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Caveolin-1 is the principal structural component of caveolae microdomains, which represent a
subcompartment of the plasma membrane. Several independent lines of evidence support the
notion that caveolin-1 functions as a suppressor of cell transformation. For example, the human
CAV-1 gene maps to a suspected tumor suppressor locus (D7S522/7q31.1) that is frequently
deleted in a number of carcinomas, including breast cancers. In addition, up to 16% of human
breast cancers harbor a dominant-negative mutation, P132L, in the CAV-1 gene. Despite these
genetic associations, the tumor suppressor role of caveolin-1 still remains controversial. To
directly assess the in vivo transformation suppressor activity of the caveolin-1 gene, we interbred
Cav-1 (�/�) null mice with tumor-prone transgenic mice (MMTV-PyMT) that normally develop
multifocal dysplastic lesions throughout the entire mammary tree. Herein, we show that loss of
caveolin-1 gene expression dramatically accelerates the development of these multifocal dysplas-
tic mammary lesions. At 3 wk of age, loss of caveolin-1 resulted in an approximately twofold
increase in the number of lesions (foci per gland; 3.3 � 1.0 vs. 7.0 � 1.2) and an approximately five-
to sixfold increase in the total area occupied by these lesions. Similar results were obtained at 4 wk
of age. However, complete loss of caveolin-1 was required to accelerate the appearance of these
dysplastic mammary lesions, because Cav-1 (�/�) heterozygous mice did not show any increases
in foci development. We also show that loss of caveolin-1 increases the extent and the histological
grade of these mammary lesions and facilitates the development of papillary projections in the
mammary ducts. Finally, we demonstrate that cyclin D1 expression levels are dramatically
elevated in Cav-1 (�/�) null mammary lesions, consistent with the accelerated appearance and
growth of these dysplastic foci. This is the first in vivo demonstration that caveolin-1 can function
as a transformation suppressor gene.

INTRODUCTION

Caveolae are 50–100-nm plasma membrane microdomains
that function in vesicular trafficking and signal transduction
(Galbiati et al., 2001). Approximately 10 years ago, the prin-

cipal structural component of caveolae was identified as a
21- to 24-kDa integral membrane protein and termed caveo-
lin (Glenney and Zokas, 1989; Rothberg et al., 1992) (now
referred to as caveolin-1) (Scherer et al., 1996).

Caveolin-1 is expressed in numerous cell types, including
fibroblasts, adipocytes, smooth muscle cells, endothelial
cells, and epithelial cells (Razani et al., 2001). Interestingly,
caveolin-1 was first described as a major substrate of the
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v-Src tyrosine kinase in Rous sarcoma virus-transformed
fibroblasts, suggesting that caveolin-1 may be a target for
modification or inactivation by activated oncogenes (Glen-
ney, 1989). Subsequent cell culture experiments demon-
strated that caveolin-1 mRNA and protein expression levels
are dramatically down-regulated in NIH 3T3 cells trans-
formed by a number of activated oncogenes, including v-
Abl, Bcr-abl, H-RasG12V, and polyomavirus middle T anti-
gen (PyMT); in addition, the ability of these transformed
cells to grow in soft agar was inversely correlated with
caveolin-1 expression levels (Koleske et al., 1995). These
findings initially suggested the hypothesis that caveolin-1
may function as a tumor/transformation suppressor pro-
tein.

To stringently test this hypothesis, we and others reex-
pressed caveolin-1 in oncogenically transformed NIH 3T3
cells and other human tumor-derived cell lines. Interest-
ingly, recombinant expression of caveolin-1 inhibited tumor
cell proliferation and was found to dramatically attenuate
anchorage-independent growth (Engelman et al., 1997; Lee et
al., 1998; Razani et al., 2000; Zhang et al., 2000; Park et al.,
2001; Fiucci et al., 2002). Conversely, antisense mediated
ablation of caveolin-1 expression was sufficient to induce the
transformation of NIH 3T3 cells. NIH 3T3 cells harboring the
caveolin-1 antisense vector underwent anchorage-indepen-
dent growth in soft agar, formed tumors in nude mice, and
showed hyperactivation of the Ras-p42/44 mitogen-acti-
vated protein (MAP) kinase cascade (Galbiati et al., 1998).
Importantly, this phenotype was reversible, because loss of
the caveolin-1 antisense vector restored caveolin-1 to normal
levels and reverted the transformed phenotype of these NIH
3T3 cell lines. Thus, in this cellular context, it seems that loss
of caveolin-1 expression is sufficient to induce cellular trans-
formation in cultured cells. Similarly, it has been reported
that caveolin-1 levels are down-regulated in a number of
human breast cancer cell lines and in tumors derived from
transgenic mouse models of breast cancer (Sager et al., 1994;
Engelman et al., 1998b; Lee et al., 1998; Suzuki et al., 1998;
Razani et al., 2000; Zhang et al., 2000).

What is known about the human caveolin-1 gene? Inter-
estingly, CAV-1 is localized to the D7S522 locus in the q31.1
region of human chromosome 7 (Engelman et al., 1998c,d,e,
1999). This chromosomal region (D7S522/7q31.1) is a sus-
pected tumor suppressor locus and a common fragile site
(known as FRA7G) that is frequently deleted in a number of
human cancers (Zenklusen et al., 1994a,b, 1995; Kerr et al.,
1996; Shridhar et al., 1997; Jenkins et al., 1998), including
mammary tumors (Zenklusen et al., 1994a,b). Thus, we and
others have proposed that caveolin-1 may be the as yet
unidentified tumor suppressor gene located at the D7S522/
7q31.1 locus (Engelman et al., 1998c,d,e). However, in vivo
evidence of the tumor suppressor function of caveolin-1 has
not yet been presented.

There is also evidence that caveolin-1 may play an impor-
tant role in the onset or progression of human breast cancers.
We and others have demonstrated that normal mammary
epithelial cells express significant levels of caveolin-1, by
using cultured human mammary epithelial cells and mouse
mammary tissue sections (Engelman et al., 1998b,c, 1999; Lee
et al., 1998; Sager et al., 1994). Sager and colleagues identified
caveolin-1 as one of 26 genes down-regulated in human
mammary adenocarcinoma-derived cells through differen-

tial display and subtractive hybridization techniques (Sager
et al., 1994). Independently, Lee et al. (1998) demonstrated
that a number of human breast cancer cell lines, including
T47D cells, demonstrate a significant reduction in caveolin-1
expression levels, compared with normal mammary epithe-
lial cells. Additionally, they showed that reintroduction of
caveolin-1 in T47D cells resulted in a �50% reduction in
cellular proliferation and an �15-fold reduction in the abil-
ity of these cells to form colonies in soft agar (Lee et al., 1998).
Furthermore, adenoviral-mediated expression of caveolin-1
in a metastatic mammary epithelial cell line (MTLn3) dra-
matically inhibited EGF-stimulated lamellipod extension,
cell migration, and anchorage-independent growth (Zhang
et al., 2000). Similarly, Fiucci et al. (2002) recently showed
that recombinant expression of caveolin-1 in another human
breast cancer cell line, namely MCF-7 cells, decreases their
ability to form colonies in soft agar and inhibits their capac-
ity for matrix invasion.

