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Abstract Caveolin-1 influences cell migration through

multiple signaling pathways. In a previous report, we have

shown that caveolin-1 is polarized in three-dimensional

migrating endothelial cells (EC), and that caveolin-1

accumulation at the front of transmigrating cells requires

the phosphorylatable Tyr14 residue of caveolin-1. Immuno-

electron microscopy further indicated that caveolin-1 was

distributed along cytoskeletal structures in the anterior of

transmigrating EC [Parat MO, Anand-Apte B, Fox PL (Mol

Biol Cell 14:3156–3168, 2003)]. In the present study, we

investigate whether caveolin-1 interacts with intermediate

filaments (IF) and whether this interaction is required for

caveolin-1 polarization in transmigrating cells. The distri-

bution of vimentin is polarized in cells traversing a filter

pore and overlaps with the distribution of caveolin-1,

which accumulates in the cell front. In vivo sprouting EC

also exhibit an anterior polarization of these two proteins.

Furthermore, caveolin-1 co-purifies with intermediate

filaments, suggesting an interaction between caveolin-1

and IF. Vimentin-deficient SW13 cells exhibit a drama-

tically altered polarization of caveolin-1-GFP, which no

longer accumulates in the protruding cell extension. In

addition, the Tyr14 residue of caveolin-1 is required for

co-purification of the protein with IF. Taken together, our

results show that caveolin-1 Tyr14 is necessary for binding

to intermediate filaments, which in turn is required for

anterior polarization of caveolin-1 in transmigrating cells.

Keywords Endothelial cells � Vimentin � Cell motility �
Migration � Angiogenesis � Sprouting

Introduction

Caveolae are plasma-membrane subdomains that serve

signaling and trafficking functions and are particularly

abundant in endothelial cells. Caveolae and their defining

protein caveolin-1 play critical roles in endothelial cell

migration. This was anticipated from the fact that caveolae

are connected to the cytoskeleton [1, 2], regulate matrix

degradation [3–5], and organize signaling pathways rele-

vant to cell migration including Rho family small GTPases

signaling [6, 7], calcium signaling [8], and in endothelial

cells vascular endothelial growth factor (VEGF) [9] and

nitric oxide (NO) signaling [10]. Experimental modulation

of caveolin-1 expression has been shown to affect endo-

thelial cell migration with divergent results: Brouet et al.

have shown that overexpressing caveolin-1 in cultured

endothelial cells decreased endothelial cell migration in the

scratch wound assay [11]. In agreement with these results,
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siRNA-mediated down-regulation of caveolin-1 increased

BAEC transmigration in vitro [6], and caveolin-1 expres-

sion is down-regulated in vitro and in vivo in EC subjected

to angiogenic conditions [12, 13]. On the other hand,

siRNA-mediated down regulation of caveolin-1 was found

to reduce EC transmigration to serum [14]. These findings

suggest a complex regulatory role for caveolin-1 in the

process of EC migration. It has been proposed that an

optimal level of caveolin-1 expression is required for

maximum efficiency of caveolin-regulated signaling, as

suggested by the caveolin titration of VEGF receptor-2

coupling to eNOS [15]. It has also been proposed that the

subcellular localization of caveolin-1 is a critical factor in

regulating cell migration, as indicated by multiple reports

showing that caveolin-1 is highly polarized in migrating

cells [8, 14, 16, 17]. However, it is interesting to note that,

while caveolin-1 accumulates in the rear of two-dimen-

sional migrating cells, it is localized in the protruding

extension of cells traversing a filter pore [16, 17]. We have

shown that caveolin-1 accumulation at the front of trans-

migrating cells requires the phosphorylatable Tyr14 residue

of caveolin-1 [16]. Immuno-electron microscopy further

indicated that caveolin-1 was distributed along cytoskeletal

structures in the anterior of transmigrating EC [16].

