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Abstract
Growth of normal cells is anchorage-dependent because signalling through multiple pathways
including Erk, PI 3-kinase and Rac requires integrin-mediated cell adhesion 1. Components of these
pathways localize to low density, cholesterol-rich domains in the plasma membrane named “lipid
rafts” 2,3 or “cholesterol enriched membrane microdomains” (CEMM) 4. We previously reported
that integrin-mediated adhesion regulates CEMM trafficking such that cell detachment from the
extracellular matrix (ECM) triggers CEMM internalisation and clearance from the plasma
membrane 5. We now report that this internalisation is mediated by dynamin-2 and caveolin-1.
Internalisation requires phosphorylation of caveolin-1 on tyrosine 14. A shift in localisation of
phospho-caveolin-1 from focal adhesions to caveolae induces CEMM internalisation upon cell
detachment, which mediates inhibition of Erk, PI 3-kinase and Rac. These data define a novel
molecular mechanism for growth and tumour suppression by caveolin-1.

Keywords
anchorage-dependent cell growth; cancer; integrin signalling; caveolin; cholesterol-enriched
membrane microdomains (CEMM); Rho GTPases

Loss of anchorage dependence of growth in vitro is closely associated with tumour growth and
metastasis in vivo 1. The effects of integrins on multiple growth regulatory pathways mediate
anchorage-dependence. Conversely, anchorage-independence in cancer cells is due to
constitutive activation of these pathways such that integrin-mediated adhesion is no longer
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required for signalling. For the small GTPase Rac, a key anchorage-dependent event is
translocation of activated protein to the plasma membrane, which is essential for activation of
downstream effectors 6. Regulation by integrins occurs through internalisation of CEMM,
which contain Rac plasma membrane binding sites 5. Internalised CEMM markers include
cholesterol, GPI-anchored proteins and GM1, for which approximately 90% was lost from the
cell surface 5.

The best defined subtype of CEMM is caveolae, which contain caveolin-1, or in muscle,
caveolin-3 7. Caveolae are ∼100 nm invaginations of the plasma membrane involved in
clathrin-independent membrane traffic 8 and intracellular cholesterol transport 9. Caveolin is
a 21 kD protein first identified as a substrate for the v-src tyrosine kinase, which, among several
other kinases, phosphorylates caveolin on tyr14 10,11. Caveolin is also implicated in modulation
of signal transduction. Caveolin inhibits a number of enzymes 11,12 and has been identified as
a candidate tumour suppressor 13-16. Many tumour cells show loss of caveolin expression, and
its re-expression reverses anchorage-independent growth 12. 16% of human breast cancers
contain a caveolin mutation 17 and caveolin knockout mice show dramatic acceleration of
tumorigenesis in response to carcinogenic stimuli 15,16.

Caveolin is involved in internalisation of GM1 8. We therefore investigated the role of caveolin
in CEMM internalisation in anchorage-dependent cells after integrin signalling was inactivated
by detaching cells from the ECM 1. When cells were detached, caveolin-1 showed time-
dependent movement from the plasma membrane to an intracellular compartment (Fig. 1a;
results quantified in 1b) on the same time scale as the raft marker GM1 5. This result is
consistent with published studies showing that internalised caveolin concentrates in a central
region of the cell 18. Electron microscopy revealed flask-shaped caveolae in the plasma
membrane immediately after detachment, but these decreased at later times (Fig. 1c).
Quantitation of caveolae confirmed this observation (47.5 caveolae per μm of membrane at
30s; 12.9 at 2h after detachment. Total μm of membrane examined were 29.9 and 29.5
respectively). Immunogold labelling of caveolin-1 in cells shortly after detachment revealed
large vacuoles surrounded by invaginated caveolae (Fig. 1d), though these were much less
evident at later times (not shown). Similar structures have been previously reported 8. These
results suggest that detachment causes of formation of caveolae-rich membrane internalisation
structures. When serum starved, adherent cells were double labelled, caveolin-1 and GM1 were
found to significantly co-localize at cell edges (Fig. 2a). Co-localization was similar
immediately after detachment (Fig. 2a, quantified in 2b) then increased between 2 and 10 min
after loss of adhesion (Fig. 2a), coinciding with internalisation of both GM1 5 and caveolin-1
(Fig. 1a). Co-localisation of caveolin-1 with GM1 decreased at later times (Fig. 2a,b),
suggesting that GM1 is internalised through caveolae and then traffics to a caveolin-1-negative
compartment. Thus, detachment induces internalisation of both GM1 and caveolae, suggesting
that GM1 internalisation might occur through a caveolin-1-dependent endocytic pathway.