Using genetic screening of primary human breast cancer
samples, Hayashi et al. (2001) detected a novel sporadic
mutation (P132L) in the CAV-1 gene in up to 16% of tumors
examined. Importantly, recombinant expression of Cav-1
(P132L) in NIH 3T3 cells was sufficient to induce cellular
transformation and hyper-activate the p42/44 MAP kinase
cascade, thus, mimicking the phenotype previously ob-
served by expression of antisense caveolin-1 (Galbiati et al.,
1998). In support of these findings, we have recently shown
that Cav-1 (P132L) behaves in a dominant-negative manner,
causing the intracellular retention of wild-type caveolin-1 at
the level of the Golgi complex (Lee et al., 2002).

We and others have now generated caveolin-1 (�/�)
deficient mice by targeted gene disruption (Drab et al., 2001;
Razani et al., 2001). This technological advance allows explo-
ration of the in vivo role of caveolin-1 in the context of a
whole-organismal model. Interestingly, the first reports on
Cav-1 null mice describe the hyperproliferation of mouse
embryo fibroblasts in culture and lung hypercellularity due
to the presence of an increased number of endothelial cells
(Drab et al., 2001; Razani et al., 2001), consistent with the idea
that caveolin-1 normally functions as a negative regulator of
cell growth (Galbiati et al., 2001). However, in the absence of
other genetic alterations or carcinogenic treatments, Cav-1
null mice do not display an increased incidence of sponta-
neous tumors compared with wild-type mice, at up to 9 mo
of age (Razani et al., 2001).

Recently, we have noted two novel phenotypes in the
mammary glands of Cav-1 null mice in the C57Bl/6 back-
ground: 1) mild mammary epithelial cell hyperplasia in
virgin mice (Lee et al., 2002), and 2) precocious lactation in
pregnant mice (Park et al., 2002). During pregnancy, we have
shown that caveolin-1 null mice demonstrate accelerated
development of the lobulo-alveolar compartment, prema-
ture lactation, and hyperactivation of the Jak-2/STAT5a sig-
naling cascade (Park et al., 2002). However, it remains un-
known whether Cav-1 null mice are more susceptible to
tumor formation induced by treatments with chemical
agents or by breeding with tumor-prone animals, such as the
mouse mammary tumor virus (MMTV)-PyMT mice.

Herein, we examine the role of caveolin-1 in the early
steps of mammary tumor formation by interbreeding Cav-1
(�/�) null mice with MMTV-PyMT mice to generate
MMTV-PyMT/Cav-1 (�/�) mice, all in the FVB/N back-
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ground. We show that complete loss of caveolin-1 gene
expression dramatically accelerates the appearance and
growth of multifocal dysplastic lesions in a very early period
of mammary gland development, defined as the ductal stage
(2–5 wk) (Cardiff et al., 2000). These dysplastic changes are
typically associated with the development of tumors (Ma-
glione et al., 2001).

This report is the first demonstration that loss of caveo-
lin-1 gene expression in vivo can dramatically accelerate
dysplastic cellular growth/transformation in a given cell
type.

MATERIALS AND METHODS

Materials
Mouse monoclonal antibodies that specifically recognize total
STAT5a and activated STAT5a [phopho-STAT5a (pY694)] were pur-
chased from Transduction Laboratories (Lexington, KY). Rabbit
polyclonal antibodies directed against total extracellular signal-reg-
ulated kinase (ERK)-1/2 and activated phospho-ERK-1/2 were ob-
tained from Cell Signaling Technology (a subsidiary of New En-
gland Biolabs, Beverly, MA). The cyclin D1 rabbit polyclonal
antibody was purchased from NeoMarkers (Fremont, CA). An anti-
pan-cytokeratin rabbit polyclonal antibody (BioGenex, San Ramon,
CA) was used to equalize for epithelial cell content during immu-
noblot analysis.

Animal Studies
All animals were housed and maintained in a barrier facility at the
Institute for Animal Studies (Albert Einstein College of Medicine,
Bronx, NY). Cav-1 null mice were generated as described previously
(Razani et al., 2001). However, all the Cav-1 null mice used in this
study were in the FVB/N background. Transgenic FVB/N mice
expressing the polyoma middle T antigen under the control of an
MMTV long terminal repeat promoter (PyMT) were as described
previously (Guy et al., 1992). All matings were performed with male
mice heterozygous for the PyMT transgene. First, PyMT/Cav-1
(�/�) male mice were generated by crossing PyMT/Cav-1 (�/�)
male mice with Cav-1 (�/�) female mice. Then, PyMT/Cav-1
(�/�) male mice were interbred with Cav-1 (�/�) female mice,

yielding PyMT/Cav-1 (�/�), PyMT/Cav-1 (�/�), and PyMT/
Cav-1 (�/�) mice. Offspring were genotyped by polymerase chain
reaction of genomic DNA derived from tail clippings. Genotyping
for Cav-1 was performed as described previously (Razani et al.,
2001). Genotyping for the PyMT transgene was performed accord-
ing to Jackson Laboratories (Bar Harbor, ME) protocols. All mice
analyzed in this study were virgin females. In addition, all the
PyMT transgenic mice studied were heterozygous for the PyMT
transgene. Animal protocols used for this study were approved by
the Albert Einstein College of Medicine Institute for Animal Studies.

