or treated (T ) for 1 h with the Src inhibitor PP2 (10 Amol/L) or ROCK inhibitor Y27632 (20 Amol/L)
and then Western blotted for pY14Cav1 and h-actin. D, MDA-231 and PC3 cells were transfected with control (Ctl ), c-Src, or ROCK1 siRNA for 48 h and then
Western blotted with antibodies to ROCK1, c-Src, pSrc (418), pY14Cav1, caveolin (Cav1/2), and h-actin. Bands in Western blots were quantified by densitometry and
normalized relative to h-actin (n = 3). *, P < 0.05; **, P < 0.001.
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PP2 and Y27632, in cells expressing the phosphomimetic
Cav1Y14D, FAK-GFP stabilization in FAs was no longer sensitive
to Src or ROCK inhibition (Fig. 5A ; Supplementary Table S1). This
provides direct evidence of a role for tyrosine phosphorylation of
Cav1 in Src-dependent and ROCK-dependent regulation of FAK
stabilization in FAs.

A stable lentiviral-infected Cav1 shRNA MDA-231 cell line
expresses reduced Cav1 levels (24) and shows an increased FAK-
GFP mobile fraction in FAs that is no longer sensitive to PP2 and
Y27632 treatment (Fig. 5B ; Supplementary Table S1). Furthermore,
both ROCK and Src siRNA increased the rate of FAK exchange in
MDA-231 cells, but not FAK exchange in Cav1 shRNA MDA-231
cells (Fig. 5C ; Supplementary Table S1). pY14Cav1 expression is
therefore associated with ROCK-sensitive and Src-sensitive FA
dynamics and tumor cell migration.

Expression of Cav1 is a critical determinant of Src-sensitive
and ROCK-sensitive tumor cell migration and invasion. We

subsequently generated stable MDA-435 cell lines expressing
Cav1-mRFP, Cav1Y14F-mRFP, or, as a control, dsRed. These cells
expressed Cav1-mRFP at similar levels to endogenous Cav1 and
overexpression of WT Cav1, but not Cav1Y14F or dsRed, results
in pY14Cav1 expression (Fig. 6A). FAK stabilization in FAs
was significantly increased in stable Cav1-mRFP expressing MDA-
435 cells relative to both dsRed and Cav1Y14F-mRFP expressing
cells; FAK stabilization in FAs of the stable Cav1Y14F-mRFP cells
was significantly reduced relative to dsRed-transfected MDA-435
cells, and these cells presented a more spread morphology relative
to the other two cell lines (Supplementary Fig. S2A and B ;
Supplementary Table S1). Expression of WT or mutant versions of
Cav1 did not significantly influence cell proliferation or colony
formation (Supplementary Fig. S2C and D). Interestingly, RhoA-
GTP was down-regulated in MDA-231 cells upon Cav1 shRNA
silencing and up-regulated in MDA-435 cells transfected with
Cav1-mRFP, but not with either Cav1Y14F-mRFP or dsRed

Figure 4. Src and ROCK dependence of tumor cell migration and FAK stabilization is associated with pY14Cav1 expression. A, Boyden chamber transwell migration
assay of MDA-435, MDA-231, DU145, PC3, HT29, and HCT116 cells was performed in the presence of Src inhibitor PP2 (10 Amol/L) or ROCK inhibitor Y27632
(20 Amol/L), as indicated (n = 3; FSE). *, P < 0.05; **, P < 0.001 relative to untreated cells. B-D, MDA-231, MDA-435, PC3, DU145, HCT116, and HT29 cells were
transiently transfected with FAK-GFP and subjected to FRAP of FAK-GFP in peripheral FAs. B, representative images of DU145 and PC3 cells with FAs selected
for photobleaching in boxes. Right, prebleach, bleach, and recovery images of the selected FA. C, representative graphs show average percentage intensity
(n = 3; FSE) in the bleached zone of FAK-GFP during recovery for PC3 and DU145 cells. D, MDA-231, MDA-435, PC3, DU145, HCT116, and HT29 cells were
transiently transfected with FAK-GFP and treated for 30 min with the Src inhibitor PP2 (10 Amol/L) or ROCK inhibitor Y27632 (20 Amol/L) before FRAP analysis of
FAK-GFP in peripheral FAs. Graphs show average mobile fraction (n = 3; FSE) in the bleached zone of FAK-GFP during recovery. See Supplementary Table S1 for
calculation of the rate of recovery and immobile fraction (n = 3). *, P < 0.05; **, P < 0.001.
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(Fig. 6A). pY14Cav1 expression therefore regulates RhoA activation
state in these cells.

Furthermore, migration of MDA-435 expressing Cav1-mRFP,
but not Cav1Y14F-mRFP, was elevated relative to dsRed transfec-
tion controls. Of particular importance, upon expression of
WT-Cav1-mRFP in MDA-435 cells, migration of the cells became
ROCK-dependent and Src-dependent (Fig. 6B, left). MDA-231 cells
stably expressing Cav1 shRNA showed reduced migration relative
to parental MDA-231 cells, and migration of shRNA Cav1-
expressing MDA-231 cells was no longer sensitive to ROCK or Src
inhibition (Fig. 6B, right).