Basal GM1 internalisation proceeds via clathrin-dependent, caveolin-1-dependent, and clathrin
and caveolin-1-independent pathways 8. We therefore characterised the endocytic machinery
involved in this integrin-regulated process. Detachment-induced GM1 internalisation was
completely abolished in MEFs expressing a dominant negative dynamin-2 mutant (Fig. 2c),
but not in MEFs expressing the C-terminal domain of Eps15, a selective inhibitor of the classic
clathrin pathway 8,19,20 (Fig. 2d, middle panels). This construct was functional, since it
inhibited transferrin receptor internalisation in a parallel assay (Fig. 2e). There is also dynamin-
independent, Cdc42-dependent internalisation of GPI-anchored proteins 19. However,
inhibition of Cdc42 with either the Cdc42-binding domain (CBD) of WASP (Fig. 2d, bottom
panels) or N17-Cdc42 (not shown) had no effect. These results show that GM1 internalization
after detachment is independent of clathrin and Cdc42, but requires dynamin-2.
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Since dynamin also mediates caveolin-dependent internalisation 8, these results suggested that
caveolin-1 could be involved. To address the requirement for caveolin, tumour lines were
screened for caveolin-1 expression. M21L melanoma cells were found to contain no detectable
caveolin-1 (Fig 3a), -2, or -3 (not shown). M21L-cav cells in which caveolin-1 was stably
expressed were then generated. M21L cells with and without caveolin showed similar
morphology, GM1 surface staining and Rac association with membranes when adherent
(Supplementary Fig. 1a-c). After detachment, M21L-cav cells resembled NIH-3T3’s in that
GM1 was cleared from the cell surface (Fig. 3b, top panels). M21L cells, however, retained
surface GM1 even after extended incubation in suspension. The two lines had similar intensity
of staining after permeabilization (not shown) and similar levels of total GM1 (Supplementary
Fig. 1b). Thus, GM1 internalisation also requires caveolin.

Internalisation of CEMM in suspended cells led to loss of GTP-Rac membrane binding and
thus blocked its interaction with effectors 5. We therefore examined the behaviour of V12Rac.
Non-adherent M21L cells retained GFP-V12Rac membrane localization, whereas Rac was
mainly cytoplasmic in suspended M21L-cav1 cells (Fig. 3b, middle panels). We confirmed
this result by measuring pixel intensity of GFP-V12 at cell edges (Fig. 3c) and by biochemical
fractionation (Supplementary Fig. 1c). To test Rac effector function, we examined F-actin
organization after detachment. Non-adherent M21L cells exhibited asymmetric shapes and F-
actin-rich protrusions resembling ruffles (Fig 3b, bottom panels), which are shown more clearly
in serial sections (Fig. 3d). These structures were abolished by N17Rac (Supplementary Fig.
1d), demonstrating that they are Rac-dependent. In contrast, M21L-cav cells in suspension
were completely round with no surface protrusions (Fig. 3b,d).