Whole-Mount Analysis of Mammary Glands
Fourth (inguinal) mammary glands were excised, spread onto glass
slides, fixed, and stained essentially as we described previously
(Park et al., 2002). Briefly, glands were fixed in Carnoy’s fixative (6
parts 100% ethyl alcohol:3 parts CHCl3:1 part glacial acetic acid) for
2–4 h at room temperature. The samples were then washed in 70%
ethyl alcohol for 15 min and changed gradually to distilled water.
Once hydrated, the mammary squashes were stained overnight in
carmine alum (1 g of carmine, C1022; Sigma-Aldrich, St. Louis, MO)
and 2.5 g of aluminum potassium sulfate (A7167; Sigma-Aldrich) in
500 ml of distilled water. The samples were then dehydrated using
stepwise ethanol concentrations and left in xylenes to clear the fat.
Mammary squashes were stored in methyl salicylate. Whole-
mounts were digitally photographed with a ruler on a stereomicro-
scope, by using the same magnification and lighting conditions.
Total area measurements for the dysplastic foci were quantified
using NIH Image J 1.27 software. Whole-mount analysis at each
time point was performed with female littermate mice.

Histological Analysis of Mammary Tissue
Fourth (inguinal) mammary glands were excised, formalin fixed for
24 h, and embedded in paraffin. Sections were cut at 5 �m, stained
with hematoxylin and eosin, and evaluated by an experienced his-
topathologist. Analyses and descriptions were performed in accor-
dance with the guidelines put forth by the mammary gland pathol-
ogy consensus meeting in Annapolis (Cardiff et al., 2000).

Immunoblot Analysis
Mice were sacrificed and the mammary fat pads were isolated.
Tissue samples were then homogenized in an appropriate volume

Figure 1. Whole-mount analysis
of the mammary glands of wild-
type and PyMT mice in the
FVB/N background. At 7 wk of
age, the right fourth (inguinal)
mammary glands were excised
from virgin female mice, spread
onto glass slides, fixed, and
stained with carmine alum. Note
the widespread appearance of
multifocal dysplastic foci in
PyMT FVB/N mice. A single dys-
plastic lesion is encircled. Arrows
point at the subiliac lymph node
(LN) present in the center of the
images. All images were taken at
the same magnification. Bar, 1
mm.
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of lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100,
60 mM octyl glucoside), containing protease inhibitors (Roche Di-
agnostics, Indianapolis, IN). Tissue lysates were then centrifuged at
12,000 � g for 10 min to remove insoluble debris. Protein concen-
trations were analyzed using the bicinchoninic acid reagent (Pierce
Chemical, Rockford, IL) and the volume required for 20 �g of
protein was determined. Samples were then separated by SDS-
PAGE (10% acrylamide) and transferred to nitrocellulose. The ni-
trocellulose membranes were stained with Ponceau S (to visualize
protein bands), followed by immunoblot analysis. All subsequent
wash buffers contained 10 mM Tris pH 8.0, 150 mM NaCl, 0.05%
Tween 20, which was supplemented with 1% bovine serum albumin
(BSA) and 2% nonfat dry milk (Carnation, Solon, OH) for the
blocking solution and 1% BSA for the antibody diluent. Primary
antibodies were used at a 1:500 dilution. Horseradish peroxidase-
conjugated secondary antibodies were used to visualize bound pri-
mary antibodies with the Supersignal chemiluminescence substrate
(Pierce Chemical).

Immunohistochemisty
Paraffin-embedded mammary glands were sectioned at 5 �m. Sec-
tions were then deparaffinized first by treatment with xylene for 3
min (2�) and rehydrated by passage through a graded series of
ethanol. Antigen retrieval was performed by microwaving the
slides in 100 mM sodium citrate buffer for 15 min. Endogenous
peroxide activity was quenched by incubating the slides for 10 min
in 1% H2O2. Slides were then washed in phosphate-buffered saline
(PBS) and blocked with a solution containing 10% horse serum, 1%
BSA, 0.1% Triton X-100 in PBS for 1 h at room temperature. Samples
were washed with PBS and incubated with the primary antibody in
blocking solution for 12–16 h at 4°C. Slides were then washed with
PBS (three washes; 5 min each) and incubated with a biotinylated
secondary antibody in blocking solution for 30 min at room tem-
perature. Slides were further washed in PBS (three washes; 5 min
each) and incubated with the avidin/biotin-horseradish peroxidase
reagent for 30 min at room temperature. Next, samples were
washed in PBS and incubated with the diaminobenzidine reagent
until color production developed. Finally, the slides were washed in
distilled H2O to remove excess diaminobenzidine, counterstained
with hematoxylin, dehydrated, and mounted with coverslips.

RESULTS

MMTV-PyMT Mice as a Model System for
Spontaneous Breast Cancer
Polyomavirus middle T antigen transgenic mice (PyMT)
provide an ideal model to study the effect of a given gene
product on early tumorigenesis, because multifocal dysplas-
tic foci develop in the mammary epithelium of PyMT mice
as early as 3 wk of age and eventually progress to adeno-
carcinomas (Guy et al., 1992).

Whole-mount preparations are a well-established and rec-
ommended method to identify early premalignant lesions of
the mammary epithelium (Cardiff et al., 2000). These lesions
have also been termed mammary intraepithelial neoplasia
(MIN) or hyperplastic atypias and are thought to be the
lesions which develop into tumors (Maglione et al., 2001).
These dysplastic lesions are present in the majority of mam-
mary glands by 3 wk of age in PyMT mice and spread
throughout the entire mammary fat pad by 7 wk of age
(Figure 1).

Complete Loss of Caveolin-1 Expression Accelerates
the Development of Multifocal Dysplastic Lesions
in the Mammary Gland
To directly assess the in vivo transformation suppressor
activity of the caveolin-1 gene, we interbred Cav-1 (�/�)
null mice with tumor-prone PyMT mice. PyMT/Cav-1
(�/�) male mice were first generated by crossing PyMT/
Cav-1 (�/�) male mice with Cav-1 (�/�) female mice.
Then, PyMT/Cav-1 (�/�) male mice were interbred with
Cav-1 (�/�) female mice, yielding PyMT/Cav-1 (�/�),
PyMT/Cav-1 (�/�), and PyMT/Cav-1 (�/�) mice. Off-
spring were genotyped by polymerase chain reaction of
genomic DNA derived from tail clippings. All mice ana-
lyzed in this study were FVB/N virgin females. In addition,
all the PyMT transgenic mice studied were heterozygous for
the PyMT transgene.

To determine whether complete loss of caveolin-1 (Cav-1)
affected the development of multifocal dysplastic lesions,
whole-mount mammary gland analysis was performed on
female littermate mice. Mammary glands (four) were har-
vested from PyMT/Cav-1 (�/�) and PyMT/Cav-1 (�/�)
mice at exactly 3 wk of age, fixed in ethanol/acetic acid for
2–4 h, and stained overnight with carmine dye. Virtually
identical experiments were also carried out using 4-wk-old
virgin female mice.

