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

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

pYl4Cavl is expressed in select metastatic cell lines.
Caveolin (Cavl/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. 24,
Cavl/2 expression was significantly increased in metastatic
MDA-231, PC3, DU145, CT26, and HCT116 cells relative to the
other cell lines. Interestingly, pY14Cavl levels were selectively
detected in breast MDA-231, colon HCT116, and prostate PC3 cells,
where it was associated with either elevated Cavl levels and/or
elevated expression of phosphorylated Src (pSrc; Supplementary
Fig. S14). In the previously characterized MSV-MDCK-INV cell line
that exhibits well-defined protrusive pseudopodial domains (8),
pY14Cavl levels were increased relative to the polarized MDCK
epithelial cell line (Fig. 24).

Using a protocol to purify pseudopodial domains projecting
through 1 um filter pores (8), we determined whether Cavl/2 and
pY1l4Cavl were localized to tumor cell protrusions. As seen in
Fig. 2B for MSV-MDCK-INV and MDA-231 cells, both pY14Cav1l 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. Cavl/2 is also found in the
pseudopodial fraction localizing caveolin to tumor cell protrusions.

By immunofluorescence, Cavl/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 Cavl to protrusive
cellular domains, we cotransfected the MDA-435 cell line that
expresses reduced levels of endogenous Cavl (Fig. 24) and few
caveolae (24), as well as DU145 cells that express Cavl but
not pYl4Cavl (Fig. 24), with Cavl-mRFP or CavlY14F-mRFP
and P-actin-GFP. Time lapse imaging shows clearly that Cavl-
mRFP is present in protrusive lamellipodial domains defined by
B-actin-GFP expression (Fig. 2C and D, left; Supplementary Videos
1 and 3). In contrast, mutant CavlY14F-mRFP is excluded from the
B-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) Cavl, but not Cavl1Y14F, was expressed throughout
the lamellipodial region. These data suggest that pY14Cavl is
targeted to tumor cell protrusions.

Cavl tyrosine phosphorylation is Rho/ROCK-dependent and
Src-dependent. pY1l4Cavl expression has been shown to be
associated with Rho activation in mouse embryo fibroblasts (19).
As shown in Fig. 34, 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 pY14Cavl in those cells (Fig. 24). Total RhoA
levels were similar in all the cell lines. We then tested the ability of
DA and DN forms of RhoA and Racl to affect pY14Cavl expression
in MDA-231 and PC3 cells. Both DN-RhoA and DA-Racl selectively
reduced pY1l4Cavl levels of transfected MDA-231 and PC3 cells
by Western blot analysis (Fig. 3B). Cavl 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 Cavl is a known substrate of
Src kinase (18). We therefore assessed the role of ROCK and Src
signaling on Cavl phosphorylation. As seen in Fig. 3C, treatment
with 10 pmol/L PP2, a Src family kinase inhibitor, or 20 pmol/L
Y27632, a ROCK inhibitor, significantly reduced Cavl 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 Cavl/2 or B-actin
(Fig. 3D). Both c-Src and ROCK1 siRNA significantly reduced
pYl4Cavl 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 Cavl is
linked to Rho/ROCK signaling.

Increased FA dynamics in pY14Cavl-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 pY14Cavl 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
pYl4Cavl expressing MDA-231, PC3, and HCT116 cells relative
to MDA-435, DU145, and HT29 cells that do not express elevated
pYl4Cavl levels (Fig. 44). The migration of pYl4Cavl-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. 44).