Vimentin is an intermediate filament (IF) protein

expressed in cells of mesenchymal origin, and in epithelial

cells undergoing epithelial-to-mesenchymal transition [18,

19]. Vimentin IF are the only type of cytoplasmic IF

present in a variety of cells, including fibroblasts and

endothelial cells [18] and although their role in cell

migration has been much less studied than the role of the

actin cytoskeleton, vimentin IF are important players in the

migration process [20–23]. In the present study, we

investigate whether caveolin-1 interacts with IF and whe-

ther this interaction is required for caveolin-1 polarization

in transmigrating cells.

Materials and methods

Materials

Rabbit anti-caveolin-1 antibodies were obtained from BD

Transduction Laboratories (Lexington, KY) and Santa Cruz

Biotechnology (Santa Cruz, CA). Biotinylated goat anti-

rabbit antibody, Texas red-avidin, and Vectashield mounting

medium were from Vector laboratories (Burlingame, CA).

Mouse monoclonal and chicken polyclonal anti-vimentin

antibodies were from Chemicon (Temecula, CA). Alexa

Fluor 488 goat anti-mouse and Alexa Fluor 568 goat anti-

chicken antibodies were from Molecular Probes (Eugene,

OR). Goat serum was from Invitrogen (Carlsbad, CA).

Polycarbonate membranes with 8-lm pores were from

Neuroprobe (Gaithersburg, MD). Basic Fibroblast Growth

Factor (bFGF) was from Upstate Biotechnology (Lake

Placid, NY). Dithiobis[succinimidylpropionate] (DSP) was

from Pierce Biotechnology (Rockford, IL). Hematoxylin

and buffered formalin were from Fisher Scientific (Fair

Lawn, NJ). Rat tail collagen, FITC-labeled Lycopersicon

esculentum lectin and all other reagents were from Sigma

(St. Louis, MO).

Cell culture

Bovine aortic EC were isolated as described [24].

Vimentin-positive SW-13/cl.1 and vimentin-negative SW-

13/cl.2 cells [25] were grown in Dulbecco’s modified

Eagle’s medium and F12 medium supplemented with 5%

fetal bovine serum, 100 units/ml penicillin and 100 lg/ml

streptomycin, in a humidified atmosphere containing 5%

CO2. In some experiments, ECs were grown on chamber

slides (Falcon, Becton-Dickinson, Franklin Lakes, NJ).

Expression of caveolin-1-GFP

Plasmids encoding C-terminal GFP-tagged wild-type

caveolin-1 and C-terminal GFP-tagged caveolin-1 in which

Tyr14 was mutated to Ala were previously generated [16].

Cells were transfected using FuGene 6 (Roche Applied

Science, Indianapolis, IN) according to the manufacturer’s

instructions.

Transmigration

A modified Boyden chamber was used to quantify cell

migration and to visualize transmigrating cells by immu-

nofluorescence. The chamber was prepared with serum-

free medium, or medium containing 10 ng/ml bFGF in the

lower well. Polycarbonate membranes with 8-lm pores

pre-coated with rat tail collagen type 1 (100 lg/ml in 0.2 N

acetic acid) were used to separate the chambers. After pH

equilibration of the chamber in a 5% CO2-containing

atmosphere, a suspension of 2,500 (attachment assay) to

15,000 cells (migration assay) in serum-free medium was

added to the upper well. In order to visualize transmi-

grating cells, cells were allowed to attach and migrate for

2.5 h and then fixed, permeabilized and immuno-stained as

described [16]. The membranes were mounted between

slide and coverslip using Vectashield mounting medium

before visualization by confocal immunofluorescence

microscopy. In order to determine the number of migrated

cells, migration was allowed to proceed for 4–6 h. The

membrane was washed in phosphate-buffered saline (PBS)
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and the cells remaining in the upper face of the membrane

were scraped. The membrane was then fixed in 10% buf-

fered formalin. The membrane was stained with

hematoxylin overnight, rinsed with water and mounted

using Permount mounting medium. Cells on the lower

membrane face were counted microscopically, by an

observer blinded to the experimental conditions. In order to

quantify attachment, the cells on the upper surface of the

filter were similarly counted.

