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Anchorage-independent growth (AIG) of cancer cells requires escape from integrin-mediated signals. A
protein frequently downregulated in cancer, caveolin-1 (Cav1), mediates integrin control of several growth-
regulatory pathways. We report that loss of Cav1 results in faster exit from quiescence and progress through
the cell cycle, proliferation without anchorage to substrate, and absence of cyclin D1 downregulation upon
serum deprivation or detachment. Surprisingly, this proliferative advantage is independent of Erk–mitogen-
activated protein kinase signaling; instead, cyclin expression and cell cycle progression in the absence of Cav1
are driven by increased membrane order and Rac targeting. AIG was induced in Cav1-expressing cells by
forced membrane targeting of Rac1 or by inhibiting Cav1-mediated internalization of plasma membrane
ordered domains at which Rac1 accumulates. Restoring Rho activity, which is downregulated after loss of Cav1,
antagonizes Rac1 and prevents cyclin D1 accumulation after serum starvation or loss of adhesion. Anchorage
independence and increased proliferation in Cav1-deficient tumoral and null cells are thus due to an increased
fraction of active Rac1 at membrane ordered domains. These results provide insight into the mechanisms
regulating growth of cancer cells, which frequently lose Cav1 function.

Proliferation of most nontransformed cells requires signals
from growth factor receptors and proper anchorage to substrate
(1). Anchorage is sensed by integrins, which are the major recep-
tors of the extracellular matrix (ECM) and regulate most signal-
ing cascades linked to cell proliferation, including the Erk–mito-
gen-activated protein kinase (MAPK), Src, phosphatidylinositol
3-kinase (PI3K), focal adhesion kinase, and Rho GTPase path-
ways. Coordination of signals from growth factor receptor ty-
rosine kinases and ECM receptors allows anchorage-dependent
proliferation (1, 4, 38, 49). Detachment from substrate terminates
integrin-driven signals, leading to cell cycle arrest and/or apop-
tosis (19). Occasionally, certain cells can escape integrin con-
trol of proliferation, a feature known as anchorage-indepen-
dent growth (AIG) and a characteristic of most transformed
cells (18).

Cell cycle progression is driven by sequential activation of
specific cyclin-dependent kinase (cdk) complexes. During G1,
activated cyclin D-cdk4/6 and cyclin E-cdk2 phosphorylate ret-
inoblastoma protein (pRb) and the other pocket family pro-
teins, p130 (Rb2) and p107 (7, 50). Phosphorylated pRb allows
release of transcription factors critical for G1-S transition. In-
duction of cyclin D (and thus activation of cdk4/6) is the ini-
tiator step for exit from quiescence and progression through

G1 and eventually the whole cell cycle, since the other phases
(S, G2, and M) are independent of growth factors and adhe-
sion; conversely, specific knockdown of cyclin D1 inhibits entry
into S phase (57).

Rho family small GTPases are important integrators of sig-
nals from integrins and growth factor receptors, and altered
Rho GTPase signaling is related to cell transformation, tumor
invasion, and metastasis (2, 4, 5, 46). In particular, Rac1 can
drive cyclin D1 transcription in response to integrin signals and
growth factors by activating Jun N-terminal protein kinase,
PI3K, NF-�B, or MAPK signaling cascades and also contrib-
utes to cyclin D1 translation and pRb phosphorylation (41, 45).
RhoA and Rac1 coordinately regulate the timing of cyclin D1
expression: while Rac signaling allows cyclin D1 expression in
G0 and early G1 (which is normally antagonized by Rho),
expression in mid-G1 requires a Rho-dependent sustained ac-
tivation of Erk proteins (59). Thus, a precise balance in the
activities of these GTPases is necessary for correct timing of
cyclin D1 expression and subsequent cell cycle progression.

Integrin signals target Rho GTPases and other signaling
intermediates to cholesterol-enriched membrane microdomains
(CEMMs) (reviewed in references 27 and 30), where they in-
teract with downstream effectors (9). Integrin uncoupling by
detachment from the ECM results in CEMM internalization
and termination of associated signaling (9). Caveolae are a
flask-shaped CEMM subtype characterized principally by the
abundance of caveolin proteins, which are essential for caveola
formation (40, 43). Cav1 actively participates in CEMM
endocytosis after cell detachment, shutting down caveola/
CEMM-associated signals (10, 43). Cav1-deficient cells
therefore cannot internalize CEMMs upon detachment,
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even though general CEMM composition is not greatly altered
(15). As a result, detached Cav1�/� mouse embryonic fibro-
blasts (MEFs) show increased Ras-MAPK, PI3K-Akt, and
Rac–p21-activated kinase (PAK) signaling (10); all of these
signal paths are important for cell cycle progression.

Because many of the signaling molecules located at CEMMs
are important for the cell cycle, it is likely that deregulation of
Cav1 expression is relevant for cell proliferation. Indeed, Cav1-
deficient cells are hyperproliferative, and knockout animals
show hypertrophy and hyperplasia in several tissues and organs
and increased cell proliferation (36). This is often associated
with hyperactivation of MAPK signaling (62). Since the Ras-
Erk pathway is a critical regulator of cell cycle progression, it
has been proposed that this cascade is responsible for the
hyperproliferative phenotype of Cav1-deficient cells, although
this question has not been directly addressed so far.

The role of Cav1 in tumor onset and progression is contro-
versial (22). Loss of Cav1 expression contributes to tumorigen-
esis in several models (36). Genes encoding Cav1 and -2 are
located on a putative tumor suppressor locus (17). In fact, 16%
of human breast cancers present a P132L mutation in Cav1
(28, 61), and other Cav1 mutations are found in human oral
squamous cell carcinomas (26). Many oncogenes, including the
Src, Ras, and Bcr-Abl oncogenes, transcriptionally downregu-
late Cav1 expression (34, 60). Therefore it was proposed that
Cav1 could act as a tumor suppressor, and several studies
suggest a connection between loss of Cav1 expression and the
ability of cells to escape from anchorage growth control (reviewed
in references 22, 43, 47, and 62). However, for some tumors,
including non-small cell lung cancer, prostate cancer, and some
types of breast cancer, Cav1 expression contributes to cell survival
and growth, favoring tumor progression (52, 55, 63). Thus, de-
pending on the tumor origin, Cav1 might act either as a tumor
suppressor or as a tumor promoter. The molecular mechanisms
underlying these cell-type-specific growth-regulatory behaviors
are unknown, and the mechanism by which Cav1 regulates an-
chorage-dependent cell growth remains poorly understood.

In this study we have analyzed the proliferative response of
cells deficient in Cav1 expression (by either genetic deletion or
tumoral downregulation) to mitogenic stimuli and loss of ad-
hesion. We have found that Cav1-deficient fibroblasts show a
faster exit from quiescence and progression through the cell
cycle, consistent with the potential role of Cav1 as a tumor
suppressor. Furthermore, Cav1-negative cells proliferate in the
absence of substrate anchorage, suggesting that loss of Cav1
regulation is an important step in the acquisition of the trans-
formed phenotype. Contrary to what was expected based on
previous studies with antisense-mediated inhibition or deletion
of Cav1 in cells (20, 44), the proliferative advantage acquired
by the loss of Cav1 appears to be independent of the Erk-
MAPK pathway. Our results suggest that, instead, proper
membrane trafficking and Rac1 plasma membrane targeting
play a pivotal role in the regulation of cell proliferation medi-
ated by integrins and Cav1. These studies suggest connections
between plasma membrane organization and signals that reg-
ulate the cell cycle and will likely contribute to a better under-
standing of the role of adhesive signaling and Cav1 in the
regulation of anchorage dependency of cell proliferation and
tumor suppression.