At 3 wk of age, PyMT/Cav-1 (�/�) mice demonstrate
small hyperplastic focal atypias in the older portions of the
ductal tree originating from the nipple. In contrast, PyMT/
Cav-1 (�/�) mice show a striking increase in the frequency
and size of these multifocal dysplastic lesions (Figure 2, A
and B). Interestingly, at 3 wk of age not all PyMT/Cav-1
(�/�) mammary glands showed the presence of foci,
whereas in PyMT/Cav-1 (�/�) mammary glands the inci-
dence of foci was 100%. Quantitation of the number of
lesions per gland revealed that loss of caveolin-1 resulted in
an approximately twofold increase in the number of lesions;
PyMT/Cav-1 (�/�) mice had 3.3 � 1.0 lesions (n � 6),
whereas PyMT/Cav-1 (�/�) mice had 7.0 � 1.2 lesions (n �
6) (Figure 2C).

To follow the progression of these early tumorigenic
events in the mammary gland, 4-wk-old mice were also

Figure 2 (facing page). Loss of caveolin-1 gene expression acceler-
ates the development of multifocal dysplastic lesions in the mammary
gland (3 wk of age). (A) Mammary glands (inguinal) were harvested
from virgin female PyMT/Cav-1 (�/�) (left) and PyMT/Cav-1 (�/�)
(right) mice at exactly 3 wk of age, fixed in ethanol/acetic acid for 2–4
h, and stained overnight with carmine dye (original magnification,
5�). Four representative images are shown for each genotype. The
primary duct (PD), which originates from the nipple area, is visible in
the top left corner of all the images. Arrows point at a few examples of
dysplastic foci. Note the increased size and number of the dysplastic
foci in the mammary glands of PyMT/Cav-1 (�/�) mice, compared
with littermate PyMT/Cav-1 (�/�) mice. The subiliac lymph node
(LN) is apparent to the right in many of the images. All images were
taken at the same magnification. Bar, 1 mm. (B) Higher magnification
(12.5�) views of the early mammary epithelial tree at 3 wk of age,
including the primary duct from PyMT/Cav-1 (�/�) (left) and
PyMT/Cav-1 (�/�) (right) mice. Terminal end buds (TEB) are present
in both genotypes. Both images were taken at the same magnification.
(C) Quantitation of the number of lesions per gland revealed that loss
of caveolin-1 resulted in an approximately twofold increase in the
number of lesions (see asterisk); PyMT/Cav-1 (�/�) mice had 3.3 �
1.0 lesions (n � 6), whereas PyMT/Cav-1 (�/�) mice had 7.0 � 1.2
lesions (n � 6).
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Figure 3. Loss of caveolin-1 gene ex-
pression accelerates the development of
multifocal dysplastic lesions in the
mammary gland (4 wk of age). (A)
Mammary glands (inguinal) were har-
vested from virgin female PyMT/Cav-1
(�/�) (left) and PyMT/Cav-1 (�/�)
(right) mice at exactly 4 wk of age, fixed
in ethanol/acetic acid for 2–4 h, and
stained overnight with carmine dye
(original magnification, 5�). Four repre-
sentative images are shown for each ge-
notype. The primary duct (PD), which
originates from the nipple area, is visi-
ble in the top region of all the images.
The subiliac lymph node (LN) is appar-
ent to the right in several of the images.
The mammary epithelial tree has ex-
tended to the region of the lymph node
in both genotypes. Note the dramati-
cally increased size of the dysplastic ar-
eas in the mammary glands of PyMT/
Cav-1 (�/�) mice, which seem to have
coalesced to form larger singular
masses. All images were taken at the
same magnification. Bar, 1 mm. (B)
Higher magnification (12.5�) views of
the early mammary epithelial tree at 4
wk of age, including the primary duct
from PyMT/Cav-1 (�/�) (left) and
PyMT/Cav-1 (�/�) (right) mice. Both
images were taken at the same magnifi-
cation.
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examined by whole-mount analysis (Figure 3, A and B).
Again, complete loss of caveolin-1 gene expression results in
a dramatic increase in the total mass of the mammary lesions
[PyMT/Cav-1 (�/�), n � 10; PyMT/Cav-1 (�/�), n � 6].
However, at this time point the number of dysplastic foci per
gland cannot be accurately counted because the foci have
overgrown, especially in PyMT/Cav-1 (�/�) mice.

To quantify the growth of these lesions, digital images
were acquired and the total area occupied by dysplastic
lesions was measured for each mammary gland examined
using NIH Image J software. At 3 wk of age, loss of caveo-
lin-1 results in an approximately five- to sixfold increase in
the total area of these lesions (Figure 4A). Similarly, at 4 wk
of age loss of caveolin-1 leads to an approximately three- to
fourfold increase (Figure 4B). Thus, loss of caveolin-1 dra-
matically stimulates the growth and development of these
multifocal dysplastic mammary lesions.

A Partial Caveolin-1 Deficiency Does Not
Accentuate the Development of Dysplastic
Mammary Lesions
In some mice heterozygous (�/�) for a tumor suppressor
gene, such as p53 or INK4a, loss of one allele is sufficient to
cause an increased incidence of tumors, either from down-
regulated protein expression and/or function or through

loss of heterozygosity achieved through somatic mutations
(Harvey et al., 1993; Serrano et al., 1996). Thus, we next
examined whether loss of a single caveolin-1 allele is suffi-
cient to affect the development of these dysplastic mammary
lesions. We have previously demonstrated that Cav-1 (�/�)
heterozygote mice show an �50% reduction in caveolin-1
protein levels, compared with wild-type Cav-1 (�/�) mice
(Razani et al., 2001).

For this purpose, we performed whole-mount analysis on
the mammary glands of virgin female PyMT/Cav-1 (�/�)
and PyMT/Cav-1 (�/�) mice at 3 and 4 wk of age. Inter-
estingly, PyMT/Cav-1 (�/�) mice do not show any in-
creases in the growth of these dysplastic lesions, compared
with PyMT/Cav-1 (�/�) mice (Figure 5). Virtually identical
results were obtained at 3 wk of age (Figure 5, top) and 4 wk
of age (Figure 5, bottom). Also, total area measurements of
the dysplastic foci seen in PyMT/Cav-1 (�/�) mice are
exactly within the range measured for PyMT/Cav-1 (�/�)
mice (our unpublished data). Thus, loss of both caveolin-1
alleles is required to accelerate the development of these
mammary lesions.