Retinas immunohistochemistry and whole mounts

Experiments were approved by the Cleveland Clinic

Institutional Animal Care and Use Committee. Eyes from

euthanized mouse pups were enucleated and fixed in 4%

PFA in PBS at 4�C overnight. Retinas were processed as

described in [26]. Briefly, retinas were dissected, perme-

abilized in PBS, 1% BSA, 0.5% Triton X-100 at 4�C

overnight, rinsed and incubated at 4�C overnight in PBS,

1% Triton X-100, 0,1 mM CaCl2, 0.1 mM MgCl2, 0.1 mM

MnCl2, 20 lg/ml FITC-lectin. After 5 washes in PBS,

retinas were incubated with primary antibodies (2 lg/ml)

in PBS, 0.5% BSA, 0.25% Triton X-100 for 3 h, washed,

incubated with secondary antibodies (1:1,000) PBS, 0.5%

BSA, 0.25% Triton X-100 for 3 h, and in the case of

caveolin-1 staining, further incubated with Texas red-avi-

din (1:1,000). Retinas were flat mounted in Vectashield

mounting medium.

Intermediate filaments isolation and immunoblot

analysis

Cells in 10 cm culture dishes were washed twice in

Ca2+Mg2+-free PBS and lysed in 10 ml buffer containing

0.6 M KCl, 10 mM MgCl2, 1% (v/v) Triton X-100,

20 lg/ml aprotinin and 5 lg/ml leupeptin in Ca2+Mg2+-free

PBS. Cells were incubated at 37�C, scraped, and the lysates

were homogenized by 5 strokes in a Dounce homogenizer at

4�C. Deoxyribonuclease I was added at 0.5 mg/ml and the

homogenate incubated at 4�C 10 min. The resulting IF

networks were pelleted by centrifugation at 2,200 9 g for

5 min [27]. The pellets were washed three times in PBS

containing 5 mM EDTA, separated by SDS-PAGE and

transferred to nitrocellulose. Caveolin-1 was detected by

immunoblot analysis using polyclonal anti-caveolin-1 as

primary antibody and peroxidase-conjugated secondary

antibody. Vimentin was detected on the same blot after

stripping using monoclonal anti-vimentin primary anti-

body. Blots were developed by chemiluminescense

using ECL and hyperfilm-ECL (Amersham, Arlington

Heights, IL).

Statistical analysis

Migration and attachment results from three experiments

were analyzed by a paired Student’s t-test using GraphPad

Prism software (GraphPad Software, San Diego, CA).

Results

Caveolin-1 and vimentin both accumulate

in the front extension of transmigrating EC

To visualize caveolin-1 and vimentin in transmigrating

cells, BAEC were induced to migrate through the 8-lm

pores of a collagen-coated filter for 2.5 h. The membrane

was fixed, and caveolin-1 was visualized with polyclonal

rabbit anti-caveolin-1, biotinylated anti-rabbit IgG, and

Texas Red avidin. Vimentin was visualized with mouse

monoclonal anti-vimentin and Alexa Fluor 488 anti-mouse

IgG. Cross-sections through the filters showed cells on the

upper surface of the filter protruding through the pores, as

previously described [16, 17]. The distribution of caveolin-

1 was highly polarized and essentially limited to the

anterior cell extension (Fig. 1a). Similarly, vimentin was

distributed throughout the protrusion (Fig. 1b) and the two

proteins substantially co-localized in the leading cellular

extension (Fig. 1c, d). Interestingly, the prominent fila-

mentous aspect of vimentin staining was lost in

transmigrating cells. Since the vector of protein polariza-

tion depends on the mode of cell migration [16], we

observed the localization of caveolin-1 and vimentin in

planar, two-dimensional migrating cells. Caveolin-1 con-

centrated in the rear of the cell body and the tail of

two-dimensional migrating EC as previously shown, while

the vimentin filament network was distinctly stained and

spread across the cell body (Fig. 1e). Specificity of cave-

olin-1 and vimentin immunostaining was confirmed by

replacing primary anti-caveolin-1 and anti-vimentin anti-

bodies by non-immune rabbit and mouse IgG, respectively

(Fig. 1f).