MATERIALS AND METHODS

Handling of mice. Cav1-deficient mice, strain Cav-1 tm1Mls/J, and their wild-
type (wt) controls, strain B6129SF2/J, were obtained from The Jackson Labora-
tory (Bar Harbor, ME). Mice were maintained according to the animal care
standards established by the European Union.

Cell culture assays. Primary MEFs were isolated from embryonic day 13.5
embryos. 3T3 immortalized MEFs (MEFs-D and MEFs-R, derived from two
mouse strains [15, 44]) and thymus fibroblasts (TFs) (56) from wt and Cav1�/�

littermate mice were used throughout this study. When the cell type is not stated,
MEFs-R were used. 3T3L1 preadipocytes stably expressing small interfering
RNA (siRNA) for Cav1 or a scramble siRNA were generated by lentiviral
infection (24). Cav1�/� MEFs and TFs reconstituted with Cav1 (RC MEFs and
RC TFs) and M21L-Cav1 melanoma cells were generated by stable transfection
of Cav1�/� cells with a Cav1-encoding vector. MEFs and 3T3L1 fibroblasts were
cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin
at 37°C in a humidified 5% CO2-95% air incubator. For M21L-Cav1 cells 0.5
mg/ml G418 was added to the culture medium (10). Rat1 fibroblasts expressing
myc-tagged V12 Rac (Rat1-V12Rac) or an empty vector (Rat1-V8) were cul-
tured in DMEM with 10% FBS, 0.5 mg/ml G418, and 2 �g/ml doxycycline (11).
For experiments with nonadhered cells, cells were plated on bacterial plastic
dishes coated with a thin layer of 0.5% agarose and cultured for 18 h; alterna-
tively, for bromodeoxyuridine (BrdU) incorporation and CEMM retention as-
says cells were grown under permanent rotation in DMEM containing 0.5%
methylcellulose and 2 �M HEPES. In both cases nonadhered cultures were
grown in the presence of 10% FBS. Specific inhibitors of PI3K (50 �M
LY294002) and glycogen synthase kinase 3� (GSK3�) (40 mM LiCl) were added
to the culture plates for 18 h. To analyze S-phase entry, cells were serum
deprived for 72 h in DMEM plus 0.1% FBS and then restimulated with 10% FBS
to trigger cell cycle reentry. DNA content was analyzed by flow cytometry after
propidium iodide staining (FACs Canto II flow cytometer; BD). G0/G1, S, and
G2/M cell cycle phases were quantified with FACs Diva software. BrdU incor-
poration was measured by indirect immunofluorescence after 2 or 5 h in the
presence of 50 �M BrdU. For focus formation assays 5 � 105 wt and Cav1�/�

immortal MEFs were cotransfected with a plasmid containing the human H-Ras
oncogene and a green fluorescent protein (GFP)-expressing plasmid to assess
efficiency of transfection and allowed to grow for 10 days, until visible colonies
formed. Foci were stained with 0.05% crystal violet solution for 1 h. Primary
MEFs were transfected with a plasmid containing the H-Ras oncogene either
alone or with a plasmid containing the E1A oncogene. For soft agar assays
1.5 �104 cells were resuspended in 3 ml of complete medium containing 0.35%
agarose. The mixture was seeded on a layer of medium containing 0.5% agarose.
Cells were allowed to reach interphase at 37°C for 20 min. After solidification, 2
ml complete medium was added. Cells were grown at 37°C and 5% CO2 for 3
weeks. Colonies were stained with 0.005% crystal violet for 1 h.

Antibodies and reagents. The specific primary antibodies used were anti-cyclin
D1 monoclonal antibody (MAb) (sc-8396; Santa Cruz Biotechnology, Inc.), anti-
cyclin A polyclonal antibody (PAb) (sc-751; Santa Cruz Biotechnology, Inc.),
anti-�-tubulin MAb (T6557; Sigma-Aldrich), anti-pRb MAb (554136; BD Phar-
mingen), anti-p-pRb (pS807/811) PAb (9308; Cell Signaling), anti-p107 PAb
(ab2451-1; Abcam), anti-p130 PAb (ab6545-100; Abcam), anti-p-Erk (pTpY185/
187) PAb (44-680G; Biosource International), anti-Erk1 and -2 pan-PAb (44-
654G; Biosource International), anti-myc MAb (clone 9E10, sc-40; Santa Cruz),
anti-cdk4 MAb (sc-260; Santa Cruz), anti-Rac MAb (05-389; Upstate Biotech-
nology), anti-p-Akt (pS473) MAb (44-621G; Biosource International), anti-p-
Akt (pT308) PAb (9275; Cell Signaling), anti-Akt PAb (9272; Cell Signaling
Technology), antihemagglutinin (anti-HA) MAb (MMS-101P; Covance), and
anti-BrdU MAb Alexa Fluor 594 conjugate (A21304; Molecular Probes). Alexa
Fluor 488 (A11001) antibodies and Alexa Fluor 647 phalloidin (A22287) were
purchased from Molecular Probes, and peroxidase-conjugated goat anti-rabbit
and anti-mouse immunoglobulin G were obtained from Jackson Immuno-
Research Laboratories, Inc. The inhibitors used were LY294002 (440202; Cal-
biochem), U0126 (662005; Calbiochem), and LiCl (Sigma-Aldrich).

Rac pulldown assay and Western blot analysis. Rac activity in starved MEFs
was determined by pulldown assay as described previously (11). For Western
blotting, cells were lysed in modified radioimmunoprecipitation assay buffer
containing 50 mM Tris-HCl (pH 7.4); 1% NP-40; 0.1% sodium dodecyl sulfate;
0.25% Na deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM
phenylmethylsulfonyl sulfate; 1 �g/ml each of aprotinin, leupeptin, and pepsta-
tin; and 25 mM NaF (all from Sigma). Equal amounts of protein were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were
transferred to nitrocellulose membranes (Amersham) and probed with antibod-
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ies using standard procedures. Horseradish peroxidase-bound antibodies were
detected by chemiluminescence with ECL (Amersham Life Sciences, Little Chal-
font, United Kingdom). Densitometric analysis of bands was performed with
Quantity One software (Bio-Rad). Electrophoretic mobility of pocket proteins
was analyzed using the Leica LAS-AF software.

DNA constructs and transient transfection assays. Vectors encoding en-
hanced GFP (EGFP)-Cav1, EGFP-Rac T17N (12), myr-HA-Rac, and interleu-
kin-2 (IL-2)–HA–Rac (11) were transiently transfected by electroporation. The
GFP-positive population was separated 24 h later with a MoFlo cell sorter
(Dako-Cytomation).