To confirm these results, we examined fibroblasts from caveolin-1-/- and caveolin-1+/+

littermate mice 21. These cells showed similar surface staining with CTxB when adherent (not
shown), however, detachment triggered loss of cell surface GM1 in caveolin-1+/+ (not shown)
but not in caveolin-/- fibroblasts (Fig. 4f). Transient transfection with caveolin-1 (Western blot
in Fig. 4e) restored the internalisation of GM1 after detachment (Fig 4f, quantified in 4g).
Cav-/- fibroblasts also retained GTP-Rac membrane localization and showed actin-rich
protrusions in suspension, which were lost after transfection of caveolin (not shown). As an
additional assay for Rac function, activation of its effector PAK was assayed. As observed
previously, PAK kinase activity was strongly downregulated in suspended WT fibroblasts
whereas suspended cav-/- cells retained PAK kinase activity (Fig 3e). Thus, caveolin is required
for internalisation of GM1, loss of Rac membrane targeting and subsequent effector
interactions upon loss of cell adhesion.

Integrin-mediated adhesion regulates other signalling pathways, including Ras/Erk, FAK and
PI3-kinase/Akt 1. To test whether loss of plasma membrane microdomains influences these
pathways, we measured the effect of adhesion in WT and caveolin-1-/- MEFs. Both Erk and Akt
were strongly downregulated in non-adherent WT MEFs, whereas activity was retained in
suspended caveolin-1-/- cells (Fig. 3f). By contrast, FAK activity was adhesion-dependent in
all cases (Fig. 3f). Thus, caveolin is essential for anchorage-dependence of several growth-
regulatory pathways but not FAK.

Caveolin-1 is phosphorylated on tyrosine 14 10,11 and tyrosine phosphorylated caveolin-1
(pY14cav-1) is present in focal adhesions 11,22. Indeed, phosphocaveolin-1 strongly co-
localized with vinculin at focal adhesions and was virtually absent from caveolae marked by
caveolin-1 staining in both NIH 3T3 cells (Fig. 4a) and WT MEFs (not shown). Although
localization of caveolin-1 to focal adhesions has been previously reported 23, the observed
weak staining of focal adhesions with the caveolin-1 antibody suggests that the stoichiometry
of caveolin-1 phosphorylation is low. Indeed, western blot densitometry analysis of 1mM
vanadate-treated and control NIH 3T3 cells revealed that less than 1% caveolin-1 is
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phosphorylated on Tyr 14 (Supplementary Fig. 2). When cells were detached, phosphorylated
caveolin-1 became dispersed throughout the plasma membrane where it showed nearly
complete co-localization with caveolin-1, in both WT MEFs (Fig. 4b) and NIH 3T3 cells
(Supplementary Fig. 3). Co-localization was also observed at later times after detachment in
interior regions of the cell (data not shown). The phosphocaveolin-1 antibody showed no
staining in detached caveolin-1 deficient MEFs (Fig. 4c), supporting the specificity of the
staining pattern. When Triton X-100 extracts were run on sucrose gradients, phosphocaveolin-1
was primarily in the heavy fractions in adherent cells (73±5%) but shifted to the light fractions
after detachment (72±7%), consistent with its movement into caveolae. Caveolin Y14
phosphorylation decreased slightly after detachment but this effect was transient and levels
recovered after 30-60 min (Fig. 4d). Altogether, these results reveal an increase in caveolae-
localized pY14cav-1 upon cell detachment.

Previous studies have linked caveolin phosphorylation to internalisation 8,24,25. To test whether
caveolin Y14 phosphorylation is required for raft internalisation after detachment, cav-/- cells
were transfected with Y14F caveolin (Fig. 4e). Expressing cells showed normal levels and
cellular distribution of GM1 when adherent (not shown) but in contrast to WT caveolin,
detachment failed to trigger internalisation (Fig. 4f; CTxB surface stain quantified in Fig 4g).
The Y14F mutant induced normal caveolae in cav-/-cells, (Supplementary Fig. 4),
demonstrating its functionality. Cav Y14F cells also retained Rac membrane localization and
actin-rich membrane protrusions in suspension (not shown, but note morphology in 4f). Thus,
tyrosine phosphorylated caveolin is required for raft internalisation and Rac inhibition induced
by detachment from the extracellular matrix.