In vivo migrating EC exhibit anterior polarization

of caveolin-1 and vimentin

In order to confirm the in vivo relevance of our findings,

we visualized caveolin-1 or vimentin in angiogenic

migrating EC. In early post-natal mouse retinas, the tips of

sprouting vessels can be observed at the periphery of the

growing vascular plexus (Fig. 2a, e). The sprouting tip

consists of a single, highly polarized EC [26]. We per-

formed fluorescence immunostaining of caveolin-1 or

vimentin in 3–6-day-old mouse retinas co-labeled with

Angiogenesis (2007) 10:297–305 299

123



FITC-lectin from Lysopersicon esculentum. Caveolin-1 and

vimentin both showed anterior polarization in tip EC

(Fig. 2), similar to the localization observed in transmi-

grating EC in vitro.

Caveolin-1 co-purifies with intermediate filaments

In order to determine whether caveolin-1 binds to

intermediate filaments, we purified IF and tested for

co-purification of caveolin-1 by immunoblot analysis. A

small amount of caveolin-1 was detected in the IF prepa-

ration of EC (Fig. 3). This amount was dramatically

increased when EC were incubated with the membrane-

permeable protein cross-linker DSP, suggesting that cave-

olin-1 is bound to IF in EC (Fig. 3).

Vimentin IF are required for caveolin-1 polarization

during transmigration

In order to examine whether vimentin IF are required for

caveolin-1 polarization during transmigration, we made use

of vimentin-positive (SW13/cl.1) and vimentin-negative

(SW13/cl.2) cells previously characterized [25]. The

SW13/cl.2 cells do not contain any detectable cytoplasmic

IF system, while vimentin is the only cytoplasmic IF

protein present in the SW13/cl.1 cells [25].

First, we tested the migratory potential of these two cell

lines in a three-dimensional migration model. Random

motility was tested in a modified Boyden chamber using

collagen-coated filters. The number of migrated vimentin-

deficient cells counted on the lower surface of the filter was

reduced by 73 : 10% compared to vimentin-expressing

cells (Fig. 4a). In order to determine whether the vimentin-

deficient cells had a defect in migration per se, or an

impaired ability to attach to the upper surface of the filter,

we performed an attachment assay in which the amount of

cells attached on the upper surface of the filter is quantified.

Attachment of the SW13/cl.2 cells was reduced by

42 : 5% compared to SW13/cl.1 cells (Fig. 4b), indicat-

ing that the apparent decrease in migration of the vimentin-

deficient cells was due to an impaired ability to attach, as

well as a defect in migratory capability per se. In order to

confirm the defect in migration, we performed an assay in

which we loaded proportionally more SW13/cl.2 cells to

reach equal amount of attached cells between SW13/cl.2

and SW13/cl.1. The reduction in migration went from

79 : 6% (with equal amounts of loaded cells) to 58 : 5%

(with equal amounts of attached cells), confirming the

impaired motility of SW13/cl.2 (not shown). These results

also indicated that enough cells of both lines could be

imaged in the process of traversing the filter pores.