We previously observed that pY14Cavl stabilizes FAK exchange
in FAs leading to enhanced FA turnover (23). The presence of
pYl4Cavl 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 pY14Cavl-negative MDA-435, DU145, and
HT29 cells compared with pYl4Cavl-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 Cavl tyrosine
phosphorylation, selectively affect FAK exchange in pY14Cavl
expressing MDA-231, PC3, and HCT116 tumor cell lines. Y27632
and PP2 did not affect FAK exchange in MDA-435, DU145, and

Cancer Res 2008; 68: (20). October 15, 2008

8214

www.aacrjournals.org

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


http://cancerres.aacrjournals.org/

Cav1 and Rho/ROCK in Tumor Cell Migration and Invasion

N N
A B s ¥ K‘o‘iz*‘o % %Q’oqgé\ s & Qﬁ‘otz“c{ QL”’OQ?ON
P o Ko S § F S FeP K
RIREN o FEFT FL T FETFETO
> v &9 O N
@‘” S & &L ng\ - e —— e —— Y 14CaV1
S — — e w— GTP-RhOA T e ——— )
— “_ Total-RhoA T T S — — — — — et — S— — — B-Actin
o 18 MDA-231 PC3
5 16 . " -
: 14 7 20
< 1 812
£iol [ 3 10 I
3 08 & o0 12 *
= 82 § 04 % ¥ 08 ¥
ey 5 0.4
5 02 g 0.2 :
“ 007 © % 5 O Lo g 00 00
PENT A SRR 2 TS o TS5
X & 9 Q\Q\o C)Qo)ool?gé’lfbdvs’ C)oo)‘(\d?gfbc’,'bdvg
N TS FEE FFERC
& & & &
C C=Control, T=Treated 18 -
c T ¢ T ¢ T ¢C T E 161
. — — — — “_"_pY14Cav1 3 1.4 1
PP2 > 1.2
—— e, — — — — — B-Actin _g' 1.0 1 .
— — — .g 0.8 1 * *
- " pY14cavi % 0.6 1 *
£ 0.4 1
S 0.2 1
MSV- MDA- PC3 HCT116 0.0 {R-LW PR
MDCK- 231 B L S FOF I Sl
Q Q
INV
MSV-MDCK-INV ~ MDA-231
D v v 12 MDA-231
r S S e &S 2 10
S & \° =& \° 2
OIS & & - 08
S &L € S &€ S o6 .
T 04 : * *
—— . — e— Rock1 E -
2 02 * *%k
e e— — s | c-Src
— v — —— - pSrc(418)
L " — pY14Cav1

RS e c.i2

— e —— e e B-Actin

Normalized Value

MDA-231 PC3

WB: Rock1 c-Src pSrc(418)  Cav1/2 pY14Cavl

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 ()CDNA) 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 p-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 umol/L) or ROCK inhibitor Y27632 (20 umol/L)
and then Western blotted for pY14Cav1 and p-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 ROCKT1, c-Src, pSrc (418), pY14Cav1, caveolin (Cav1/2), and p-actin. Bands in Western blots were quantified by densitometry and
normalized relative to p-actin (n = 3). *, P < 0.05; **, P < 0.001.

HT29 tumor cells that do not express elevated levels of pY14Cavl transfection of either MDA-435 or DU145 cells with Cavl-mRFP or
(Fig. 4D; Supplementary Table S1). the phosphomimetic CavlY14D-mRFP, but not Cavl1Y14F-mRFP,

Transfection of MDA-435 cells with Cavl-mRFP, but not showed increased FAK stabilization in FAs (Fig. 54). Importantly,
Cav1Y14F-mRFP, results in FAK stabilization in FAs (23). Similarly, whereas Cavl expression rendered FAK exchange sensitive to
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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. 54; Supplementary Table S1). This
provides direct evidence of a role for tyrosine phosphorylation of
Cavl in Src-dependent and ROCK-dependent regulation of FAK
stabilization in FAs.

A stable lentiviral-infected Cavl shRNA MDA-231 cell line
expresses reduced Cavl 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 Cavl shRNA MDA-231
cells (Fig. 5C; Supplementary Table S1). pY14Cavl expression is
therefore associated with ROCK-sensitive and Src-sensitive FA
dynamics and tumor cell migration.