Studies in Cos-7 cells further support this conclusion. These cells showed negligible levels of
pY14cav-1 (Fig. 4h) and did not internalise GM1 upon cell detachment (Fig. 4i). Treatment
with a low dose (1 μM) of vanadate induced caveolin Y14 phosphorylation to a level similar
to 3T3 cells (Fig. 4h). This treatment did not alter GM1 localisation in adherent cells but
allowed GM1 internalisation after detachment (Fig. 4i). These results support the hypothesis
that pY14cav-1 is required for CEMM internalisation specifically upon loss of cell adhesion.

These data support a model in which, when phospho-caveolin is present in cells at significant
levels, it is retained in focal adhesions to prevent internalisation. Cell detachment triggers a
shift in phospho-caveolin localization to caveolae, which induces clearance of CEMM and
caveolae from the cell surface. Our previous work 5 and the current results suggest that
depletion of CEMM from the plasma membrane upon loss of adhesion prevents the activation
of multiple signalling pathways required for cell proliferation.

We found previously that the association of Rac with the plasma membrane and activation of
effectors downstream of Rac required membrane binding sites that are controlled by integrin-
mediated cell adhesion 6. These binding sites are within CEMM, which are largely cleared
from the plasma membrane by internalisation following detachment from the ECM 5. The
present data show first that integrin-regulated CEMM internalisation requires caveolin. In the
absence of caveolin, the raft marker GM1 remains on the surface of detached cells, and Rac,
Erk and Akt function lose their adhesion-dependence. The transient co-localization of GM1
and caveolin after detachment suggests that internalisation of GM1 proceeds through
stimulation of a caveolar endocytosis pathway. Although basal GM1 internalisation proceeds
via clathrin-dependent, caveolae-dependent and other endocytic pathways 8,20, our data
suggest that internalisation induced by detachment is primarily caveolar. Stimulated raft
internalisation in other systems also favours the caveolar route 8. The observed physical
association of integrins with caveolin 26 may be related to these regulatory events.
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Second, although caveolin phosphorylation induces internalisation 8,24,25, integrins can inhibit
CEMM internalisation by retaining phosphocaveolin in focal adhesions. Phosphocaveolin
may, however, have additional functions within the focal adhesions; elucidation of which will
be an interesting direction for future work. Detachment from the ECM results in
phosphocaveolin localisation to other sites in the plasma membrane where it induces
internalisation of CEMM via caveolae. Thus, loss of caveolin phosphorylation blocks CEMM
internalisation as effectively as complete loss of caveolin. Redistribution of pY14cav-1 may
be due to its release from focal adhesions and diffusion to caveolae, and/or to changes in activity
or localization of caveolin-1 kinases or phosphatases.

Palazzo et al. have implicated integrins and FAK in regulation of GM1-rich domains 27.
However, in their system other lipid raft markers such as GPI-linked proteins were unaffected.
We find that FAK-/- fibroblasts show normal localization of phosphocaveolin-1 to focal
adhesion and normal integrin-dependent internalisation of GPI-linked proteins (not shown).
Thus, FAK and caveolin-1 appear to mediate two distinct mechanisms of integrin regulation
of membrane domains.

In summary, we propose that integrin-mediated adhesion governs the presence of CEMM on
the plasma membrane by regulating internalisation through a caveolin-dependent pathway
involving changes in phosphocaveolin localization. Caveolin is often mutated in breast
cancer 17. Caveolin-1 null cells show hyperproliferation 21,28, caveolin-1 KO mice show
hypertrophy and hyperplasia in several tissues 17,21,28, and loss of caveolin-1 accelerates
tumorigenesis 15,16. While caveolin appears to inhibit some signalling pathways by direct
inhibition of signalling enzymes 11,12, our data that caveolin-1 is required for CEMM
internalisation provides a novel mechanism for suppression of anchorage independent cell
growth by caveolin-1. However, positive effects on cell growth by caveolin-1 have also been
described 26. Whereas caveolin-1 behaves as a tumour suppressor in small cell lung cancers,
it promotes survival and growth in non-small cell lung cancers 29. Thus, caveolin appears to
have multiple effects on growth regulatory pathways that show cell type specificity; the
mechanism described in this paper is likely to apply in cell types where caveolin-1 suppresses
anchorage-independent cell growth. Elucidating the role of caveolin phosphorylation and
localization in tumorigenesis is therefore an important goal for future work.