Adenoviral infection. MEFs were infected with LacZ (control) or N17-Rac
adenovirus at a multiplicity of infection of 300 as described previously (33).
N17-Rac adenovirus was a generous gift from Anne Ridley (Ludwig Institute for
Cancer Research, University College London, United Kingdom).

qPCR. Total RNA was collected and analyzed by quantitative PCR (qPCR)
using TaqMan primer and probe sequences for mouse cyclin D1 mRNA and
cdk4 mRNA as described previously (33). qPCR results show levels of cyclin D1
mRNA normalized to those of cdk4 and are plotted as means � standard
deviations of duplicate PCRs. The levels of cdk4 mRNA were not affected by the
culture conditions or treatments.

CEMM retention assays. Latex beads were coated with anti-transferrin recep-
tor (anti-TfR) antibody or cholera toxin B (CTxB) as previously described (9).
Cells were incubated with coated beads at a cell-to-bead ratio of 1:40 for 1 h and
then placed in suspension for 12 h. BrdU (50 �M) was added 5 h before
collection of the cells.

RNA interference (RNAi)-mediated silencing. Small interfering RNA (siRNA)
transfections targeting Akt and Rac proteins were performed 24 h before trans-
fer of Cav1�/� cells to suspension culture using Oligofectamine (Invitrogen) and
a 100 nM Akt target sequence (5	-CCTGCCCTTCTACAACCAGGA-3	) (37)
(Ambion), a 100 nM mRac1 target sequence (5	-CAGACAGACGUGUUCUU
AAUUUGCU-3	) (31), or a 100 nM scrambled siRNA oligonucleotide as a
control (both from Invitrogen). For GSK3�, a mU6pro vector carrying the
specific short hairpin RNA (shRNA) sequence 5	-TAAGAACCGAGAGCTCC
AGATC-3	 (64) or an empty vector was transiently electroporated into wt MEFs
24 h before transfer of cells to suspension.

Immunofluorescence labeling and confocal microscopy. Cells grown on glass
coverslips were fixed in 4% paraformaldehyde for 15 min at room temperature.
Cells were grown in suspension for 16 h, fixed with 4% paraformaldehyde,
washed with phosphate-buffered saline (PBS), and placed on slides by centrifu-
gation at 1,000 rpm for 1 h (Shandon Cytospin 4; Thermo). After fixation, cells
were rinsed extensively with PBS and permeabilized with 0.1% Triton X-100 in
PBS containing 1% bovine serum albumin for 15 min to reduce nonspecific
binding. For BrdU staining, an additional step of denaturation with 2 N HCl for
25 min was performed. Subsequent washing and incubations with phalloidin and
primary and fluorescent secondary antibodies were done in PBS containing 0.2%
bovine serum albumin. After labeling, coverslips were mounted in Permafluor
aqueous mounting medium (IM0752; Immunotech/Beckman Coulter) and ana-
lyzed with the 63� and 40� objectives of a Leica SPE confocal microscope. To
quantify cyclin D1 nuclear accumulation, nuclei were delimited by Hoechst
labeling and the intensity of cyclin D1 immunostaining was quantified with Leica
LAS-AF software. A minimum of six fields were acquired per condition, and 30
to 50 cells per condition were quantified (n 
 3). To quantify plasma membrane
localization of myr-Rac and IL-2–Rac, 10 line profiles per cell (5 to 6 �m) were
obtained and quantified with Leica LAS-AF software (using either the Rac or
HA labeling).

Statistical analysis. Statistical significance was determined by a two-tailed
Student t test with Prisma 4.0 software (GraphPad Software, Inc., San Diego,
CA). P values that were �0.05 were considered significant.

RESULTS

Loss of Cav1 accelerates proliferation and cooperates in
oncogenic transformation. Cav1-deficient fibroblasts cycle faster
and have a larger S-phase fraction than wt cells, as shown by flow
cytometric analysis and BrdU incorporation (15, 44) (Fig. 1a).
We observed that the levels of cyclins D1 and A, which are
characteristic of G1 and S/G2, respectively, were elevated in
Cav1�/� MEFs and in Cav1-silenced 3T3L1 cells and that pRb
phosphorylation was higher (Fig. 1b). Cyclin D1 accumulation
in Cav1�/� MEFs was predominantly nuclear (Fig. 1c). Ex-

pression of p130, an early G1 marker (6), was also lower in
Cav1�/� cells, whereas expression of the late G1 marker p107
was higher (Fig. 1b). Increased cyclin D1 and a reduced G0/G1

population in Cav1-deficient cells from three different knock-
out mouse models (15, 44, 56) and Cav1-silenced 3T3L1 cells
were observed (Fig. 1a; data not shown). Restoration of Cav1
expression rescued the wt phenotype in all cases (Fig. 1d).
Also, Cav1 reexpression in the M21L melanoma tumor cell line
(M21L-Cav1), which does not otherwise express Cav1, resulted
in an increased G0/G1 (Fig. 1e). Lack of Cav1 thus seems to
increase the proportion of cells in late versus early G1, as well
as in S and G2/M, perhaps indicating faster progression
through G1. Cav1�/� mice are prone to tumor development,
and Cav1 deficiency cooperates with oncogenes in MEF cell
transformation in an INK4a-deficient background (22, 47, 62).
We found that immortal Cav1�/� MEFs transfected with the
H-Ras oncogene formed up to 10-fold more oncogenic foci
than control cells (Fig. 2a). Moreover, H-Ras expression alone
was sufficient to produce foci in primary MEFs deficient for
Cav1 (Fig. 2b), confirming that lack of Cav1 promotes focus
formation, one of the features of cell transformation.

Cav1-deficient cells progress faster through cell cycle. To
analyze the effects of Cav1 deficiency in synchronized cultures,
we arrested wt and Cav1�/� MEF-R and TF populations at G0

by depleting serum (shown for MEFs-R in Fig. 3a). wt cells
began to exit G0/G1 16 h after serum readdition, correlating
with an increased fraction of cells in S phase. Over 24 h, the
G0/G1 population declined from 86% � 2.8% to 49% � 3.4%,
while the S and G2/M fractions reached 29% � 2.4% and
21% � 5.3%, respectively. Cav1�/� cells began G0/G1 exit 12 h
after serum readdition, and after 16 h the S and G2/M popu-
lations were 30% � 4.7% and 17% � 5.1%, respectively. The
S-phase population began to decline from 20 h, while the G2/M
population reached 34% � 4.7%. The increase in the Cav1�/�

G0/G1 population at 24 h corresponds to entry into a second
cycle. These differences were reflected in the expression of
cyclins and pocket family proteins (Fig. 3b). Cyclin D1 began
to accumulate in wt MEFs 8 h after serum readdition, peaking
at 16 h, just before cells enter S phase. Increased entry into S
phase (20 h) was mirrored by decreased levels of cyclin D1,
whereas the levels of cyclin A continued to increase. Phosphor-
ylation of pRb and p130 was detected at 12 h and 4 h, respec-
tively, and p107 levels increased progressively as cells left G0

and progressed through G1 and S phases. Strikingly, cyclin D1
was highly expressed in serum-starved Cav1�/� cells (both
MEFs-R and TFs); this expression increased slightly after 8 h
of serum stimulation and did not decline until 16 h, correlating
with the sharp increase in the S-phase population (shown for
MEFs-R in Fig. 3a) and presumably due to proteasomal deg-
radation (13). Again, cyclin D1 accumulation in Cav1�/�

MEFs was predominantly nuclear (Fig. 3c). The increase in
cyclin A levels upon serum readdition was higher in Cav1�/�

cells, and maximal levels of cyclin A and phosphorylated pRb
were reached 20 h after serum stimulation, coinciding with the
minimum G1 and maximum S and G2/M fractions (Fig. 3a).
Cyclin A expression in Cav1�/� cells decreased again at 24 h,
coinciding with entry into the next cycle (not shown). The
timing of pRb phosphorylation was little affected by Cav1 de-
ficiency, but protein expression of pRb and p130 pocket pro-
teins was low, probably contributing to the faster progression
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through G1 (Fig. 3b and d). Conversely, the increase in p107
levels upon serum stimulation was stronger in Cav1�/� cells (15-
fold versus 4-fold in wt cells at 20 h). To determine whether
Cav1�/� cells withdraw from the cell cycle and enter G0 or are
arrested at early G1, we analyzed the phosphorylation status of
pRb protein at residues specifically targeted by the cdk4/6-cyclin
D1 complex (S807/811). p-pRb (pS807/811) was undetectable in
serum-starved wt and Cav1�/� MEFs, and cells of both genotypes
showed the same rate of induction upon serum addition (Fig. 3e).
We also analyzed the nuclear accumulation of the transcription

factor Fox03a after serum starvation, an indicator of G0 arrest
(39). wt and Cav1�/� MEFs showed similar levels of nuclear
accumulation of Fox03a after serum starvation and the same rate
of nuclear exclusion 30 min and 1 h after serum addition (not
shown). These results suggest that Cav1�/� MEFs arrest at G0 as
efficiently as wt MEFs after serum starvation and that the timing
of G0 exit by Cav1�/� MEFs does not differ from that for wt
MEFs. Thus, Cav1-deficient cells apparently reenter the cell cycle
at the same rate as wt MEFs but progress faster through G1,
completing this phase �4 h earlier.

FIG. 1. Increased cell proliferation in the absence of Cav1. (a) Flow cytometric analysis of wt and Cav1�/� MEFs from two different mouse
strains (MEF-R [44] and MEF-D [15]) and 3T3L1 fibroblasts before and after shRNA-mediated Cav1 knockdown, showing the percentages of cells
in each phase of the cell cycle out of a total of 10,000 cells (left), and analysis of BrdU incorporation after 2-h labeling of wt and Cav1�/� MEFs-R
(right). (b) Western blot analysis of wt and Cav1�/� MEFs-R using antibodies against cyclin D1, cyclin A, pRb, p130, p107, and �-tubulin (�-tub;
as a loading control) (left) and Western blot analysis of 3T3L1 fibroblasts before and after Cav1 shRNA-mediated specific knockdown using
antibodies against cyclin D1, cyclin A, Cav1, and �-tubulin (as a loading control) (right). (c) Immunofluorescence staining of wt and Cav1�/�

MEFs-R using an antibody against cyclin D1 and phalloidin to visualize the actin cytoskeleton. Nuclear cyclin D1 mean intensity is represented.
At least 30 cells per genotype were analyzed. AU, arbitrary units. (d) Western blot analysis of wt and Cav1�/� MEFs-R expressing either an empty
vector (e) or Cav1 (RC) using antibodies against Cav1, cyclin D1, cyclin A, pRb, and p107. �-Tubulin was used as a loading control. (e) Flow
cytometry analysis of M21L cells expressing either an empty vector or a construct encoding GFP-fused Cav1, showing the percentages of cells in
each phase of the cell cycle out of a total of 10,000 cells (left), and GFP-Cav1 expression in adherent M21L melanoma cells (right). Bars (a, c, and
e) represent means � standard errors of the means of three (a and c) or four (e) independent experiments.
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Cyclin D1 accumulation in Cav1-deficient cells is Erk inde-
pendent but Rac dependent. Sustained Erk activation is re-
quired for serum-induced cyclin D1 expression and is modu-
lated by Rho GTPases (59). Since it has been suggested that
Erk hyperactivation accounts for the hyperproliferative phe-
notype of Cav1�/� animals, we examined whether this pathway
mediates cyclin D1 accumulation in G0. Pretreatment of syn-
chronized Cav1�/� MEFs with the MEK inhibitor U0126 did
not affect cyclin D1 expression (Fig. 4a), indicating that cyclin
D1 accumulation in Cav1�/� cells is independent of MAPK
activation.

Cyclin D1 expression is also regulated by the GTPase Rac
(41, 45). We previously showed that Rac activity in asynchro-
nous Cav1�/� MEF cultures is enhanced 1.5-fold compared
with that in wt cultures (25), and this was increased to almost
5-fold in G0-synchronized cultures (Fig. 4b). Suppression of
Rac with dominant negative Rac (N17-Rac) severely impaired
serum-induced cyclin D1 mRNA and protein expression in wt
and Cav1�/� cells (Fig. 4c). Moreover, cyclin D1 expression in
Cav1�/� cells was also reduced at G0, indicating that Rac
activity is required for cyclin D1 accumulation. N17-Rac had
no effect on serum-dependent Erk phosphorylation in synchro-
nized wt and Cav1�/� cultures (Fig. 4d), confirming that Rac
activation mediates cyclin D1 accumulation in Cav1-deficient
cells by a mechanism independent of Erk phosphorylation.

Cav1-deficient cells show AIG. To test the capacity of Cav1-
deficient cells for AIG, we seeded MEFs or TFs in soft agar.
Both types of Cav1�/� fibroblasts formed colonies (Fig. 5a).
Reexpression of Cav1 reverted the phenotype, impairing col-
ony formation by nearly 80% (Fig. 5a), confirming that caveo-

lin deficiency conferred the ability to escape from anchorage
dependency and suggesting that it could be an important step
in the acquisition of the transformed phenotype. To analyze
cell cycle progression of nonadhered cells, we cultured cells
overnight on top of a thin layer of agar. Under these conditions
75% � 0.8% of wt MEFs exited the cell cycle and arrested at
G0/G1 (Fig. 5b, left), similar to the effect of serum starvation in
adhered cultures (Fig. 3a). In contrast, in Cav1�/� MEFs the
G0/G1 fraction was only 60% � 1.77%, and this was accompa-
nied by larger S and G2/M fractions. This increase in the
proliferating populations in suspension was analyzed in
MEFs-R and -D (15, 44) as well as in cells subjected to RNAi-
mediated Cav1 knockdown (Fig. 5b, left). In an alternative
approach, wt and Cav1�/� MEFs-R were grown for 16 h in
methylcellulose-containing medium under constant rotation.
The dividing population was determined by measuring BrdU
incorporation during S phase. The proportion of BrdU-posi-
tive Cav1�/� cells was approximately eightfold higher than that
of wt cells (Fig. 5b, right). G0 arrest in wt nonadhered MEFs
was accompanied by low levels of cyclins D1 and A, which
correlated with accumulation of hypophosphorylated pRb
(Fig. 5c). In contrast Cav1�/� cells retained higher levels of
both cyclins (Fig. 5c) and increased accumulation of nuclear cy-
clin D1 (Fig. 5d). Similar results were obtained with the three
different knockout mice models (MEFs-R and -D and TFs) and
in RNAi-silenced Cav1 cells (Fig. 5c and data not shown). Also
similar to adherent cultures, Cav1�/� cells showed lower levels of
total pRb and p130 protein and higher expression of p107 than
the wt. Reexpression of Cav1 in Cav1�/� MEFs recovered the
expression levels of cyclins and pocket proteins detected in wt