Loss of Caveolin-1 Increases the Extent and the
Histological Grade of Mammary Lesions
In addition to following the onset and growth of dysplastic
foci, we also determined whether loss of caveolin-1 affects
the histological grade of these lesions. Fourth (inguinal)
mammary glands were excised, formalin fixed for 24 h, and
embedded in paraffin. Sections were cut at 5 �m, stained
with hematoxylin and eosin, and evaluated by an experi-
enced histopathologist. Analyses and descriptions were per-
formed in accordance with the guidelines put forth by the
mammary gland pathology consensus meeting in Annapolis
(Cardiff et al., 2000). For example, herein we use the term
MIN to histologically describe these lesions.

Foci Morphology at 3 wk of Age PyMT/Cav-1 (�/�)
mammary glands show a relatively small number of MIN
foci involving the ducts and the terminal ductal lobular units
(TDLUs) (Figure 6A, top). These lesions are low grade and
are characterized by layers of atypical hyperchromatic epi-
thelial cells with scant cytoplasm.

Interestingly, PyMT/Cav-1 (�/�) mammary glands
show similar MIN foci, but these lesions are more extensive
than in PyMT/Cav-1 (�/�) mammary glands, with greater
involvement of the ducts and TDLUs. For example, in many
cases, the PyMT/Cav-1 (�/�) MIN-involved ducts are
filled with cells, such that the lumen is no longer apparent
(Figure 6A, middle and bottom).

Foci Morphology at 4 wk of Age There are many more
MIN foci present in the PyMT/Cav-1 (�/�) mammary
glands than at 3 wk of age. These lesions involve both the
ducts and TDLUs and are of medium grade with greater
atypia than is present at 3 wk of age (Figure 6B, left). The
number of layers of cells is increased and the nuclei seem
more anaplastic. There is also an increased mitotic rate, with
approximately one to two mitotic figures present per high
power field (Figure 6C, top). However, in the ducts, no
papillary projections were detected in PyMT/Cav-1 (�/�)
mammary glands.

Figure 4. Quantitation of the growth of dysplastic lesions in
PyMT/Cav-1 (�/�) and PyMT/Cav-1 (�/�) mice at 3 and 4 wk of
age. To quantify the growth of these lesions, digital images were
acquired and the total area occupied by dysplastic lesions was
measured for each mammary gland examined using NIH Image
software. (A) Mean total area of dysplastic foci per mammary gland
at 3 wk. Note that at 3 wk of age, loss of caveolin-1 results in an
approximately five- to sixfold increase in the total area of these
lesions (see asterisk) [PyMT/Cav-1 (�/�), n � 6; PyMT/Cav-1
(�/�), n � 6]. (B) Mean total area of dysplastic foci per mammary
gland at 4 wk. Note that at 4 wk of age, loss of caveolin-1 results in
an approximately three- to fourfold increase in the total area of these
lesions (see asterisk). [PyMT/Cav-1 (�/�), n � 10; PyMT/Cav-1
(�/�), n � 6]. Thus, loss of caveolin-1 dramatically stimulates the
growth and development of these multifocal dysplastic mammary
lesions.
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In contrast, the PyMT/Cav-1 (�/�) foci seem more ad-
vanced than in PyMT/Cav-1 (�/�) mice at the same age.
First, the PyMT/Cav-1 (�/�) lesions are much more wide-
spread. Additionally, these lesions are high grade with
marked atypia (Figure 6B, right) and show many mitotic
figures (up to 20 per high-power field) (Figure 6C, bottom).
There is multifocal involvement of the ducts and the TDLUs
with MIN. Furthermore, many papillary projections from
the epithelial duct lining are present, with some containing
areas of necrosis (Figure 7, top and middle). Moreover, there
is increased fibrosis and the presence of inflammatory cells
in the form of neutrophils surrounding the involved ducts
(Figure 7, bottom). Finally, in PyMT/Cav-1 (�/�) mam-
mary glands, the fatty stromal tissue between the ducts
shows more fibrosis than in PyMT/Cav-1 (�/�) mice.

Loss of Caveolin-1 Dramatically Up-Regulates
Cyclin D1 Expression in Dysplastic Mammary
Lesions
To identify a potential mechanism by which loss of caveo-
lin-1 accelerates the development of dysplastic mammary
lesions, we next performed immunoblot analysis on mam-
mary gland tissue samples derived from 4-wk-old PyMT/
Cav-1 (�/�) and PyMT/Cav-1 (�/�) mice. Tissue lysates
were first normalized using a pan-cytokeratin antibody to
ensure that the epithelial content between samples was
equivalent.

As caveolin-1 has been previously implicated as a nega-
tive regulator of Jak-2/STAT5a signaling (Park et al., 2002)
and as a tonic inhibitor of the p42/44 MAP kinase cascade
(Engelman et al., 1998a), we first evaluated the activation
state of these pathways by using a panel of phospho-specific
antibody probes. Figure 8A shows that the levels of total
STAT5a and phospho-STAT5a remain unchanged in PyMT/

Cav-1 (�/�) samples. Similarly, the levels of total ERK-1/2
and phospho-ERK-1/2 were not elevated in PyMT/Cav-1
(�/�) samples. Thus, hyperactivation of these signaling
cascades does not seem to play a role in the accelerated
development of dysplastic mammary lesions in Cav-1
(�/�) null mice.

Another possible mechanism is the up-regulation of cyclin
D1 expression levels. Cyclin D1 is an important cell cycle
regulator and has been shown to be overexpressed in a
variety of human neoplasms, including breast cancers (Yu et
al., 2001). Interestingly, cyclin D1 expression is normally
required for mammary epithelial cell transformation and
mammary tumorigenesis induced by activated c-Neu/
ErbB2 (Lee et al., 2000; Yu et al., 2001). Caveolin-1 is a known
transcriptional repressor of cyclin D1 expression (Hulit et al.,
2000), suggesting that loss of caveolin-1 gene expression
may cause the up-regulation of cyclin D1 expression levels.
In accordance with this hypothesis, Figure 8A shows that
cyclin D1 protein expression levels are indeed dramatically
elevated by approximately three- to fourfold in PyMT/
Cav-1 (�/�) samples, compared with matched samples
derived from PyMT/Cav-1 (�/�) mice.