Methods
Cell culture and transfections. NIH 3T3 cells were cultured as described 5. M21L melanoma
cells were maintained in DMEM supplemented with 10 % FBS. MEFs from caveolin-1-/- and
caveolin-1+/+ littermate mice 21 were grown in DMEM supplemented with 10% fetal bovine
serum, glutamine, penicillin and streptomycin. Cells were starved, suspended and transfected
as described 5. M21L cells stably expressing pCDNA3-caveolin-1(1-178)-myc were selected
by growth in Geneticin® (Gibco). Transfected cells were screened for protein expression by
western blotting with polyclonal anti-caveolin-1 (BD Transduction Labs), mAb anti-myc 9E10
(Santa Cruz Biotechnology, Santa Cruz CA) or anti-flag M2 mAb (Sigma-Aldrich Co., St.
Louis, MO).

DNA plasmids and Constructs. Plasmids encoding GFP-tagged N17-Rac, V12-Rac and myc-
tagged caveolin-1 were described previously 5,30. A plasmid encoding flag-tagged caveolin-1
WT and caveolin-1 Y14F were obtained from Dr. C.C. Mastick 10 and subcloned into
pCDNA-3. The proper orientation and sequence were verified by sequencing. DNA for
transfections was purified by the CsCl gradient method. Dynamin-2 constructs were from Dr.
Sandra Schmid (Scripps) and Eps15DIII was from Dr. David Castle (University of Virginia).
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Electron Microscopy and immunogold labelling of caveolin-1. Adherent or suspended cells
were fixed with 2% glutaraldehyde (EM Sciences, Ft. Washington, PA) in PBS at room
temperature for 1 h, post-fixed with 1% osmium tetroxide (OsO4) in PBS for 1h, and either
embedded in Epon, sectioned and viewed with a JEOL 1200EX or processed for immunogold
labelling of caveolin-1 following embedding in Lowicryl K4M as described 30.

Immunofluorescence and Confocal Microscopy. Glass coverslips in 24-well plastic dishes
were coated with 20 μg/ml human fibronectin or 1 mg/ml poly-L-lysine at 4°C overnight. They
were washed three times with PBS, and those coated with FN blocked with 10 mg/ml heat-
denatured BSA. Live staining with FITC- or biotinylated-CTxB (1-10 μg/ml) was done at 4°
C for 30 min. Rhodamine (TRITC) conjugated-streptavidin (Jackson ImmunoResearch, Inc.)
was used to detect biotin. Cells placed in suspension were then attached to poly-L-lysine coated
coverslips. Cells were fixed with 2% formaldehyde-PBS for 20 min at 4°C, permeabilized in
0.2% cold Triton X-100 in PBS for 5 min, and blocked with 10 % normal goat serum prior to
staining. A pAb to vinculin (sc-5573, Santa Cruz Biotechnology) followed by Texas-Red-
conjugated anti-rabbit-IgG (Jackson ImmunoResearch, Inc) was used to stain focal adhesions.
Images at the basal Z-section of the cells, close to the substrate were acquired using a Bio-Rad
1024 MRC laser scanning confocal imaging system. Anti-transferrin receptor H68.4 mAb
(ATCC) was provided by Dr. David Castle (University of Virginia). Double caveolin-1/
pY14cav-1 staining was performed using a rabbit pAb anti-caveolin-1 (BD Transduction Labs)
followed by an Alexa 488-conjugated goat anti-rabbit pAb (Molecular Probes) and a mouse
anti-pY14cav-1 (BD Transduction Labs) followed by a Rhodamine Red X-conjugated goat
anti-mouse pAb (Molecular Probes). Samples were examined with an ultra-spectral confocal
microscopy system (Leica TCSSP2-AOBS-UV Leica-Microsystems, Wetzlar, Germany).