SW13 cells express essentially no endogenous caveolin-

1 [28]. In order to visualize caveolin-1 in SW13 cells

during migration, SW13/cl.1 and SW13/cl.2 cells were

transiently transfected with a plasmid encoding C-termi-

nally tagged caveolin-1-GFP [16]. After recovery, the cells

were placed in the upper well of a Boyden chamber and

allowed to migrate for 2.5 h. Caveolin-1-GFP in transmi-

grating cells was visualized by green fluorescence. In

vimentin-expressing cells, caveolin-1-GFP was seen at the

plasma membrane around the cell, and accumulated in the

Fig. 1 Caveolin-1 and vimentin co-localize and accumulate in the

protrusion of transmigrating EC. EC were allowed to migrate for

2.5 h across a polycarbonate filter (8 lm pore size) pre-coated with

collagen. Cells were washed, fixed, stained, and imaged in a plane

through the center of the pore (xz-view) by fluorescence confocal

microscopy. (a) Caveolin-1 was visualized using rabbit anti-caveolin-

1 as primary antibody followed by biotinylated goat anti-rabbit

antibody and Texas red avidin. (b) Vimentin was visualized using

mouse anti-vimentin antibody followed by Alexa Fluor 488 goat anti

mouse IgG. (c) Merged image showing the overlay of caveolin-1 and

vimentin immunostainings. (d) The contour of the cell body was

manually drawn, as well as the upper (U) and lower (L) surface of the

filter. The front extension (F) of the cell is enriched in caveolin-1 and

vimentin compared to the rear of the cell (R). (e) In the same

experiment, planar migrating cells were fixed, stained as in a–c, and

imaged through an xy-plane. (f) Immunofluorescence image of a

planar migrating cell from the same experiment, using as an

immunostaining control non-immune rabbit IgG and mouse IgG

instead of anti-caveolin-1 and anti-vimentin primary antibodies.

Bar = 4 lm for (a–d), 10 lm for (e, f)
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leading cellular extension (Fig. 5a). In contrast, in vimen-

tin-deficient cells, caveolin-1-GFP did not show a polarized

distribution, but rather was present in patches distributed

all around the cell body (Fig. 5b), indicating that inter-

mediate filaments are required for caveolin-1 anterior

polarization in transmigrating cells.

Caveolin-1 Tyr14 is necessary for binding to IF

The loss of anterior polarization of caveolin-1 in transmi-

grating SW13/cl.2 cells is highly reminiscent of the loss of

polarization that we had previously observed when cave-

olin-1 Tyr14 mutant was transfected into EC. Therefore, we

tested the importance of Tyr14 for caveolin-1 binding to IF

in BAEC. Cells were transiently transfected with a plasmid

encoding wild-type or Tyr14 ? Ala mutant caveolin-1-GFP,

Fig. 2 Anterior polarization of caveolin-1 and vimentin in migrating

EC in vivo. Retinas from 3 to 6 day-old mice were dissected, fixed

and labeled with anti-caveolin-1 primary antibody followed by

biotinylated secondary antibody and Texas red avidin (a–d), anti-

vimentin primary antibody followed by Alexa 568-labeled secondary

antibody (f–h), and FITC-lectin (c–h). Sprouting tips are present at

the periphery of the growing plexus (see a, e). Tip EC exhibit anterior

polarization of caveolin-1 (a–d) and vimentin (f–h) as indicated by

arrows. Open arrows show direction of sprouting and progression of

the tip EC. Bar represents 80 lm in (a), 20 lm in (b) and (c), 160 lM

in (e), and 10 lM in (d, f, g and h)

Fig. 3 Caveolin-1 co-purifies with intermediate filaments in EC. EC

were incubated with the cross linker DSP (+) or in control medium

(@). IF were purified and separated by SDS-PAGE. Co-purification of

caveolin-1 was assessed by immunoblot analysis with anti-caveolin-1

IgG. A control cell lysate (lys) prepared independently in Laemmli

buffer was included. The membrane was stripped, and re-probed

using anti-vimentin IgG
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Fig. 4 Vimentin-deficient SW13 cells have reduced attachment and

migration capabilities. (a) 15,000 cells per well were allowed to

migrate for 4 h across collagen-coated membranes. Non-migrated

cells on the upper surface of the membrane were scraped. Migrated

cells on the lower surface of the filter were fixed, stained and counted

in 5 fields per well, 4 wells per sample. Error bars indicate the

standard error of n = 3 experiments. (b) 2,500 cells per well were

allowed to attach to the upper surface of collagen-coated filters. Cells

on the lower surface of the membrane were scraped. Cells attached on

the upper surface of the filter were fixed, stained and counted in 5

fields per well, 4 wells per sample. Error bars indicate the standard

error of n = 3 experiments. *P \ 0.05
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or with a control plasmid encoding GFP alone. The trans-

fection efficiency was similar for the WT and mutant

caveolin-1-GFP samples (28 : 8%, and 20 : 8%, respec-

tively). We purified IF and determined whether caveolin-1-

GFP was co-precipitated with the detergent-insoluble

fraction that contains IF (Fig. 6). WT-caveolin-1-GFP, but

not Tyr14 ? Ala mutant caveolin-1-GFP, was associated

with the IF fraction. Taken together, these results show that

Tyr14 is required for caveolin-1 binding to intermediate

filaments, which in turn is required for caveolin-1 anterior

polarization in transmigrating cells.