FIG. 2. Cav1 deficiency cooperates in oncogenic transformation of MEFs. (a) Focus formation assay of wt and Cav1�/� MEFs-R after
transfection with the H-Ras oncogene. Total foci formed normalized to wt cells are represented. The ratios of focus formation in transfected cells
were 1/1,000 for wt cells and 1/100 for transfected Cav1�/� cells. Bars represent means � standard errors of the means of four independent
experiments. (b) Micrographs showing focus formation in two independent primary clones (clon) of wt and Cav1�/� MEFs-R, respectively, after
transfection with the H-Ras oncogene or the H-Ras and E1A oncogenes.
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cells in suspension (Fig. 5e). Cav1 reexpression in M21L mela-
noma cells resulted in a decreased proliferation in suspension
(Fig. 5f) and a reduction in cyclin D1 levels as well (not shown).
All these data indicate that Cav1�/� cells are able to grow in the
absence of adherence to substrate. This phenotype was not influ-
enced by G1 inhibitors of the CIP/KIP family, since the expression
of these factors did not differ significantly between wt and
Cav1�/� MEFs, whether under adherent or nonadherent growth
conditions (not shown).

AIG in Cav1-deficient cells is Erk independent and Rac
activation dependent and involves PI3K and GSK3�. We next
examined the signaling pathways underlying adherence-inde-
pendent growth by Cav1�/� cells. Ras-MAPK, Rac-PAK, and
PI3K-Akt were good candidates since all of them are activated

in suspended Cav1�/� cells due to defective CEMM internal-
ization after detachment from the ECM (10). We first checked
MAPK signaling, due to its importance for integrin-regulated
cell cycle progression; however, specific inhibition of Erk phos-
phorylation in suspended Cav1�/� cells did not interfere with
cyclin D1 or A expression or cell cycle progression (Fig. 6a),
indicating that this pathway is unrelated to Cav1-mediated
control of anchorage. Cyclin D1 is also regulated by PI3K/Akt
through the inhibition of GSK3�, a negative regulator of cyclin
D1 expression and nuclear accumulation (13). Detached
Cav1�/� MEFs showed hyperactivation of the PI3K/Akt path-
way (Fig. 6b) (10, 42), and increased Akt phosphorylation has
been shown to be Rac dependent in Cav1 knockdown cells
(23). Specific inhibition of PI3K with LY294002 decreased

FIG. 3. Faster progression through G1 and entry into S phase in Cav1�/� MEFs. (a) Flow cytometric analysis of synchronized wt and Cav1�/�

MEF-R populations at the indicated times after serum stimulation. Graphs show the percentages of cells in each phase of the cell cycle out of a
total of 10,000 cells. (b) Western blot analysis of wt and Cav1�/� MEFs-R after serum stimulation at the indicated time points using antibodies
against cyclin D1, cyclin A, pRb, p107, p130, and �-tubulin (�-tub; as a loading control). Densitometric analysis of p107 expression normalized to
�-tubulin is indicated (arbitrary units). (c) Immunofluorescence staining of G0-synchronized populations of wt and Cav1�/� MEFs-R using
antibodies against cyclin D1 and phalloidin to visualize the actin cytoskeleton and accumulation of nuclear cyclin D1. At least 30 cells per genotype
were analyzed. AU, arbitrary units. (d) Electrophoretic mobility of pRb and p130 proteins compared to a molecular size standard (m) in wt and
Cav1�/� MEFs-R at the indicated times after serum stimulation. (e) Western blot analysis of p-pRb (pS807/811) in wt and Cav1�/� MEFs-R at
the indicated times after serum stimulation; �-tubulin was used as a loading control. Bars (a and c) represent means � standard errors of the means
of three independent experiments.

VOL. 29, 2009 CAVEOLIN-1 MEDIATES ANCHORAGE DEPENDENCE VIA Rac 5051



cyclins D1 and A in nonadhered Cav1�/� cells, correlating with
an increase in the G0/G1 fraction (from 53% � 2.6% to
68.09% � 2.69%) and a decrease of S and G2/M (Fig. 6c).
Cyclin expression and cell cycle progression in wt cells were not
affected by LY294002 since these cells were already arrested in
suspension. Inhibition of GSK3� with LiCl resulted in in-
creased cyclins D1 and A in detached wt cells (Fig. 6c), which
correlated with a pronounced reduction in the G0 population
(from 74.92% � 0.55% to 38.80% � 2.13%) and increased the
S and G2/M fractions (Fig. 6c). Similar to the data obtained
with the pharmacological inhibitors LiCl and LY294002, spe-
cific knockdown of GSK3� in wt cells led to cyclin D1 induc-
tion in suspension, whereas specific Akt silencing in Cav1�/�

MEFs decreased the levels of cyclin D1 (Fig. 6d). Thus, the
PI3K/Akt/GSK3� pathway seems to play a determining role in
the control of adhesion-dependent proliferation.

In adherent cultures, Rac activity was critical to cyclin D1
expression in Cav1�/� cells (Fig. 4c). In addition, levels of
cyclin D1 were increased by expression of constitutively active
Rac (V12-Rac) in nonadhered wt Rat1 fibroblasts (Fig. 7a).
V12-Rac also reduced the accumulation of nonadhered cells in

G0/G1 (Fig. 7b). Conversely, the elevated expression of cyclins
D1 and A in suspended Cav1�/� MEFs was reduced to wt
levels by expression of dominant-negative Rac (Fig. 7c). Rac
inhibition in suspended Cav1�/� cells also recovered G0/G1

accumulation to nearly wt levels (Fig. 7d). The reduction in the
G0/G1 fraction of wt and Cav1�/� cells in suspension with the
empty vector was a secondary effect of the electroporation and
was consistently observed in all experiments. Similarly, sup-
pression of Rac1 expression in suspended Cav1�/� cells by
RNAi-mediated silencing resulted in a sharp drop in cyclins D1
and A (Fig. 7e). Thus, Rac activation in detached cells is
necessary and sufficient to drive cyclin D1 accumulation and
cell cycle progression.