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

subsequently generated stable MDA-435 cell lines expressing
Cavl-mRFP, CavlY14F-mRFP, or, as a control, dsRed. These cells
expressed Cavl-mRFP at similar levels to endogenous Cavl and
overexpression of WT Cavl, but not CavlY14F or dsRed, results
in pYl4Cavl expression (Fig. 64). FAK stabilization in FAs
was significantly increased in stable Cavl-mRFP expressing MDA-
435 cells relative to both dsRed and Cavl1Y14F-mRFP expressing
cells; FAK stabilization in FAs of the stable CavlY14F-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. S24 and B;
Supplementary Table S1). Expression of WT or mutant versions of
Cavl 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 Cavl shRNA
silencing and up-regulated in MDA-435 cells transfected with
Cavl-mRFP, but not with either CavlY14F-mRFP or dsRed
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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 perfo

rmed in the presence of Src inhibitor PP2 (10 umol/L) or ROCK inhibitor Y27632

(20 umol/L), as indicated (n = 3; £SE). *, 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; £SE) 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 pmol/L) or ROCK inhibitor Y27632 (20 pmol/L) before FRAP analysis of

FAK-GFP in peripheral FAs. Graphs show average mobile fraction (n = 3; +SE)
calculation of the rate of recovery and immobile fraction (n = 3). *, P < 0.05; **,

in the bleached zone of FAK-GFP during recovery. See Supplementary Table S1 for
P < 0.001.
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Figure 5. pY14Cav1 expression A100 MDA-435
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 pmol/L) or
ROCK inhibitor Y27632 (20 umol/L) before
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(Fig. 64). pY14Cavl expression therefore regulates RhoA activation
state in these cells.

Furthermore, migration of MDA-435 expressing Cavl-mRFP,
but not CavlY14F-mRFP, was elevated relative to dsRed transfec-
tion controls. Of particular importance, upon expression of
WT-Cavl-mRFP in MDA-435 cells, migration of the cells became
ROCK-dependent and Src-dependent (Fig. 6B, left). MDA-231 cells
stably expressing Cavl shRNA showed reduced migration relative
to parental MDA-231 cells, and migration of shRNA Cavl-
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 Cavl silencing by shRNA whereas
overexpression of Cavl-mRFP enhanced the invasive capability of
MDA-435 cells. dsRed and pY14F-Cavl expression did not affect
invasion of MDA-435 cells (Fig. 6C). Invasion of only MDA-231 and
Cavl-mRFP-expressing MDA-435 cells was sensitive to inhibition
of ROCK with Y27632 (Fig. 6D). Expression of Cavl, 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 Cavl in FA dynamics and migration
of cell lines of various tissue origin suggests that this may be a
general mechanism by which Cavl can influence tumor cell
invasion and metastasis.

Discussion

The CAVI1 gene maps to a tumor suppressor locus (D75522;
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 Cavl 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 Cavl will allow tumor cell expression of Cavl but do
not explain the close association between Cavl and poor prognosis
identified in this study and others (15, 16, 35-37).

In prostate cancer, Cavl has long been associated with poor
prognosis and poor patient survival (15). In breast cancer, Cavl 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 Cavl overexpression is an independent predictor
of poor disease prognosis for sporadic invasive breast cancer
suggests that Cavl expression is generally associated with
aggressive clinical behavior and decreased survival for breast
cancer patients. For colon cancer, Cavl has been reported as
overexpressed in tumor compared with normal mucosa and
premalignant lesions, but no consistent relationship between
Cavl and patient prognosis or outcome has been reported
(40, 41). The association we observed between Cavl overexpression
and the presence of distant metastases is based on overexpression
of Cavl by 3 of 111 (2.7%) MO and 2 of 9 (22.2%) M1 patient cancers
(P =0.045) and suggests a role for Cavl in advanced stages of colon
cancer. For rectal cancer, Cavl was a significant predictor of
reduced survival and its expression was associated with recurrence.
These observations suggest that Cavl expression plays distinct
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roles in the tumor progression of these and other cancer types that
may affect the relationship of Cavl expression to patient outcome.
Cavl is a multifunctional protein, and our observations, as well as
those in the current literature, highlight the varied contribution of
Cavl to tumor biology, but nevertheless suggest that Cavl
expression does play an important role in cancer progression and
metastasis.