To visualize the cellular distribution of cyclin D1, we next
performed immunohistochemical analysis on dysplastic
mammary lesions derived from 4-wk-old PyMT/Cav-1
(�/�) and PyMT/Cav-1 (�/�) mice. Lesions of approxi-
mately the same size from each genotype were chosen to
allow for a better comparison. Figure 8B shows that the
intensity of cyclin D1 immunostaining (brown color) is
clearly increased in the PyMT/Cav-1 (�/�) dysplastic
mammary lesions. In accordance with our results from
Western blot analysis, the nuclei of the dysplastic mammary
epithelial cells are more densely stained in PyMT/Cav-1
(�/�) samples. However, no changes in cyclin D1 immu-

Figure 5. Partial caveolin-1 defi-
ciency does not accentuate the
development of dysplastic mam-
mary lesions. Cav-1 (�/�) het-
erozygote mice show an �50%
reduction in caveolin-1 protein
levels, compared with wild-type
Cav-1 (�/�) mice (Razani et al.,
2001). Thus, we next examined
whether loss of a single caveo-
lin-1 allele is sufficient to affect
the development of dysplastic
mammary lesions. Mammary
glands (inguinal) were harvested
from virgin female PyMT/Cav-1
(�/�) (left) and PyMT/Cav-1
(�/�) (right) mice at exactly 3
and 4 wk of age, fixed in ethanol/
acetic acid 2–4 h, and stained
overnight with carmine dye
(original magnification, 5�). Two
representative PyMT/Cav-1 (�/�)
heterozygote images are shown
for each time point, along with

one PyMT/Cav-1 (�/�) image for comparison. See Figures 2 and 3 for additional PyMT/Cav-1 (�/�) images. Interestingly, PyMT/Cav-1
(�/�) mice (right) do not show any changes in the size, number, and appearance of dysplastic foci, compared with PyMT/Cav-1 (�/�) mice
(left), at either 3 or 4 wk of age. Thus, loss of both caveolin-1 alleles is required to accelerate the development of these mammary lesions. All
images were taken at the same magnification. Top, 3 weeks of age; bottom, 4 weeks of age. Bar, 1 mm.
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nostaining were observed in the surrounding stromal cell
population.

Furthermore, the cyclin D1 staining pattern was notice-
ably altered in PyMT/Cav-1 (�/�) samples. In PyMT/
Cav-1 (�/�) mammary lesions, cyclin D1 immunostaining
was confined to the outermost layers of mammary epithelial
cells; little or no staining was observed in the center of the
lesion (see arrow). In contrast, in PyMT/Cav-1 (�/�) mam-
mary lesions, cyclin D1 immunostaining was present in
virtually all the epithelial cells and extended to the center of
the lesion.

DISCUSSION

Carcinogenesis is a multistep process involving genetic al-
terations in vivo that allow a cell to acquire “transformed”
properties, such as unregulated cell proliferation, the ability
to bypass apoptotic pathways, increased invasiveness, the
capability to undergo metastasis, and the ability to evade
immunodetection (Cotran et al., 1999). These genetic alter-
ations can result from inherited germline transmission or
from acquired somatic changes during a cell’s lifetime. Some
may involve up-regulated expression or mutational activa-
tion of proto-oncogenes that control cell growth and prolif-
eration, such as Neu (erbB2) and Ras. Likewise, loss of cell
cycle checkpoints through the down-regulated expression or
mutational inactivation of tumor suppressor genes, such as
p53 or pRb, enables cells to grow and divide uncontrollably.
Additionally, there are a whole host of genes implicated in
the processes of tissue invasion and metastasis, including
cadherins, matrix metalloproteinases, and growth factor re-
ceptors. Our current understanding of tumor progression is
that it results from an accumulation of genetic events and
that no single genetic alteration in vivo is sufficient for the
development of a tumor.

The advent of mouse autochthonous tumor models has
greatly facilitated the study of how a gene of interest affects
spontaneous tumor progression. The utility of MMTV-
PyMT transgenic mice as a spontaneous breast cancer model
is now well-established (Guy et al., 1992, 1994; Webster et al.,
1998; Maglione et al., 2001). These transgenic mice express
the PyMT under the transcriptional control of the MMTV
long terminal repeat, which directs expression to the mam-
mary epithelium (Choi et al., 1987). MMTV-PyMT mice rap-
idly develop widespread multifocal adenocarcinomas in-
volving the entire mammary epithelium, with dysplastic foci
occurring as early as 3 wk of age (Guy et al., 1992). PyMT
interacts with a number of signaling molecules, including
the c-Src tyrosine kinase and phosphatidylinositol-3 kinase
(PI-3 kinase), both of which have been shown to be essential
for PyMT-mediated mammary tumorigenesis (Guy et al.,
1994; Webster et al., 1998).

Numerous studies have now demonstrated that tumor
progression in MMTV-PyMT mice is altered when they are
interbred with other genetically modified mice, such as
CSF-1, keratin-8, Mgat5, tenascin-C, and plasminogen gene
knockout mice (Baribault et al., 1997; Bugge et al., 1998; Talts
et al., 1999; Granovsky et al., 2000; Lin et al., 2001). MMTV-
PyMT mice have also been used to demonstrate the selective
up-regulation of certain gene products (MUC1, autocrine
growth factors [amphiregulin and cripto], and matrix met-
alloproteinase 9) at different stages of mammary tumor de-

velopment (Niemeyer et al., 1999; Kupferman et al., 2000;
Graham et al., 2001).

Another hallmark of malignant tumors is anaplasia,
which refers to the morphological description of a tumor cell
as appearing undifferentiated. Central to our understanding
of neoplasia is that poorly differentiated cells tend to be
behave more malignantly than well-differentiated cells. In-
terestingly, caveolin-1 is most highly expressed in terminally
differentiated cells, such as adipocytes and endothelial cells,
suggesting that high levels of this protein may contribute to
their well differentiated/non-proliferating state (Engelman
et al., 1998d).

The aim of our current study was to test the hypothesis
that caveolin-1 can function as a tumor/transformation sup-
pressor in an in vivo setting. This hypothesis is supported by
a wealth of genetic, cellular, and clinical evidence. Despite
this evidence, the tumor/transformation suppressor role of
caveolin-1 still remains controversial. Herein, we examined
whether loss of caveolin-1 gene expression affects the early
steps of tumor progression, including tumor initiation and
growth. For this purpose, we interbred Cav-1 (�/�) null
mice with tumor-prone transgenic mice (MMTV-PyMT) that
normally develop multifocal dysplastic lesions throughout
the entire mammary tree. Interestingly, at 3 wk of age not all
PyMT/Cav-1 (�/�) mammary glands showed the presence
of foci, whereas in PyMT/Cav-1 (�/�) mammary glands
the incidence of foci was 100%. Most importantly, loss of
caveolin-1 resulted in an approximately twofold increase in
the number of lesions (foci per gland; 3.3 � 1.0 vs. 7.0 � 1.2)
and an approximately five- to sixfold increase in the total
area occupied by these lesions. Similar results were obtained
at 4 wk of age. We also demonstrated that loss of caveolin-1
increased the extent and the histological grade of these
mammary lesions, especially at 4 wk of age. Finally, we
showed that cyclin D1 expression levels are dramatically
elevated in Cav-1 (�/�) null mammary lesions, consistent
with the accelerated appearance of these dysplastic foci.
However, we did not observe any changes in the activation
state of the Jak-2/STAT5a pathway or the p42/44 MAP
kinase cascade.