Impaired membrane trafficking and constitutive CEMM/
Rac association with the plasma membrane drive cell cycle
progression upon loss of integrin-mediated adhesion. CEMM
internalization upon loss of anchorage is mediated by caveolae,
stable membrane domains that act as vesicular transporters
(53). Preincubation of wt cells with latex beads coated with
CTxB prevented internalization of CEMMs upon loss of an-
chorage as described previously (9), a phenotype that resem-

FIG. 4. Rac1 but not Erk induces cyclin D1 in synchronized Cav1�/� MEFs. (a) Western blot analysis of Cav1�/� MEFs using antibodies
against the phosphorylated form of Erk (P-Erk), total Erk protein, cyclin D1, and cdk4 (as a loading control) at the indicated times after serum
stimulation and in the presence or absence of the specific inhibitor of the p42/44 MAPK pathway, U0126 (10 �M). (b) Rac1 pulldown assay of
G0-synchronized wt and Cav1�/� MEFs after serum starvation. Proteins bound to GST-p21 binding domain were immunoblotted with an antibody
against Rac. Densitometric analysis of the relative activity of Rac1 normalized for whole-cell lysates was performed, and the result is expressed
as the ratio to activity in wt MEFs. Bar, mean � standard error of the mean of four independent experiments. (c) Western blot analysis of wt and
Cav1�/� MEFs after serum stimulation at the indicated time points using antibodies against cyclin D1 and Rac1, with or without infection of
adenovirus N17-Rac. Densitometric analysis of cyclin D1 expression normalized to endogenous Rac is indicated (arbitrary units). qPCR for cyclin
D1 mRNA in the same samples was performed. Bars, means � standard deviations of three experiments. (d) Western blot analysis of wt and
Cav1�/� MEFs as in panel c using antibodies against the phosphorylated form of Erk and total Erk protein.
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FIG. 5. Cav1�/� fibroblasts show AIG. (a) Soft agar assay for colony formation of wt and Cav1�/� MEFs, Cav1�/� MEFs reconstituted with
Cav1 (RC), and TFs. Colonies were stained with crystal violet and photographed. Shown are numbers of colonies formed in soft agar by wt and
Cav1�/� MEFs and TFs (left graph) and percentages of colony formation by RC MEFs and TFs (right graph). Bars represent means � standard
errors of the means [SEM] of at least three independent experiments. (b) Flow cytometry profiles of wt and Cav1�/� MEFs-R and -D and 3T3L1
fibroblasts before and after shRNA-mediated Cav1 knockdown, grown in suspension, showing the percentages of cells in each phase of the cell
cycle out of a total of 10,000 cells (left) and analysis of BrdU incorporation after 2-h labeling of wt and Cav1�/� MEFs-R cultured in suspension
(right). Bars represent means � SEM of five independent experiments. (c) Western blot analysis of wt and Cav1�/� MEFs-R grown in suspension
using antibodies against cyclin D1, cyclin A, pRb, p130, p107, and �-tubulin (�-tub; as a loading control) (left) and Western blot analysis of 3T3L1
fibroblasts grown in suspension before and after Cav1 shRNA-mediated specific knockdown using antibodies against cyclin D1, cyclin A and
�-tubulin (as a loading control) (right). (d) Immunofluorescence staining of wt and Cav1�/� MEFs grown in suspension using antibodies against
cyclin D1 and phalloidin to visualize the actin cytoskeleton and accumulation of nuclear cyclin D1. Bars represent means � SEM of three
independent experiments after analyzing at least 30 cells per experiment. AU, arbitrary units. (e) Western blot analysis of wt and Cav1�/� MEF-R
grown in suspension and expressing either an empty vector or Cav1 (RC) using antibodies against cyclin D1, cyclin A, pRb, p107, and �-tubulin.
Bars represent means � SEM of four independent experiments. (f) Flow cytometry profiles of M21L melanoma cells grown in suspension and
expressing either an empty vector or a construct encoding GFP-fused Cav1, showing the percentages of cells in each phase of the cell cycle out
of a total of 10,000 cells (left), and GFP-Cav1 expression in suspended M21L melanoma cells (right).
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bles the Cav1�/� phenotype. The CTxB-treated wt cells
showed an almost twofold increase in BrdU incorporation
compared with cells treated with uncoated beads or beads
coated with an antibody against the TfR, which is excluded
from CEMMs (Fig. 8a). This increase in BrdU incorporation
correlated with an increase in expression of D1 cyclin in sus-
pension (Fig. 8a). The numbers of beads bound per cell were
similar (6.4 � 2.3 for TfR-coated beads and 7.3 � 2.8 for
CTxB-coated beads), excluding the possibility of an effect on
proliferation of bead attachment. Thus, impaired internaliza-
tion of CEMMs from the plasma membrane induces cell cycle
progression in detached cells.

Next we analyzed the effect of constitutive targeting of Rac
to the plasma membrane. MEFs were transfected with con-
structs containing the Rac sequence fused either to the trans-
membrane region of the IL-2 receptor (IL-2–Rac) or to the
myristoylation sequence of Src (myr-Rac). Both Rac mutants
produced increased association with the plasma membrane
(11) (Fig. 8b). Detached wt MEFs expressing either construct
upregulated cyclin D1 and A by two- to threefold (Fig. 8c), and
this was accompanied by a reduction in the fraction of cells in

G0 (Fig. 8d). These data suggest that enhanced Rac activation
and plasma membrane targeting can account for the increased
proliferation and cyclin D1 expression observed in Cav1�/�

cells, impairing cell cycle arrest after serum starvation or loss
of adhesion. The GTPase Rho has been shown to repress
cyclin D1 expression in G0 and early G1 (59), thus counteract-
ing the Rac-mediated induction. Interestingly, we have shown
that active (GTP-bound) Rho is reduced by nearly 75% in
Cav1�/� MEFs (25). Since Rho and Rac activities are mutually
antagonistic (4, 25, 59), we analyzed the effect of restoring Rho
activity in Cav1�/� cells by expressing a constitutively active
Rho mutant (V14-Rho). Rho activity potently downregulated
cyclin D1 expression in Cav1�/� cells after either serum star-
vation (Fig. 9a) or loss of adhesion (Fig. 9b), further support-
ing the important role of Rac in the hyperproliferative pheno-
type of Cav1-deficient cells.

DISCUSSION

Our results indicate that in the absence of Cav1 cells are
unable to internalize cholesterol-rich domains containing Rac,

FIG. 6. AIG in Cav1�/� MEFs is mediated by PI3K-GSK3� but not Erk. (a) Western blot analysis of wt and Cav1�/� MEFs grown in
suspension in the presence or absence of the MEK inhibitor U0126 using antibodies against cyclin D1, cyclin A, and �-tubulin (�-tub; as a loading
control) and flow cytometry profiles of wt and Cav1�/� MEFs under the same conditions showing the percentages of cells in each phase of the cell
cycle out of a total of 10,000 cells. (b) Western blot analysis of wt and Cav1�/� MEFs grown in suspension using antibodies against the two
phosphorylation sites of Akt required for its full activation (p-Akt pT308 and p-Akt pS473) and total Akt as loading control. (c) Western blot
analysis of wt and Cav1�/� MEFs grown in suspension in the presence of dimethyl sulfoxide (DMSO) or the specific inhibitors of PI3K (LY294002)
and GSK3� (LiCl) using antibodies against cyclin D1, cyclin A, and �-tubulin (as a loading control) and flow cytometry profiles of wt and Cav1�/�

MEFs under the same conditions showing the percentages of cells in each phase of the cell cycle out of a total of 10,000 cells. (d) Western blot
analysis of wt and Cav1�/� MEFs grown in suspension after shRNA-mediated knockdown of GSK3� (left) or Akt (right) using antibodies against
GSK3�, Akt, cyclin D1, and �-tubulin. Bars (a and c) represent means � standard errors of the means of three independent experiments.
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whose increased activity favors proliferation and bypasses an-
chorage dependence of growth. Cav1 thus plays a critical role
in the induction of cell cycle arrest triggered by lack of nutri-
ents or loss of attachment to the ECM.