Using a Matrigel invasion assay, the elevated invasion of MDA-
231 cells was reduced by Cav1 silencing by shRNA whereas
overexpression of Cav1-mRFP enhanced the invasive capability of
MDA-435 cells. dsRed and pY14F-Cav1 expression did not affect
invasion of MDA-435 cells (Fig. 6C). Invasion of only MDA-231 and
Cav1-mRFP–expressing MDA-435 cells was sensitive to inhibition
of ROCK with Y27632 (Fig. 6D). Expression of Cav1, and more
specifically its Y14 phosphorylated form, is therefore associated
with ROCK and Src stimulation of tumor cell migration and
invasion by stabilizing FAK in FAs and thereby increasing FA
dynamics. The parallel role for Cav1 in FA dynamics and migration
of cell lines of various tissue origin suggests that this may be a
general mechanism by which Cav1 can influence tumor cell
invasion and metastasis.

Discussion

The CAV1 gene maps to a tumor suppressor locus (D7S522;
7q31.1) frequently deleted in human carcinomas, including breast

cancer (14). Up to 16% of human breast cancers express a CAV1
P132L mutation that correlates with breast tumor progression and
acts as a DN for scaffold domain-dependent growth suppression
(32, 33). The negative regulatory function of Cav1 can also be
overridden by competitive recruitment of epidermal growth factor
receptor to the positive signaling environment of the galectin
lattice (34). Mechanisms to override negative regulation of growth
signaling by Cav1 will allow tumor cell expression of Cav1 but do
not explain the close association between Cav1 and poor prognosis
identified in this study and others (15, 16, 35–37).

In prostate cancer, Cav1 has long been associated with poor
prognosis and poor patient survival (15). In breast cancer, Cav1 is
overexpressed in invasive compared with benign and in situ breast
tumors and associated with the basal-like phenotype in sporadic
and hereditary breast cancer and poor patient outcome (16, 38, 39).
Our finding that Cav1 overexpression is an independent predictor
of poor disease prognosis for sporadic invasive breast cancer
suggests that Cav1 expression is generally associated with
aggressive clinical behavior and decreased survival for breast
cancer patients. For colon cancer, Cav1 has been reported as
overexpressed in tumor compared with normal mucosa and
premalignant lesions, but no consistent relationship between
Cav1 and patient prognosis or outcome has been reported
(40, 41). The association we observed between Cav1 overexpression
and the presence of distant metastases is based on overexpression
of Cav1 by 3 of 111 (2.7%) M0 and 2 of 9 (22.2%) M1 patient cancers
(P = 0.045) and suggests a role for Cav1 in advanced stages of colon
cancer. For rectal cancer, Cav1 was a significant predictor of
reduced survival and its expression was associated with recurrence.
These observations suggest that Cav1 expression plays distinct

Figure 5. pY14Cav1 expression
determines the Src and ROCK
dependence of FAK stabilization in FAs.
A, MDA-435 and DU145 cells
were transiently transfected with FAK-GFP
and either Cav1-mRFP, Cav1Y14F-mRFP,
or Cav1Y14D-mRFP and treated for 30 min
with the Src inhibitor PP2 (10 Amol/L) or
ROCK inhibitor Y27632 (20 Amol/L) before
FRAP analysis of FAK-GFP in peripheral
FAs. Graph shows average mobile fraction
(n = 3; FSE) in the bleached zone of
FAK-GFP during recovery (n = 3).
*, P < 0.05; **, P < 0.001. B, MDA-231 and
Cav1 shRNA MDA-231 cells were
transiently transfected with FAK-GFP and
subjected to FRAP analysis of FAK-GFP in
peripheral FAs. Cav1 shRNA MDA-231
cells were also treated for 30 min with the
Src family kinase inhibitor PP2 (10 Amol/L)
or Rho kinase inhibitor Y27632 (20 Amol/L)
before FRAP analysis. C, MDA-231 (left )
and Cav1 shRNA MDA-231 (right ) cells
were transfected with control, ROCK, and
Src siRNA together with siGlo and after 24
h with FAK-GFP and subjected to FRAP
analysis of FAK-GFP in peripheral FAs of
siGlo-positive cells. Graph shows average
mobile fraction (n = 3; FSE) in the
bleached zone of FAK-GFP during
recovery. See Supplementary Table S1 for
calculation of the rate of recovery and
immobile fraction (n = 3). *, P < 0.05;
**, P < 0.001.

Cav1 and Rho/ROCK in Tumor Cell Migration and Invasion

www.aacrjournals.org 8217 Cancer Res 2008; 68: (20). October 15, 2008

Research. 
on November 17, 2018. © 2008 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


roles in the tumor progression of these and other cancer types that
may affect the relationship of Cav1 expression to patient outcome.
Cav1 is a multifunctional protein, and our observations, as well as
those in the current literature, highlight the varied contribution of
Cav1 to tumor biology, but nevertheless suggest that Cav1
expression does play an important role in cancer progression and
metastasis.