The role of caveolin-1 as a negative regulator of cellullar
proliferation is now well-established from in vitro studies on
cultured cells. In addition to extensive evidence that caveo-
lin-1 expression decreases cellular proliferation and anchor-
age-independent growth in transformed cells, Cav-1 (�/�)
null primary embryonic fibroblasts proliferate significantly
faster than their wild-type counterparts and demonstrate
increased rates of DNA synthesis and increased S-phase
fractions (Razani et al., 2001). The hypercellular lung pheno-
type observed in Cav-1 null mice also suggests that one or
more cell types are experiencing a disruption in cell cycle
regulation. Mechanistic insight into the relationship between
caveolin-1 and cellular proliferation has been provided by
experiments that show that caveolin-1 and the Ras-p42/44
MAP kinase cascade undergo a form of reciprocal regula-
tion: 1) down-regulation of caveolin-1 expression by using
an antisense approach leads to constitutive ERK activation
(Galbiati et al., 1998); 2) up-regulation of caveolin-1 down-
regulates p42/44 MAP kinase activity, as measured using an
Elk-luciferase reporter system, as well as by using in vitro
reconstitution experiments (Engelman et al., 1998a); and 3)
down-regulation of p42/44 MAPK activity by treatment of
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Ras-transformed cells with a mitogen-activated protein ki-
nase kinase inhibitor (PD98059) up-regulates caveolin-1 pro-
tein expression (Engelman et al., 1997). These findings estab-
lish a clear relationship between caveolin-1 and proliferative
signaling pathways, such as the Ras-p42/44 MAPK cascade.
Similar reciprocal regulation exists between caveolin-1 and
the activated c-Neu-proto-oncogene (Engelman et al., 1998b).

In addition to the reciprocal relationships described
above, there seems to be a direct connection between caveo-
lin-1 and the Myc proto-oncogene. c-Myc encodes a nuclear
phospho-protein that plays an active role in cellular func-
tions, such as proliferation, differentiation, and apoptosis
(Schmidt, 1999). Overexpression of c-Myc leads to shorten-
ing of the G1 phase of the cell cycle and inhibition of differ-
entiation (Karn et al., 1989). We have shown that Myc acti-
vation leads to repression of caveolin-1 at the transcriptional
level, suggesting that this may be another mechanism by
which cells attain a transformed phenotype (Park et al.,
2001).

Aside from repression of caveolin-1 by both Neu and Myc,
caveolin-1 also demonstrates some repressor function. We

have shown that overexpression of caveolin-1 causes tran-
scriptional repression of cyclin D1, whereas expression of
antisense caveolin-1 increases cyclin D1 levels, lending fur-
ther support to the idea that caveolin-1 performs a growth
regulatory function (Hulit et al., 2000). The cyclin D1 protein
is the regulatory component of the holoenzyme that inacti-
vates the retinoblastoma pRB protein, implying roles for
cyclin D1 in cellular proliferation and transformation (Hulit
et al., 2000). Interestingly, cyclin D1 expression is required
for 1) mammary epithelial cell transformation induced by
activated c-Neu/ErbB2 (Lee et al., 2000), and 2) in vivo
mammary tumorigenesis in MMTV-Neu/ErbB2 transgenic
mice (Yu et al., 2001).

How is the absence of caveolin-1 related to the accelerated
phenotype we observed in these MMTV-PyMT transgenic
mice? We suggest a mechanism involving the hyperactiva-
tion of cellular proliferation mediated through cyclin D1.
D-Cyclins are involved in controlling cell cycle progression
by activating their associated kinases cdk4 and cdk6. These
cyclin-dependent kinases phosphorylate the retinoblastoma
pRB protein, leading to transition through the G1 phase of

Figure 6 (cont. from facing page). Histological analysis
of mammary gland lesions in PyMT/Cav-1 (�/�) and
PyMT/Cav-1 (�/�) mice at 3 and 4 wk of age. Fourth
mammary glands were excised, formalin fixed, paraffin
embedded, sectioned at 5 �m, and counterstained with
hematoxylin and eosin (H&E). The images shown are rep-
resentative for each genotype. (A) Foci morphology at 3 wk
of age. PyMT/Cav-1 (�/�) glands display a few small
MIN foci involving the ducts (arrows). Note that the le-
sions are low grade and characterized by only two to three
layers of hyperchromatic epithelial cells with scant cyto-
plasm (top). In contrast, PyMT/Cav-1 (�/�) glands dem-
onstrate the presence of similar MIN lesions, but they are
more advanced (middle). The boxed area is shown at
higher magnification (bottom). Note that the epithelial lu-
men is completely obliterated by atypical epithelial cells.
(B) Foci morphology at 4 wk of age. PyMT/Cav-1 (�/�)
mammary glands contain medium grade MIN lesions with
atypia (left). Nuclei are anaplastic with increased mitotic
figures (1 and 2) per high-power field. In contrast, PyMT/
Cav-1 (�/�) MIN foci seem more advanced than in
PyMT/Cav-1 (�/�) mice at the same age (right). The
lesions are high grade with marked atypia and show many
mitotic figures (up to 20 per high-power field). Low- and
medium-power images are shown for each genotype. (C)
Mitotic figures. A higher power view of MIN foci in 4-wk-
old PyMT/Cav-1 (�/�) and PyMT/Cav-1 (�/�) mice is
shown. Arrows point at mitotic figures that are readily
apparent in PyMT/Cav-1 (�/�) lesions. Thus, loss of
caveolin-1 increases the extent and the histological grade of
these mammary lesions.