PAK kinase assays. PAK was precipitated from cell lysates with polyclonal anti-PAK1
antibody and kinase activity determined using an in-gel kinase assay with myelin basic protein
as substrate as described 6. PAK protein in the precipitates was determined by western blotting
with the same antibody. Autoradiographs were quantitated by scanning densitometry and the
specific activity (kinase activity normalized to PAK protein) calculated.

Immunoblot analysis of GM1 and phosphorylation of caveolin, Erk, Akt and FAK.
Adherent or suspended cells were washed with cold PBS and lysed with RIPA buffer plus
protease and phosphatase inhibitors (20 mM Tris pH 7.2, 1% TX-100, 0.5% sodium
deoxycholate, 0.1% SDS, 150mM NaCl, 5 mM EDTA, 3 mM EGTA, 10 μg/ml each aprotinin
and leupeptin, 1mM PMSF, 10 mM NaF, 20 mM NaH2PO4, 10 mM Na4P2O7, 1 mM
Na3VO4, 3 mM β-glycerophosphate). Protein concentrations were quantified using the BCA
reagent (Pierce). Equal amounts of samples were analysed by Western blotting with a phospho-
caveolin-1 (P-Tyr 14) monoclonal antibody (BD Transduction Labs) and a pAb to caveolin-1.
For analysis of surface GM1, M21L and M21L-cav cells were washed with cold PBS, incubated
live with 10 μg/ml CTxB (Calbiochem, La Jolla, CA) at 4°C for 30 min, then washed with cold
PBS and lysed. Equal amounts of samples were analysed by western blotting. CTxB (55 kD)
binding to the cell surface was detected with a goat pAb anti-CTxB (Calbiochem), quantitated
by scanning densitometry and normalized to the levels of β1 integrin in the same samples. For
analysis of total GM1 (1.5 kD), equal amounts of M21L and M21L-cav cell lysates were
analysed by western blotting with HRP-conjugated-CTxB (Sigma). Quantitation and
normalization to the levels of β1 integrin was performed as above. To measure activation of
integrin-dependent signalling pathways, cell lysates were prepared in the presence of
phosphatase inhibitors and analysed by western blot with the following phosphorylation-site
specific rabbit pAb: anti-pTpY185/187-Erk1/2 pAb, anti-pS473-Akt pAb, and anti-pY397-
FAK (all from Biosource). Blots were then stripped and immunoblotted with phospho-
independent antibodies to these proteins, namely anti-Erk1/2 pAb (Biosource), anti Akt pAb
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(Cell Signalling), and anti FAK mAb (BD Transduction Labs). Bands were quantitated by
scanning densitometry, and the relative amounts of phosphorylated proteins determined.

Binding of Beads. 5 μm polystyrene divinylbenzene beads (Duke Scientific Corporation, Palo
Alto, CA) were prepared by washing and incubating with 10 μg/ml fibronectin at 4°C overnight,
washed with cold PBS and resuspended by sonication in an ultrasonic bath (Laboratory
Supplies Co Inc, Hicksville, NY). Cells were incubated for different times with coated-beads
at a cell to bead ratio of 1:40.

Pixel Intensity Profile from Cell Edge. Confocal images of cells expressing GFP V12 Rac
were imported into ISEE software. The signal intensity was determined in 5 μm lines from the
cell edge toward the cell centre. Average intensity profiles were calculated from 25 regions
per cell in 5 different cells per condition.