The demonstration here that tyrosine phosphorylated Cavl is an
effector of Rho/ROCK signaling in FA dynamics and tumor cell
migration and invasion identify a novel function for Cavl in tumor
progression and metastasis. pY14Cavl 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). Cavl 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 Cavl to regulate
domain formation in FAs (22) is consistent with the ability of
pYl4Cavl 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,
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Figure 6. Cav1 expression determines the ROCK and Src dependence of tumor cell migration. A, stably transfected MDA-435 cell lines expressing Cavi-mRFP,
Cav1Y14F-mRFP, or dsRed as a transfection control were probed by Western blot for Cav1, pY14Cav1, or the myc epitope tag and p-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 umol/L) or ROCK inhibitor Y27632 (20 umol/L), as indicated (n = 3; £SEM; *, 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, Cavl shRNA MDA-231, MDA-435,
Cav1-mRFP—transfected MDA-435 cells in the presence of the ROCK inhibitor Y27632 (20 umol/L), as indicated (n = 3, +SEM; *, P < 0.05, **, P < 0.001)

Cancer Res 2008; 68: (20). October 15, 2008

8218

www.aacrjournals.org

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


http://cancerres.aacrjournals.org/

Cav1 and Rho/ROCK in Tumor Cell Migration and Invasion

thereby promoting cell migration (30, 31). However, the clear
association of Cavl with integrin and its ability to regulate
functional domain organization within FAs define an important
role for pY14Cavl in FA dynamics.

Rho/ROCK signaling, therefore, functionally interacts with
pYl4Cavl-mediated FAK exchange defining a novel interaction
between these metastasis-related processes. Importantly, RhoC
expression correlates with Cavl and Cav2 expression in inflamma-
tory breast cancer (39). Enrichment of pYl4Cavl in pseudopodial
domains of tumor cells and the Y14 dependence of Cavl
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 Cavl polarization
to the front of endothelial cells migrating through filter pores is
dependent on an intact Y14 residue (48). Cavl 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 Cavl
tyrosine phosphorylation in the tumor cell lines studied here is
indicative of a feedback loop that maintains local Rho activation
and pY14Cavl expression in tumor cell protrusions.

These studies suggest that Cavl 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 pY14Cavl, 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 Cavl-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 pYl4Cavl, 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 Cavl expression and poor survival and distant
metastasis in various human tumors.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Received 1/28/2008; revised 6/20/2008; accepted 8/8/2008.

Grant support: Cancer Research Society Strategic Program in Genomics and
Proteomics of Metastatic Cancer and Canadian Institutes for Health Research grant
MOP-64333.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

References

1. Jaffe AB, Hall A. Rho GTPases: biochemistry and
biology. Annu Rev Cell Dev Biol 2005;21:247-69.

2. Clark EA, Golub TR, Lander ES, Hynes RO. Genomic
analysis of metastasis reveals an essential role for RhoC.
Nature (Lond) 2000;406:532-5.

3. Salhia B, Rutten F, Nakada M, et al. Inhibition of rho-
kinase affects astrocytoma morphology, motility, and
invasion through activation of Racl. Cancer Res 2005;65:
8792-800.

4. Croft DR, Sahai E, Mavria G, et al. Conditional ROCK
activation in vivo induces tumor cell dissemination and
angiogenesis. Cancer Res 2004;64:8994-9001.

5. Cardone RA, Bagorda A, Bellizzi A, et al. PKA gating of
a pseudopodial located RhoA/ROCK/p38/NHE1 signal
module regulates invasion in breast cancer cell lines.
Mol Biol Cell 2005;16:3117-27.

6. Pertz O, Hodgson L, Klemke RL, Hahn KM. Spatio-
temporal dynamics of RhoA activity in migrating cells.
Nature (Lond) 2006;440:1069-72.