Caveolin-1 and Mammary Tumorigenesis

Vol. 14, March 2003 1037



the cell cycle (Sherr and Roberts, 1999). Clinically, the cyclin
D1 gene is amplified in up to 20% of human breast cancers
and the cyclin D1 protein is overexpressed in �50% of
human mammary carcinomas (Bartkova et al., 1994; Gillett et
al., 1994; McIntosh et al., 1995). Interestingly, transgenic mice

overexpressing cyclin D1 in the mammary epithelium
(MMTV-cyclin D1) develop significant mammary hyperpla-
sia and mammary carcinomas, demonstrating that cyclin D1
overexpression can deregulate cell proliferation in the mam-
mary epithelium and induce dysplastic or tumorigenic

Figure 7. Additional findings in PyMT/Cav-1
(�/�) mice at 4 wk of age. Note the presence of
papillary lesions projecting into the lumen of the
hyperplastic epithelial duct lining (top and middle;
see arrows). In addition, there is marked fibrosis
surrounding the involved ducts, with infiltration by
neutrophils (middle and bottom; see asterisks). Fi-
nally, some of the papillary projections show areas
of necrosis (bottom; indicated by the letter N).
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changes (Wang et al., 1994). We have previously demon-
strated that caveolin-1 transcriptionally represses the cyclin
D1 gene by using cultured cell systems (Hulit et al., 2000).

Therefore, it is expected that loss of caveolin-1 expression
would cause the transcriptional up-regulation of cyclin D1
levels, as we observed experimentally (Figure 8, A and B); as

Figure 8. Loss of caveolin-1 dramatically up-regulates cyclin D1 expression in dysplastic mammary lesions. (A) Immunoblot analysis.
Mammary glands were harvested from 4-wk-old PyMT/Cav-1 (�/�) and PyMT/Cav-1 (�/�) mice and homogenized in lysis buffer. Tissue
lysates were prepared, separated by SDS-PAGE, and transferred to nitrocellulose membranes. Normalization of epithelial cell content was
performed using a pan-cytokeratin antibody. Relative levels of phospho-STAT5a were determined by immunoblotting with a phospho-
specific antibody probe that selectively recognizes activated STAT5a at its Jak-2 phosphorylation site (pY694). Similarly, the levels of
phospho-ERK-1/2 were determined by immunoblotting with a phospho-specific antibody probe that selectively recognizes activated
ERK-1/2 (pT202/pY204). Phospho-independent anti-ERK-1/2 IgG and anti-STAT5a IgG were used as controls for equal loading. Cyclin D1
expression levels were monitored using a specific rabbit polyclonal antibody. Note that cyclin D1 protein expression is dramatically elevated
in PyMT/Cav-1 (�/�) samples, compared with matched-samples derived from PyMT/Cav-1 (�/�) mice. However, the levels of total
STAT5a and phospho-STAT5a remain unchanged in PyMT/Cav-1 (�/�) samples. Similarly, the levels of total ERK-1/2 and phospho-ERK-
1/2 were not elevated in PyMT/Cav-1 (�/�) samples. (B) Immunohistochemistry. To visualize the cellular distribution of cyclin D1, we
performed immunohistochemical analysis on dysplastic mammary lesions derived from 4-wk-old PyMT/Cav-1 (�/�) and PyMT/Cav-1
(�/�) mice. Paraffin-embedded mammary glands were sectioned at 5 �m and immunostained with a rabbit polyclonal antibody to cyclin
D1. Lesions of approximately the same size from each genotype were chosen to allow for a better comparison. Representative examples are
shown. Note that the intensity of cyclin D1 immunostaining (brown color) is clearly increased in the PyMT/Cav-1 (�/�) dysplastic
mammary lesions and the nuclei of these dysplastic mammary epithelial cells are more densely stained. The cyclin D1 staining pattern was
also noticeably altered in PyMT/Cav-1 (�/�) samples. In PyMT/Cav-1 (�/�) mammary lesions, cyclin D1 immunostaining was confined
to the outermost layers of mammary epithelial cells; little or no staining was observed in the center of the lesion (see arrow). In contrast, in
PyMT/Cav-1 (�/�) mammary lesions, cyclin D1 immunostaining was present in virtually all the epithelial cells and extended to the center
of the lesion. No changes in cyclin D1 immunostaining were observed in the surrounding stromal cells.
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such, these increases in cyclin D1 protein expression could
account for the accelerated appearance and growth of dys-
plastic mammary foci in PyMT/Cav-1 (�/�) mice.

Alternatively, the polyomavirus middle T antigen medi-
ates cellular transformation through the activation of a num-
ber of signaling pathways, including the c-Src tyrosine ki-
nase and PI-3 kinase (Guy et al., 1994; Webster et al., 1998).
The relationship between Src and caveolin-1 was first estab-
lished �10 years ago when caveolin-1 was first identified as
a major v-Src substrate in Rous sarcoma virus-transformed
fibroblasts (Glenney, 1989). Since then, additional experi-
ments have elucidated that c-Src, a lipid-modified nonrecep-
tor tyrosine kinase, is localized to caveolae membranes,
causes a decline in caveolin-1 expression, and reduces the
number of invaginated caveolae, suggesting caveolin-1 lev-
els need to be down-regulated before a cell becomes trans-
formed (Ko et al., 1998). Interestingly, caveolin-1 binding
seems to inhibit the tyrosine kinase activity of Src family
members, as mediated via the caveolin-scaffolding domain
(residues 82–101; CSD), demonstrating yet another example
of reciprocal regulation between caveolin-1 and a signaling
molecule (Couet et al., 1997). Likewise, the PI-3 kinase path-
way has both growth stimulatory and antiapoptotic/sur-
vival functions. Zundel et al. (2000) have demonstrated that
ceramide induces apoptosis by inhibiting PI-3 kinase activ-
ity. However, this inhibition is not mediated through
changes in PI-3 kinase expression or subunit association, but
rather by recruitment to caveolin-1-enriched membrane mi-
crodomains. Additionally, overexpression of caveolin-1 is
sufficient to inhibit PI-3 kinase activity and sensitizes cells to
ceramide-induced cell death, whereas antisense caveolin-1
activates PI-3 kinase and reduces ceramide-induced cell
death. These findings suggest other possible mechanisms by
which loss of caveolin-1 gene expression could accelerate
tumorigenic changes in the mammary epithelium of MMTV-
PyMT transgenic mice, potentially through synergistic hy-
peractivation of the c-Src kinase and PI-3 kinase signaling
cascades, and the cyclin D1 proliferation pathway.

In summary, our results indicate that caveolin-1 plays an
important in vivo role in suppressing early tumor develop-
ment and that its absence facilitates the appearance and
growth of MIN lesions. These findings directly support a
wealth of clinical, genetic, and cellular evidence implicating
caveolin-1 as a tumor/transformation suppressor gene.
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