Cav1 expression is downregulated or mutated in many hu-
man tumors, which suggests that it acts as a tumor suppressor;
however, in some organs such as prostate or in certain types of
lung cancers it appears to act as a tumor promoter (22, 47).
Our results show that Cav1 deficiency, produced by either gene
targeting, RNAi-mediated silencing, or oncogene-driven tran-
scriptional downregulation, promotes proliferation, mainly by
allowing nuclear accumulation of cyclin D1 in the absence of
stimuli from growth factors or integrins. Transcriptional up-
regulation of cyclin D1 by growth factors is driven by the Erk
pathway, and it has been proposed that this pathway contrib-
utes to tumorigenesis in several models of Cav1 depletion (20,
48, 62). However, our results show that the Erk pathway is not
important for cyclin D1 accumulation or the proliferative phe-
notype of Cav1�/� cells; both are instead mediated by en-
hanced Rac activity. Integrin-driven Rac activation can pro-
mote the nuclear translocation of Erk (29), so the fact that Erk
phosphorylation was not affected by Rac inhibition does not in
itself exclude a role for Erk signaling. However, specific inhi-
bition of Erk phosphorylation with U0126 revealed that Erk
activation is unnecessary for cyclin D1 accumulation in
Cav1�/� cells.

Together with increased cyclin D1 expression, we have ob-
served a general unbalance in the levels of the three members
of the pocket protein family (pRb, p130, and p107) in Cav1�/�

MEFs. Whereas the role of pRb in G1 of binding to the S-
phase-promoting transcription factors E2F-1, -2, and -3a is well
established (58), less is known about the regulatory mecha-
nisms exerted by p130 and p107. Both proteins bind to factors
E2F-4 and -5, which are transcriptional repressors. In G0 and
early G1, p130-E2F complexes at high levels cooperate with
pRb-E2F in inhibiting transcription from the target promoters,
but the levels of p130 are downregulated in mid- to late G1,
after the protein is hyperphosphorylated. This relieves repres-
sion from the promoters and allows binding of transcriptional
activators released by hyperphosphorylated pRb (8, 51). p107,
however, accumulates as the cell progresses through the cell
cycle, correlative to its phosphorylation (3, 6, 32). Whether this
accumulation is the result of a phosphorylation-dependent sta-
bilization of the proteins remains to be determined. At this
point we cannot determine whether the relatively smaller
amounts of pRb and p130 in Cav1�/� MEFs, together with
increased accumulation of p107, are the result of increased
cyclin D1, but this will certainly be the subject of future studies.
We observed that Cav1�/� MEFs arrest at G0 to the same
extent as wt cells and that the timing of G0 exit and that of pRb
phosphorylation are the same in both genotypes. Nonetheless,
we postulate that the decreased levels of total pRb protein in
Cav1�/� cells promote progression through the G1 phase of
the cell cycle, independently of the phosphorylation rate. The
decrease in p130 and increase in p107 might be the result of a
hyperphosphorylation of these proteins, as explained above.

Some previous observations have pointed to a role for Cav1
in anchorage dependency regulation, but a direct link has not

FIG. 7. Rac activation drives cell cycle progression and AIG. (a) Western blot analysis of Rat1 fibroblasts grown in suspension expressing a
constitutively active form of Rac (V12) under the control of a tetracycline-responsive promoter or an empty vector (V8) in the presence or absence
of doxycycline using antibodies against cyclin D1 and the myc epitope to detect the induction of V12-Rac expression and against �-tubulin (tub)
as a loading control. (b) G0/G1 populations of Rat1-V8 and Rat1-V12 cultured under adhesion conditions or in suspension for 48 h in the absence
of doxycycline, as determined by flow cytometry out of a total of 10,000 cells. Bars represent means � standard errors of the means (SEM) of three
independent experiments. (c) Western blot analysis of wt and Cav1�/� MEFs in suspension, expressing a dominant negative form of Rac (N17-Rac)
or an empty vector, using antibodies against cyclin D1, cyclin A, and �-tubulin (�-tub). (d) G0/G1 populations of wt and Cav1�/� MEFs grown in
suspension, expressing a dominant negative form of Rac (N17-Rac) or an empty vector, as determined by flow cytometry out of a total of 10,000
cells. Bars represent means � SEM of two independent experiments. (e) Western blot analysis of suspension cultures of Cav1�/� MEFs transfected
with an RNAi oligonucleotide directed against Rac1 or with a scramble siRNA, using antibodies against Rac1, cyclin D1, cyclin A, and �-tubulin.
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been yet established. Some tumors overexpress Cav1, and this
expression also correlates with metastasis (22, 55). Other
studies with tumor-derived cells or with NIH 3T3 cells trans-
formed with oncogenes (such as v-src, v-abl, Bcr-abl, or Ras)
show that transformation correlates with a downregulation
of Cav1 mRNA and protein expression and that restoration
of Cav1 reverses AIG in such tumors (16, 34, 35, 60, 65). Cav1
antisense inhibition in NIH 3T3 confers on the cells the ability
to grow in soft agar (20). Our previous work showed that
integrins influence Rac-GTPase activation mainly by regulat-
ing plasma membrane targeting rather than GTP loading (11).
The elevated plasma membrane localization of Rac in Cav1-
deficient cells (10) thus suggests that the mechanism by which
Cav1 normally suppresses cell growth under the control of

integrins might be internalization of Rac-containing liquid-
ordered, cholesterol-rich microdomains from the plasma mem-
brane. This internalization would influence many adhesion-
dependent growth-regulatory pathways, including Ras-MAPK,
Rac-PAK, and PI3K-Akt (Fig. 10). Caveolae are the “internal-
ization vehicle” for these signaling platforms (53). Therefore,
Cav1 deficiency leads to disconnection of integrins from such
signals and hence defective termination of growth-promoting
signaling after loss of adhesion (Fig. 10). CEMM internaliza-
tion triggered by ECM detachment is a general process that
might be relevant to the cessation of proliferation in situations
such as invasion, but CEMM internalization mediated by Cav1
might also take place in physiological situations such as mito-
sis. During the transition from prophase to metaphase, adher-

