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The role of caveolin-1 in prostate cancer: clinical implications
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Caveolin-1 (cav-1) is reportedly overexpressed in prostate cancer cells and is associated with disease
progression. Specific oncogenic activities of cav-1 associated with Akt activation also occur in
prostate cancer. A membrane-associated protein, cav-1, is nonetheless secreted by prostate cancer
cells; results of recent studies showed that secreted cav-1 can stimulate cell survival and angiogenic
activities, defining a role for cav-1 in the prostate cancer microenvironment. Serum cav-1 levels
were also higher in prostate cancer patients than in control men without prostate cancer, and the
preoperative serum cav-1 concentration had prognostic potential in men undergoing radical
prostatectomy. Secreted cav-1 is therefore a potential biomarker and therapeutic target for prostate
cancer.
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Introduction

Caveolin-1 (cav-1) is a major structural component of
caveolae, which are specialized plasma membrane
invaginations involved in multiple cellular processes
such as molecular transport, cell adhesion and signal
transduction.1,2 Although under some conditions cav-1
may suppress tumorigenesis,3 cav-1 is associated with
and contributes to malignant progression through
various mechanisms.4–8 Specific proteins such as recep-
tor tyrosine kinases, serine/threonine kinases, phospho-
lipases, G protein-coupled receptors and Src family
kinases are localized in lipid rafts and caveolar mem-
branes, where they interact with cav-1 through the cav-1
scaffolding domain; the activities mediated by this
domain result in the generation of platforms for
compartmentalization of discrete signaling events.9 A
high level of intracellular cav-1 expression is associated
with metastatic progression of human prostate can-
cer10,11 and other malignancies, including lung,12 renal13

and esophageal squamous cell cancers.14

Virulent prostate cancer cell lines reportedly secrete
biologically active cav-1 protein in vitro, and cav-1
promotes prostate cancer cell viability and clonal

growth.15–17 The cancer-promoting effects of secreted
cav-1 include antiapoptotic activities similar to those
observed following enforced expression of cav-1
within the cells.15,18 In addition to showing cav-1-
mediated autocrine activities, a recent study showed
that recombinant cav-1 protein is taken up by prostate
cancer cells and endothelial cells in vitro and that
recombinant cav-1 increases angiogenic activities both
in vitro and in vivo by activating Akt- and/or nitric oxide
synthase-mediated signaling.6 Moreover, significantly
higher serum cav-1 levels have been documented in
men with prostate cancer than in men with benign
prostatic hyperplasia19 and also in patients with elevated
risk of cancer recurrence after radical prostatectomy.20

The concept of expression and secretion of cav-1 by
prostate cancer cells in malignant progression is unique.
The autocrine and paracrine activities of cav-1 mediated
through the activation of Akt and/or nitric oxide
synthase signaling may lead to pervasive engagement
of the local tumor microenvironment, involving but not
limited to the proangiogenic activities previously docu-
mented.

In this review, we discuss the unique functional
properties of cav-1 in prostate cancer, especially on
secreted cav-1 and its capacity to engage the prostate
cancer microenvironment. We also discuss the potential
for development of serum cav-1 as a biomarker for
prostate cancer, with particular reference to the pre-
operative cav-1 serum level as a prognostic tool. Finally,
we discuss the possibility of biologically targeting cav-1
as the foundation for the development of novel effective
therapies for prostate cancer.
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Cav-1 upregulation in prostate cancer

We previously reported increased cav-1 immunostaining
in prostate cancer relative to that in the normal adjacent
prostatic epithelial cells, which express low-to-nonde-
tectable levels of cav-1.10,11 An important finding was
that increased cav-1 immunostaining had independent
prognostic potential in men undergoing radical prosta-
tectomy.11 These results were supported by those in two
subsequent independent reports of studies that also
evaluated prostate cancer tissue using immunohisto-
chemical analysis and yielded similar conclusions.21,22

An important common observation from the cases
examined in these studies is that cav-1 immunostaining
in localized prostate cancer is focal and expressed only in
a relatively small percentage of prostate cancer cells.
These results also showed that cav-1 was positively
correlated with Gleason grade, an important suggestion
that even though it is focally expressed, cav-1 is a
biomarker for clinically aggressive disease.

The molecular basis for the initiation of cav-1 expres-
sion in prostate cancer and other malignancies is not
clear. The cav-1 and cav-2 genes are co-localized to 7q31.1,
a highly conserved region that encompasses a known
fragile site that is deleted, associated with loss of
heterozygosity, or amplified in a variety of human
cancers, including prostate cancer.3,23–25 Although some
investigators have used these data to support a case for
both loss and gain of cav-1 expression, no convincing
data specifically correlate genetic alterations at this site
with changes in cav-1 expression for prostate cancer.26,27

The cav-1 gene promoter has multiple CpG sites, and
alterations in gene methylation have been shown in
prostate cancer.28 However, patterns of cav-1 gene
methylation have not, thus far, provided a convincing
argument for the upregulation of cav-1 in prostate
cancer. It is interesting that a recent article suggests that
the loss of function for a tumor suppressor miRNA (miR-
205) may lead to upregulation of cav-1 in prostate
cancer.29

As many genetic alterations that occur in primary
prostate cancer have also been documented in prema-
lignant disease, such as high-grade prostatic intraepithe-
lial neoplasia, it would be interesting to analyze cav-1 in
those premalignant lesions. Although it is focally
expressed in primary prostate cancer, it is important to
note that cav-1 is expressed in most metastatic cells.15