Discussion

We have shown that the distribution of vimentin in

migrating cells depends on the mode of migration. Vimentin

accumulates in the anterior protrusion of three-dimensional

migrating cells, while in planar migrating cells, vimentin IF

spread across the entire cell body without any apparent

anterior-posterior polarization. The anterior polarization of

vimentin was also observed in EC migrating at the tip of

sprouting vessels. Our results further indicate that while in

two-dimensional migrating EC vimentin is clearly apparent

as a filamentous network, in transmigrating cells and in tip

EC we observed a loss of prominent filamentous staining.

Intermediate filaments are known to enhance mechanical

stability and to confer rigidity to the cells. The regulated

collapse of vimentin IF in cells that need to become

deformable for migration purposes has been reported [29].

In order to migrate through the 8 lm-pores of the filter in our

assay, EC may need to undergo changes in shape that require

the reorganization of rigidity-conferring vimentin IF.

However, electron micrographs showed the presence of fil-

aments of a size compatible with intermediate filaments in

the anterior protrusion of transmigrating EC using the same

conditions. We can only speculate that individual IF remain

in the anterior protrusion where vimentin is reorganized

during transmigration, but that the resolution of the immu-

nofluorescence imaging may not allow visualization of

individual 10 nm filaments.

In the motility assay that we used in this study, a cell

suspension is loaded in the upper well of a migration

chamber. The cells have to adhere to the matrix-coated filter,

spread, migrate towards a pore and then through the pore,

attach to the lower surface of the filter and migrate on the

lower surface of the filter. Our results show that a decreased

ability of the cells to adhere to the upper surface of the filter

accounts for about half of the decreased migration potential

measured in vimentin-deficient cells. While the involvement

of keratin intermediate filaments in adhesion to the basement

membrane has been abundantly studied [30], reports on the

Fig. 5 Vimentin-deficient SW13 cells do not exhibit caveolin-1

anterior polarization during transmigration. SW13/cl.1 cells (a) and

SW13/cl.2 cells (b) were transfected with a plasmid encoding

caveolin-1-GFP. After recovery, cells were allowed to migrate for

2.5 h across a collagen-coated polycarbonate filter. Cells were fixed

and imaged in an xz-plane through the center of the pore using

confocal fluorescence microscopy. The upper (U) and lower (L)

surface of the filter are indicated by black arrows. White arrows point

to the cytoplasm of the anterior protrusion of the cells

Fig. 6 Binding to intermediate

filaments requires caveolin-1

Tyr14. EC were transiently

transfected with a plasmid

encoding GFP (V), wild type

caveolin-1-GFP (WT) or

Tyr14 ? Ala mutant caveolin-

1-GFP (ALA). After recovery,

cells were incubated with the

cross linker DSP. IF were

purified and separated by SDS-

PAGE. Co-purification of

caveolin-1 was assessed by

immunoblot analysis with anti-

caveolin-1 IgG. The membrane

was stripped, and re-probed

using anti-vimentin IgG to show

equal amounts of purified IF
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participation of vimentin in adhesive structures are scarce

[31–33]. In a study, siRNA-mediated down regulation of

vimentin expression in endothelial cells was shown to lower

the resistance of the cells to flow-induced detachment and to

reduce the size of focal contacts [33]. This is in total agree-

ment with our current results.