The demonstration here that tyrosine phosphorylated Cav1 is an
effector of Rho/ROCK signaling in FA dynamics and tumor cell
migration and invasion identify a novel function for Cav1 in tumor
progression and metastasis. pY14Cav1 has been localized to the

major sites of tyrosine-kinase signaling, FAs, where it generates a
docking site for SH2-domain containing proteins, such as Grb7
(42), as well as for the COOH terminal Src kinase Csk that is able to
down-regulate Src activity via phosphorylation (43). Cav1 also
functions as a membrane adaptor that, when phosphorylated upon
integrin ligation in FAs, promotes cell signaling and actin
reorganization (20, 21, 44–47). The ability of Cav1 to regulate
domain formation in FAs (22) is consistent with the ability of
pY14Cav1 to stabilize FAK within FAs, limiting exchange of FAK
between FAs and cytosol (23). Reducing FAK exchange enables
recruitment of effectors that lead to FA disassembly and turnover,

Figure 6. Cav1 expression determines the ROCK and Src dependence of tumor cell migration. A, stably transfected MDA-435 cell lines expressing Cav1-mRFP,
Cav1Y14F-mRFP, or dsRed as a transfection control were probed by Western blot for Cav1, pY14Cav1, or the myc epitope tag and h-actin, as indicated (left ).
Activated RhoA activity was assessed by rotekinin pull-down in MDA-231, Cav1-shRNA stable MDA-231 cell line, MDA-435, and stable dsRed–, Cav1-mRFP– and
Cav1Y14F-mRFP–transfected MDA-435 cells. RhoA-GTP was quantified relative to total RhoA in Western blots by densitometry (right ; n = 3; *, P < 0.05). B, Boyden
chamber transwell migration assay was performed on stable MDA-435 transfectants expressing dsRed, Cav1-mRFP, or Cav1Y14F-mRFP (left ) or MDA-231 and
Cav1 shRNA MDA-231 cells (right ) in the presence of the Src inhibitor PP2 (10 Amol/L) or ROCK inhibitor Y27632 (20 Amol/L), as indicated (n = 3; FSEM; *, P < 0.05;
**, P < 0.001). C, Matrigel invasion assay was performed on MDA-231 and stable Cav1 shRNA MDA-231 cells or untransfected MDA-435 cells and MDA-435 stable
transfectants expressing dsRed, Cav1-mRFP, or Cav1Y14F-mRFP. D, Matrigel invasion assay was performed on MDA-231, Cav1 shRNA MDA-231, MDA-435,
Cav1-mRFP–transfected MDA-435 cells in the presence of the ROCK inhibitor Y27632 (20 Amol/L), as indicated (n = 3, FSEM; *, P < 0.05, **, P < 0.001)
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thereby promoting cell migration (30, 31). However, the clear
association of Cav1 with integrin and its ability to regulate
functional domain organization within FAs define an important
role for pY14Cav1 in FA dynamics.

Rho/ROCK signaling, therefore, functionally interacts with
pY14Cav1-mediated FAK exchange defining a novel interaction
between these metastasis-related processes. Importantly, RhoC
expression correlates with Cav1 and Cav2 expression in inflamma-
tory breast cancer (39). Enrichment of pY14Cav1 in pseudopodial
domains of tumor cells and the Y14 dependence of Cav1
distribution to tumor cell protrusions localize this interaction to
protrusive domains of tumor cells. Activated Rho has been
localized to tumor cell protrusions (5–7), and Cav1 polarization
to the front of endothelial cells migrating through filter pores is
dependent on an intact Y14 residue (48). Cav1 has been reported to
interact directly with both RhoA and ROCK and to promote Rho
signaling through inhibition of Src-p190RhoGAP signaling to Rac
(19, 49, 50). The ability of Rho/ROCK signaling to promote Cav1
tyrosine phosphorylation in the tumor cell lines studied here is
indicative of a feedback loop that maintains local Rho activation
and pY14Cav1 expression in tumor cell protrusions.

These studies suggest that Cav1 is a critical effector of Rho/
ROCK-dependent and Src-dependent tumor cell migration and
invasion through regulation of FA dynamics. MDA-231 cells, shown
here to present elevated pY14Cav1, Rho activation, and Rho/ROCK-
dependent migration, exhibit a proteolytic, mesenchymal mode of

migration (28). Regulation of tumor cell invasion by Rho/ROCK
signaling may therefore involve Cav1-dependent FA turnover in
protrusive tumor cell domains of cells invading via a mesenchymal
migratory mode in addition to matrix deformation and proteolysis-
independent cell invasion (10, 11). In addition, Rho/ROCK signaling
regulates mRNA translocation to tumor cell protrusions, the
invasive response to hypoxic conditions and invadopodia forma-
tion (5, 8, 29), suggesting that it may play multiple important roles
in tumor cell migration and invasion. The critical role described
here for pY14Cav1, as a regulator of Rho activation and of
Src-dependent and ROCK-dependent tumor cell migration and
invasion, provides a mechanistic explanation for the close
association between Cav1 expression and poor survival and distant
metastasis in various human tumors.
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