7. Worthylake RA, Burridge K. RhoA and ROCK promote
migration by limiting membrane protrusions. J Biol
Chem 2003;278:13578-84.

8. Jia Z, Barbier L, Stuart H, et al. Tumor cell
pseudopodial protrusions. Localized signaling domains
coordinating cytoskeleton remodeling, cell adhesion,
glycolysis, RNA translocation, and protein translation.
J Biol Chem 2005;280:30564-73.

9. Rottner K, Hall A, Small JV. Interplay between Rac and
Rho in the control of substrate contact dynamics. Curr
Biol 1999;9:640-8.

10. Wyckoff JB, Pinner SE, Gschmeissner S, Condeelis JS,
Sahai E. ROCK- and myosin-dependent matrix defor-
mation enables protease-independent tumor-cell inva-
sion in vivo. Curr Biol 2006;16:1515-23.

11. Sahai E, Marshall C]J. Differing modes of tumour cell
invasion have distinct requirements for Rho/ROCK
signalling and extracellular proteolysis. Nat Cell Biol
2003;5:711-9.

12. Parton RG, Simons K. The multiple faces of caveolae.
Nat Rev Mol Cell Biol 2007;8:185-94.

13. Goetz ]G, Lajoie P, Wiseman SM, Nabi IR.
Caveolin-1 in tumor progression: the good, the bad

and the ugly. Cancer Metastasis Rev. Epub ahead of
print 2008.

14. Williams TM, Lisanti MP. Caveolin-1 in oncogenic
transformation, cancer, and metastasis. Am ] Physiol
Cell Physiol 2005;288:C494-506.

15. Yang G, Truong LD, Wheeler TM, Thompson TC.
Caveolin-1 expression in clinically confined human
prostate cancer: a novel prognostic marker. Cancer
Res 1999;59:5719-23.

16. Savage K, Lambros MB, Robertson D, et al. Caveolin 1
is overexpressed and amplified in a subset of basal-like
and metaplastic breast carcinomas: a morphologic,
ultrastructural, immunohistochemical, and in situ
hybridization analysis. Clin Cancer Res 2007;13:90-101.

17. Pinilla SM, Honrado E, Hardisson D, Benitez J,
Palacios J. Caveolin-1 expression is associated with a
basal-like phenotype in sporadic and hereditary breast
cancer. Breast Cancer Res Treat 2006;99:85-90.

18. Glenney JR. Tyrosine phosphorylation of a 22-kDa
protein is correlated with transformation by Rous
sarcoma virus. ] Biol Chem 1989;264:20163-6.

19. Grande-Garcia A, Echarri A, de Rooij J, et al
Caveolin-1 regulates cell polarization and directional
migration through Src kinase and Rho GTPases. J Cell
Biol 2007;177:683-94.

20. Wary KK, Mariotti A, Zurzolo C, Giancotti FG. A
requirement for caveolin-1 and associated kinase Fyn in
integrin signaling and anchorage-dependent cell growth.
Cell 1998;94:625-34.

21. Wei Y, Yang X, Liu Q, Wilkins JA, Chapman HA. A role
for caveolin and the urokinase receptor in integrin-
mediated adhesion and signaling. J Cell Biol 1999;144:
1285-94.

22. Gaus K, Le Lay S, Balasubramanian N, Schwartz MA.
Integrin-mediated adhesion regulates membrane order.
] Cell Biol 2006;174:725-34.

23. Goetz ]G, Joshi B, Lajoie P, et al. Concerted regulation
of focal adhesion dynamics by galectin-3 and tyrosine
phosphorylated caveolin-1. J Cell Biol 2008;180:1261-75.

24. Kojic LD, Joshi B, Lajoie P, et al. Raft-dependent
endocytosis of autocrine motility factor is phosphatidy-
linositol-3-kinase-dependent in breast carcinoma cells.
J Biol Chem 2007;282:29305-13.