We further show that vimentin IF functionally contrib-

ute to the transmigration process per se. Several reports

relate vimentin to cell motility. Vimentin expression has

been associated with the epithelial-to-mesenchymal tran-

sition of epithelial cells and their acquisition of a motile

phenotype [19, 20]. Epithelial cells induced to migrate

using an in vitro wound healing model undergo vimentin

promoter activation and increased vimentin expression

[20]. Vimentin-deficient fibroblasts exhibit reduced motil-

ity and chemotaxis [21] and vimentin gene-disruption

causes impaired wound healing in embryonic and adult

mice [22]. Proteomic analysis of migrating versus non

migrating endothelial cells further identified vimentin as a

protein exclusively expressed in migrating EC [23]. Our

data confirm that vimentin expression is necessary for

optimal transmigration. Finally, EC migration is an

essential component of angiogenesis. While defective

angiogenesis has yet to be studied in the vimentin-null

mouse, overexpression of vimentin in tumor angiogenic EC

compared to normal angiogenic EC or resting EC has been

described and proposed as a therapeutic target [34].

Our results show co-purification of caveolin-1 with

intermediate filaments isolated from endothelial cells.

Previous reports indicate that vimentin is purified together

with caveolae-enriched membrane fractions prepared from

various cell types, including endothelial cells, using Triton

X-100-based sucrose density gradient separation of total

cellular membranes [35–37] or detergent-free ultracentri-

fugation of plasma membrane [38] techniques. Separation

of caveolae from other detergent-resistant membranes

using caveolin-1 antibodies further confirmed the co-puri-

fication of vimentin with caveolae [36, 37]. The variety of

starting materials and techniques leading to the same result,

namely that vimentin co-purifies with caveolae, strongly

suggests that the interaction is real. Our finding that

caveolin-1 co-purifies with intermediate filaments further

indicates that the two proteins caveolin-1 and vimentin

might directly or indirectly interact. Our results further

suggest a function for this interaction, since they establish

that vimentin is required for caveolin-1 anterior polariza-

tion in transmigrating cells. This is in agreement with our

previous results showing caveolin-1 immuno-gold staining

aligning along filamentous structures in the cytoplasm of

the protrusion [16]. We had speculated that caveolin-1 was

in a soluble form within that protrusion. Our current results

suggest that caveolin-1 might have been dissociated from

caveolar membranes but associated with IF.

We have further shown that caveolin-1 Tyr14 is required

for binding to IF. While caveolin-1 tyrosine phosphoryla-

tion was recognized early [39, 40], and Tyr14 identified as

the target residue [41], a role for this amino acid has

remained elusive until recently. Caveolin-1 Tyr14 is a

substrate for Abl and Src family kinases [42, 43]. Tyrosine

phosphorylation of caveolin-1 might play a role in cell

migration, as it is required for caveolin-1 binding to Src-

homology 2 (SH2)-containing proteins that regulate cell

motility such as Grb7 [44] or Csk [45]. Tyr14 is also

required for integrin-mediated Rac targeting upon cell

detachment from the extracellular matrix [46], and Tyr14

phosphorylation mediates integrin-regulated caveolae

internalization [46]. Caveolin-1 Tyr14 also appears to be

essential for the organization of plasma membrane into

highly ordered domains at focal adhesions [47]. An

increase in caveolin-1 phosphorylation in angiogenic EC

in vivo has been recently shown: in EC isolated from brain

tumor vasculature, caveolin-1 expression was shown to be

down-regulated compared to normal brain EC, and the

remaining caveolin-1 was highly tyrosine-phosphorylated

[13]. VEGF induces caveolin-1 tyrosine 14 phosphoryla-

tion, Flk-1 dissociation from caveolin-1 and association

with phospho-caveolin-1 [48]. Inhibition of VEGF-induced

migration in either multiple myeloma cells or HUVECs by

the proteasome inhibitor bortezomib is accompanied by

down-regulation of caveolin-1 phosphorylation [49].

VEGF-dependent tyrosine phosphorylation of caveolin-1

induces interaction with MT1-MMP [50]. Our data estab-

lish a new role for caveolin-1 Tyr14 residue, namely the

binding of caveolin-1 to IF. Taken together with the

requirement for Tyr14 for anterior caveolin-1 polarization

in transmigrating cells, our data suggest that caveolin-1

Tyr14 is necessary for binding to intermediate filaments,

which in turn is required for anterior polarization of

caveolin-1 in transmigrating cells.
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