Co-localization and Distribution of CTxB. Cells were labelled with CTxB-Alexa 568
(Molecular Probes) at 10 μg/ml for 30 min on ice, then kept adherent or placed in suspension
and fixed at different times as indicated. Cells were then stained for caveolin-1 followed by
anti-mouse Alexa 488 antibody (Molecular Probes). Images were obtained with a BIORAD
1024 scanning laser Confocal Microscope, then imported into Inovison ISEE software, or
alternatively recorded with a Zeiss LSM510 laser Confocal Microscope, then analysed using
the Metamorph Imaging System (version 6.3). Individual cells (overlayed image of both
wavelengths) were mapped and pasted into a new image file. The individual images recorded
following excitation at both wavelengths (568 nm for GM1 and 488 nm for caveolin-1) were
then separated and a lower threshold was set individually for each image to ensure that
background fluorescence was reduced to zero. The thresholded (background subtracted)
images were then analysed using the quantitative co-localization function of the Metamorph
software. The total pixel intensity of the thresholded caveolin-1 that co-localized with GM1
was quantitated and displayed as a percent of the total pixel intensity of caveolin-1 staining
over the entire cell. This method was used for 10 cells per condition from three separate
experiments.

Quantitation of caveolin-1 translocation. Confocal images of cells stained for endogenous
caveolin-1 were imported into Inovison ISEE software. Using this software, a line was drawn
by hand around the periphery of each cell, then a second line was drawn ∼3.5 μm inside the
first line to divide the cell into exterior and interior zones. Average fluorescence intensity was
obtained within each subcellular region for 10 cells per condition.

Quantitation of GM1 cell surface fluorescence intensity. Using ISEE Unix software, CTxB-
FITC-surface labelled cells were outlined and the average fluorescence intensity for the entire
cell determined for 10 cells per condition.