25. Parker RL, Huntsman DG, Lesack DW, et al.

Assessment of interlaboratory variation in the immu-
nohistochemical determination of estrogen receptor
status using a breast cancer tissue microarray. Am J
Clin Pathol 2002;117:723-8.

26. Liu CL, Prapong W, Natkunam Y, et al. Software tools
for high-throughput analysis and archiving of immuno-
histochemistry staining data obtained with tissue
microarrays. Am J Pathol 2002;161:1557-65.

27. Jia Z, Vadnais J, Lu M, Noel J, Nabi IR. Rho/ROCK-
dependent pseudopodial protrusion and cellular blebbing
are regulated by p38MAP kinase in tumor cells expressing
autocrine c-Met activation. Biol Cell 2006;98:337-51.

28. Wolf K, Wu YL, Liu Y, et al. Multi-step pericellular
proteolysis controls the transition from individual to
collective cancer cell invasion. Nat Cell Biol 2007;9:893-904.

29. Vishnubhotla R, Sun S, Huq J, et al. ROCK-II mediates
colon cancer invasion via regulation of MMP-2 and
MMP-13 at the site of invadopodia as revealed by
multiphoton imaging. Lab Invest 2007;87:1149-58.

30. Giannone G, Ronde P, Gaire M, et al. Calcium rises
locally trigger focal adhesion disassembly and enhance
residency of focal adhesion kinase at focal adhesions.
J Biol Chem 2004;279:28715-23.

31. Hamadi A, Bouali M, Dontenwill M, Stoeckel H,
Takeda K, Ronde P. Regulation of focal adhesion
dynamics and disassembly by phosphorylation of FAK
at tyrosine 397. J Cell Sci 2005;118:4415-25.

32. Lee H, Park DS, Razani B, Russell RG, Pestell RG,
Lisanti MP. Caveolin-1 mutations (P132L and null) and
the pathogenesis of breast cancer: caveolin-1 (P132L)
behaves in a dominant-negative manner and caveolin-1
(-/-) null mice show mammary epithelial cell hyperpla-
sia. Am J Pathol 2002;161:1357-69.

33. Hayashi K, Matsuda S, Machida K, et al. Invasion
activating caveolin-1 mutation in human scirrhous
breast cancers. Cancer Res 2001;61:2361-4.

34. Lajoie P, Partridge E, Guay G, et al. Plasma membrane
domain organization regulates EGFR signaling in tumor
cells. J Cell Biol 2007;179:341-56.

35. Suzuoki M, Miyamoto M, Kato K, et al. Impact of
caveolin-1 expression on prognosis of pancreatic ductal
adenocarcinoma. Br J Cancer 2002;87:1140-4.

36. Campbell L, Gumbleton M, Griffiths DF. Caveolin-1
overexpression predicts poor disease-free survival of

www.aacrjournals.org

8219

Cancer Res 2008; 68: (20). October 15, 2008

Downloaded from cancerres.aacrjournals.org on November 17, 2018. © 2008 American Association for Cancer

Research.


http://cancerres.aacrjournals.org/

Cancer Research

patients with clinically confined renal cell carcinoma.
Br J Cancer 2003;89:1909-13.

37. Ho CC, Huang PH, Huang HY, Chen YH, Yang PC, Hsu
SM. Up-regulated caveolin-1 accentuates the metastasis
capability of lung adenocarcinoma by inducing filopodia
formation. Am J Pathol 2002;161:1647-56.

38. Yang G, Truong LD, Timme TL, et al. Elevated
expression of caveolin is associated with prostate and
breast cancer. Clin Cancer Res 1998;4:1873-80.

39. Van den Eynden GG, Van Laere SJ, Van der Auwera I,
et al. Overexpression of caveolin-1 and -2 in cell lines
and in human samples of inflammatory breast cancer.
Breast Cancer Res Treat 2006;95:219-28.