FIG. 8. CEMM/Rac plasma membrane targeting drives cell cycle progression and AIG. (a, left and center) Analysis of BrdU incorporation by
immunofluorescence of suspension cultures of wt MEFs after incubation with latex beads either uncoated (U) or coated with CTxB or antibody
against TfR. Percentages of BrdU-positive cells are represented. (Right) Western blot analysis of wt MEFs treated as above using antibodies
against cyclin D1 and �-tubulin (�-tub). Bars represent means � standard errors of the means (SEM) of two experiments, counting at least 5,000
cells per condition. (b) Immunofluorescence staining of wt MEFs grown in suspension and expressing the membrane-constitutive Rac1 fusion
protein myr-HA-Rac using antibodies against Rac1 (top) and HA (bottom), together with Hoechst for nuclear staining. This construct shows
enhanced plasma membrane association compared to endogenous Rac. The mean intensity distribution is plotted. AU, arbitrary units. Bars
represent means � SEM of three independent experiments. At least 30 cells per experiment were analyzed. (c) Western blot analysis of wt MEFs
grown in suspension and expressing membrane-constitutive Rac1 fusion proteins (myr-HA-Rac or IL-2–HA–Rac) or an empty vector. Antibodies
against cyclin D1, cyclin A, and �-tubulin were used. Results of a densitometric analysis of cyclin D1 and A expression normalized to �-tubulin
are indicated (arbitrary units). (d) G0/G1 populations of cells as in panel c, determined by flow cytometry, are represented. Bars represent means �
SEM of five experiments.
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ent cells disrupt their connections to the ECM, consequently
rounding up and nearly detaching. This correlates with a
large-scale relocation of Cav1 from the plasma membrane to
an intracellular compartment, followed by recycling to the
cell surface during cytokinesis (R. G. Parton, personal com-
munication).

We have shown here that Cav1�/� cells lose their anchorage
independency when Rac activity is abrogated. More impor-
tantly, our results indicate that lack of CEMM internalization
or forced Rac plasma membrane targeting is sufficient to drive
proliferation of wt cells in the absence of substrate anchorage.
Our results indicate that, in addition to Rac, another im-
portant integrin-regulated pathway, PI3K/Akt/GSK3�,
could mediate cyclin D1 accumulation (Fig. 10). By target-
ing �-catenin for degradation, GSK3� affects cyclin D1 tran-
scription, and GSK3�-mediated cyclin D1 phosphorylation
triggers nuclear export and degradation of cyclin D1 during
the S phase of the cell cycle (13, 14, 54). We have observed
a hyperactivation of PI3K/Akt in Cav1�/� cells, which might
drive inactivation of the cyclin D1 inhibitor GSK3�. It is
also worth noting that cyclin D1 accumulation in Cav1�/�

cells was mainly nuclear. Several previous studies have em-
phasized the relevance of proper cyclin D1 nuclear export for
degradation in S phase, and nonexportable cyclin D1 mutants
are highly transforming independently of other cooperating
oncogenes (21). We have indeed observed degradation of cy-
clin D1 in Cav1�/� MEFs in S phase, thus indicating that the
nuclear export of this protein is not fully impaired but is prob-
ably less efficient than in wt cells. This would be in agreement
with a reduced GSK3�-associated activity as the result of the
PI3K/Akt hyperactivation observed.

The Erk pathway is a key regulator of cell cycle progression
(1) and is frequently hyperactivated in the absence of Cav1, for
example, after Cav1 antisense inhibition (20); in genetic mod-
els producing Cav1 deficiency, including those involving Cae-

norhabditis elegans (48); and in tissues and organs of Cav1�/�

mice (36, 62). Moreover, integrin-regulated Cav1-mediated
CEMM internalization is known to affect Erk signaling in ad-
dition to Rac and PI3K/Akt (10). The absence of regulation by
Erk in our studies is difficult to reconcile with previous results.
The explanation may lie in the defective Rho-GTP loading in
Cav1�/� cells, since Rho controls the “normal” timing of cyclin
D1 expression in mid-G1 by allowing sustained Erk activation
(59). Rho downregulation in the absence of Cav1 would render
ineffective the general Erk hyperactivation in terms of cell
cycle regulation. Moreover, Rho antagonizes the Rac-depen-
dent expression of cyclin D1 at G0 and early G1 (Fig. 10). This
mirrors the phenotype of Cav1�/� cells and parallels the res-
toration of normal-pattern cyclin D1 expression with a consti-
tutively active Rho mutant in serum-starved and nonadhered
Cav1�/� cells.

Thus, abnormal cyclin D1 expression, hyperproliferation,
and AIG upon loss of Cav1 result from the combined effects of

FIG. 9. Rescue of Rho-GTP loading restores cyclin D1 downregu-
lation in both G0-arrested and suspended Cav1�/� MEFs. Shown is a
Western blot analysis of wt and Cav1�/� MEFs with or without ex-
pression of a constitutively active form of RhoA (V14-Rho). Cav1�/�

MEFs were either serum starved for 72 h (a) or grown under adhesion
conditions or in suspension (b). Antibodies against cyclin D1 and
�-tubulin (�-tub) were used.

FIG. 10. As a working hypothesis, upon cell detachment from the
ECM, Cav1-mediates CEMM endocytosis, leading to the shutdown of
several signaling cascades and subsequent cell cycle arrest. In the
absence of Cav1, CEMMs cannot be internalized from the plasma
membrane, allowing the activation of the Rac, PI3K/Akt, and Erk
pathways. On the other hand, absence of Cav1 downregulates Rho
activity, which is necessary for Erk effects on cyclin D1 expression and
for antagonizing Rac-dependent early cyclin D1 induction. The result
is an altered timing of cyclin D1 expression, allowing cell cycle pro-
gression in anchorage-independent conditions. Therefore, normal an-
chorage dependence of growth is regulated by inactivation of adhesive
signals upon internalization of CEMMs, which is mediated by Cav1
transport function.
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Rho downregulation, Rac hyperactivation (which is fivefold
higher at G0 in Cav1�/� cells than in wt cells), and increased
Rac membrane targeting. Rac membrane targeting and hyper-
activation drive cyclin D1 expression by an Erk-independent
mechanism, and the PI3K/Akt/GSK3� pathway might mediate
Rac effects (Fig. 10). This concurs with the finding that in-
creased Akt phosphorylation induced by RNAi-mediated
knockdown of Cav1 is Rac dependent (23). The observation
that G0 arrest and exit are unaltered in Cav1�/� MEFs indi-
cates that the increased cyclin D1 at G0 does not increase
cdk4/6 activity. One possible explanation is that inhibitors of
the INK family (reviewed in reference 50) counteract the ex-
cess cyclin D1 expression at G0 and prevent cdk4/6 activity and
thus early pRb phosphorylation. The analysis of other critical
regulators of the G1-to-S-phase transition, such as the inhibi-
tors of the CIP/KIP family (which are upregulated after depri-
vation of either growth factor or adhesion signals) did not
reveal alterations in the Cav1�/� MEFs (not shown). This
excludes the possibility that the phenotype observed could be
in part the result of an insufficient induction of those inhibitors.
Instead, this suggests that the increase in cyclin D1 is sufficient
to bypass the subsequent control of cyclin E-associated activity,
thereby shortening G1 and allowing cells to enter S phase; this
would strengthen the link between cyclin D1 expression and
cell cycle progression in the absence of Cav1. In agreement,
cyclin D1 downregulation after Rac inhibition or GSK3� re-
activation results in cell cycle arrest in Cav1�/� cells, as had
been already reported for other systems (57).

AIG is a major characteristic of cell transformation and is
the in vitro characteristic that best correlates with tumorigen-
esis in vivo (18). The results presented here thus provide novel
insight into the mechanisms that regulate cell cycle progression
and AIG in those tumor cells which have lost caveolin function.
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