Vanadate treatment. 2×105 NIH- 3T3 or COS-7 cells were plated in 6 well plates, then
incubated with or without 1μm sodium pervanadate (sodium orthovanadate activated with
1:1000 diluted H2O2 during 30 min).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Caveolin-1 internalisation. (a) Adherent 3T3 cells or cells suspended for the indicated times
were fixed, permeabilized and stained for caveolin-1. Cell surface (arrows) vs. intracellular
(arrowheads) staining is indicated. (b) Internalisation of caveolin in images from (a) was
quantified as described in Methods. Caveolin fluorescence within 3.5 microns of the cell
surface is considered exterior; fluorescence internal to this zone, further from the plasma
membrane, is considered interior. Values are means ± S.E.M. from 10 cells in 3 independent
experiments. Differences between 30s and 1h are statistically significant (p<2.5×10-4 for the
interior region and p<7×10-3 for the exterior). (c) Attached cells or cells suspended for the
indicated times were fixed and processed for electron microscopy to detect caveolae in the
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plasma membrane. Caveolae are indicated by arrows. Images are representative of areas within
cells where caveolae are concentrated. (d) Cells suspended for 2 min. were fixed and processed
for either (L) immunogold labelling of caveolin-1 or (R) electron microscopy. (L) A region of
caveolae internalisation showing a vacuole surrounded by multiple α-Cav-1 IgG gold particles.
To the right of this vacuole (bracket) is a cluster of caveolae emanating from the vacuole. (R)
A similar region of a cell processed for regular TEM microscopy. This image shows several
caveolae-rich vacuoles (asterisks) and associated clusters of caveolae and caveolae-derived
vesicles (arrows). Bar=0.2 μm. (n=3).
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Figure 2.
Pathway of integrin-regulated GM1 internalisation. (a) Serum deprived NIH-3T3
fibroblasts were surface labelled on ice with CTxB-Alexa 568, detached and held in suspension
(Sus) for the indicated times, or plated on FN for 2hours (Adherent). Cells were then fixed and
stained for caveolin-1 in green. Cells shown are observed at the equatorial plane and
representative of up to 50 cells at each time point. (b) To quantify co-localization between
GM-1 and caveolin, pixels that were positive for GM1 stain were identified and the fraction
of the caveolin-1 stain within these zones calculated. Values are means ± S.E.M. from 3
independent experiments. (c) WT MEFs expressing HA-tagged dominant negative (K44A) or
WT dynamin-2 were held in suspension for 90 min, surface labelled with Alexa 488-CTxB, and
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then stained with anti-HA antibody. (d) WT MEFs expressing GFP alone, GFP-tagged
Eps15DIII, or the Cdc42-binding domain (CBD) of WASP were surface labelled with Alexa
568-CTB, then detached and held in suspension for the indicated times. (e) Control and GFP-
tagged Eps15DIII expressing WT MEFs adherent on FN were stained for the transferrin receptor.
Cells shown are representative of three independent experiments.
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Figure 3.
Requirement for Caveolin-1. (a) Lysates from M21L melanoma or M21L-cav cells were
analysed by Western blotting with anti-caveolin polyclonal Ab. (b) Cells detached for 2h (top
panels) were stained live with FITC-CTxB to label surface GM1. Middle panels: cells
expressing GFP-V12Rac. Bottom panels: Cells stained with rhodamine-phalloidin. Arrows
indicate protrusions and ruffle-like structures (c) GFPV12Rac localization to the membrane in
(b) was assessed by measuring pixel intensity starting at the cell edge. Values are means ±
SEM. (d) Confocal z-section series of actin-stained cells. (e) Serum-starved caveolin-1-/- MEFs
(KO) or caveolin-1+/+ MEFs (WT), adherent or suspended for 2h, were stimulated with 10%
serum for 10 min, and PAK kinase activity assayed. (f) Caveolin-1-/- MEFs (KO) or
caveolin-1+/+ MEFs (WT) were kept adherent or suspended for 8h in the presence of 10%
serum. Cell lysates were analysed by Western blotting with phospho-specific antibodies to
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Erk1/2, Akt, and FAK, or with phospho-independent antibodies to the same proteins for
normalization. Values in (e) and (f) are means ± S.D. of the specific enzymatic activity (kinase
activity or amount of phospho-protein normalized to total protein) in non-adherent cells
normalized to that of adherent cells (n=4).
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Figure 4.
Phospho-caveolin-1 mediates integrin-dependent membrane domain internalisation.
(a) Adherent NIH-3T3 cells were doubly stained for phospho-caveolin-1 plus either vinculin
or total caveolin-1. WT MEFs (b) or caveolin-1-/- MEFs (c) in suspension were stained for total
caveolin-1 plus pY14cav-1. (d) NIH-3T3 cells were kept adherent or placed in suspension for
the indicated times. Cell lysates were analysed by Western blotting with anti-caveolin-1 or
anti-phosphocaveolin-1 (n=10). (e) Western blotting for caveolin-1 and flag in
caveolin-1 +/+ MEFs (WT), caveolin-1 -/- MEFs (KO), and KO MEFs transiently transfected
with flag-tagged WT or Y14F caveolin-1. (f). Caveolin-null MEFs transiently transfected with
WT or Y14F caveolin-1 were detached for 2h and stained live with FITC-CTxB to label surface
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GM1, then fixed and stained with anti-flag mAb to detect caveolin expression. Arrows denote
transfected cells. Images are single confocal sections (n=4). (g) Quantitation of surface GM1.
The level of surface GM1 was quantified by measuring total staining intensity of suspended,
surface CTxB-labelled untransfected caveolin-null cells and cells expressing WT or Y14F
caveolin from (f). Values are means ± S.E.M. from 10 cells in 4 independent experiments.
(h) NIH-3T3 cells, untreated COS-7 cells, and COS-7 cells incubated with 1μM sodium
pervanadate for 1 h were lysed, and analysed by western blotting with antibodies against
caveolin-1, pY14cav-1, and β1 integrin. (i) Adherent and suspended cells treated as in (h) were
surface labelled with CTxB-Alexa 568. Asterisks denote cells not readily visible due to low
surface labelling. Results are representative of three independent experiments.
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