40. Kim HA, Kim KH, Lee RA. Expression of caveolin-1 is
correlated with Akt-1 in colorectal cancer tissues. Exp
Mol Pathol 2006;80:165-70.

41. Fine SW, Lisanti MP, Galbiati F, Li M. Elevated
expression of caveolin-1 in adenocarcinoma of the
colon. Am J Clin Pathol 2001;115:719-24.

42. Lee H, Volonte D, Galbiati F, et al. Constitutive and
growth factor-regulated phosphorylation of caveolin-1
occurs at the same site (Tyr-14) in vivo: identification of
a c-Src/Cav-1/Grb7 signaling cassette. Mol Endocrinol
2000;14:1750-75.

43. Cao H, Courchesne WE, Mastick CC. A phosphotyr-
osine-dependent protein interaction screen reveals a
role for phosphorylation of caveolin-1 on tyrosine 14:
recruitment of C-terminal Src kinase. ] Biol Chem 2002;
277:8771-4.

44. Swaney ]S, Patel HH, Yokoyama U, Head BP, Roth
DM, Insel PA. Focal adhesions in (myo)fibroblasts
scaffold adenylyl cyclase with phosphorylated caveolin.
J Biol Chem 2006;281:17173-9.

45. Radel C, Rizzo V. Integrin mechanotransduction
stimulates caveolin-1 phosphorylation and recruitment
of Csk to mediate actin reorganization. Am J Physiol
Heart Circ Physiol 2005;288:H936-45.

46. Mettouchi A, Klein S, Guo W, et al. Integrin-specific

activation of Rac controls progression through the G(1)
phase of the cell cycle. Mol Cell 2001;8:115-27.

47. del Pozo MA, Balasubramanian N, Alderson NB,
et al. Phospho-caveolin-1 mediates integrin-regulated
membrane domain internalization. Nat Cell Biol
2005;7:901-8.

48. Parat M-O, Anand-Apte B, Fox PL. Differential
caveolin-1 polarization in endothelial cells during
migration in two and three dimensions. Mol Biol Cell
2003;14:3156-68.

49. Rashid-Doubell F, Tannetta D, Redman CW, Sargent
IL, Boyd CA, Linton EA. Caveolin-1 and lipid rafts in
confluent BeWo trophoblasts: evidence for Rock-1
association with caveolin-1. Placenta 2007;28:139-51.

50. Dubroca C, Loyer X, Retailleau K, et al. RhoA
activation and interaction with Caveolin-1 are
critical for pressure-induced myogenic tone in rat
mesenteric resistance arteries. Cardiovasc Res 2007;
73:190-7.

Cancer Res 2008; 68: (20). October 15, 2008

8220

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on November 17, 2018. © 2008 American Association for Cancer

Research.


http://cancerres.aacrjournals.org/

AAC American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Phosphorylated Caveolin-1 Regulates Rho/ROCK-Dependent
Focal Adhesion Dynamics and Tumor Cell Migration and
Invasion

Bharat Joshi, Scott S. Strugnell, Jacky G. Goetz, et al.

Cancer Res 2008;68:8210-8220.

Updated version  Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/68/20/8210

Supplementary  Access the most recent supplemental material at:
Material http://cancerres.aacrjournals.org/content/suppl/2008/10/10/68.20.8210.DC1

Cited articles  This article cites 49 articles, 21 of which you can access for free at:
http://cancerres.aacrjournals.org/content/68/20/8210.full#ref-list-1

Citing articles  This article has been cited by 31 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/68/20/8210.full#related-urls

E-mail alerts Sign up to receive free email-alerts related to this article or journal.

Reprints and  To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/68/20/8210.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

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


http://cancerres.aacrjournals.org/content/68/20/8210
http://cancerres.aacrjournals.org/content/suppl/2008/10/10/68.20.8210.DC1
http://cancerres.aacrjournals.org/content/68/20/8210.full#ref-list-1
http://cancerres.aacrjournals.org/content/68/20/8210.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/68/20/8210
http://cancerres.aacrjournals.org/