This focal expression in primary prostate cancer and
significantly increased cav-1 expression in associated
metastases fit well with the notion that cav-1 is more
aligned with the criteria of a progression-related protein
than with those of a protein that significantly affects
localized tumor growth.30 The idea of association of cav-
1 with clinically significant prostate cancer is novel, and
the prospect that cav-1 expression may segregate
clinically significant prostate cancer from clinically
insignificant prostate cancer is exciting.31

Although the association between cav-1 overexpres-
sion in prostate cancer and aggressive, clinically sig-
nificant disease has been found consistently in multiple
studies, the relationship between cav-1 overexpression
and androgen sensitivity is less clear. Early studies
showed that cav-1 overexpression was inversely asso-
ciated with androgen sensitivity and positively asso-
ciated with tumor growth in mouse models of prostate

cancer.32 The cav-1 gene is transcriptionally upregulated
in androgen-sensitive prostate cancer cells, although the
level of induction was modest.5 In general, cav-1 has been
associated with the stimulatory effects of steroid recep-
tors, including the androgen receptor, suggesting a point
of convergence for further mechanistic studies.33,34 Over-
all, the available information on cav-1 expression fits the
hypothesis that prostate cancer progression, even in the
presence of normal levels of circulating testosterone, is
coincidental with the development of androgen insensi-
tivity. Certainly, the development of castrate-resistant
prostate cancer involves selection for unique malignant
properties that allow prostate cancer cells to metastasize
in the presence of castrate levels of androgens. However,
the emergence of castrate-resistant prostate cancer does
not preclude co-selection of metastatic and androgen-
insensitive prostate cancer in men who have not under-
gone hormone therapy.

Mechanisms of cav-1-mediated
oncogenic activities in prostate cancer

Overexpression of cav-1 was reported in various
malignancies, including cancer of the colon,35 kidney,13

bladder,36 lung,12 pancreas37 and ovary,38 and in some
types of breast cancer.39 The level of cav-1 expression
may depend on the tumor type and stage; for example,
high cav-1 levels were reported in late or advanced
squamous cell carcinoma40 and in metastatic prostate
cancer.15,32 These results have led many investigators to
attempt to identify cav-1-related oncogenic pathways for
various malignancies. Although cav-1 activities impinge
on various oncogenic pathways and can inhibit or
activate these pathways, depending on the cell type
and context,3 the results of multiple studies now indicate
that Akt activation has an important role in cav-1-
mediated oncogenic functions in prostate cancer. The
first demonstration of a direct association between cav-1
expression and Akt indicated that the overexpression of
cav-1 increased binding to and inhibited the serine/
threonine phosphatases, PP1 and PP2A, in human
prostate cancer cells. These interactions, which were
likely mediated through cav-1 binding to a cav-1
scaffolding domain-binding site on PP1 and PP2A and
inhibition of their activities, led to significantly increased
levels of phospho-Akt and sustained activation of
downstream oncogenic Akt targets.18 Findings from a
recent independent study supported this mechanism and
further showed that the putative oncogene inhibitor of
differentiation-1 induced Akt activation by promoting
the binding activity of cav-1 and PP-2A.41 It is important
to consider that the activation of Akt has been previously
associated with prostate cancer and is clearly one of the
most important oncogenic activities that underlie pros-
tate cancer progression.42 It is worthwhile to consider the
idea that activated Akt contributes to the expression and
secretion of multiple growth factors (GFs) that have
important roles in the growth, survival and progression
of prostate cancer cells through autocrine and paracrine
activities42 (Figure 1). The molecular mechanisms that
may connect cav-1 upregulation to GF expression and
secretion through the activation of Akt are worthy of
future investigation.
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Recent studies further showed that alterations in Akt
activities regulate the expression of fatty acid synthase, a
putative metabolic oncogene, and its co-localization with
cav-1 in lipid rafts in prostate cancer cells.43 The same
article reported that Src, an oncogenic tyrosine kinase,
has an important role in this process. It is important to
note that cav-1 was initially identified as a v-Src
substrate, P-Y14cav-1.44 Overall, these recent articles
suggest that an interactive and interdependent network
of oncogenic proteins, including cav-1, Akt, fatty acid
synthase and Src, has an important role in prostate
cancer. Although initiation and maintenance of this
oncogenic protein network appear to be a critical
mechanism through which cav-1 promotes malignant
activities in prostate cancer, there are certainly others.
Results of a recent study showed that cellular levels of
P-Y14cav-1 are critically associated with Rho/ROCK-
and Src-dependent regulation of tumor cell motility and
invasion.45

Prostate cancer cells secrete cav-1

Cav-1, which is secreted by mouse and human prostate
cancer cell lines, promotes cancer cell survival in vitro.15

These results were validated in independent studies and
were extended to include perineural cells in the prostate
cancer microenvironment. 17,46 At the time these results
were reported, a previous study had shown that cav-1
was secreted by normal pancreatic acinar cells in vitro,47

but to our knowledge, there were no previous reports of
cav-1 secretion by malignant cells. These results raised
the question of the mechanism responsible for cav-1
secretion from cancer cells and whether this mechanism
was specific to prostate cancer cells or the prostate cancer
microenvironment. An intriguing article reported that
cav-1 was found in ‘prostasomes,’ which are vesicular
organelles enriched with raft components, of PC-3 cells,
suggesting that cav-1 is secreted by prostate cancer cells
through a unique mechanism.48 The results of a more
recent study supported the concept that cav-1 is secreted

by prostate cancer cells through a unique exosome–
prostasome-mediated pathway.49 Additional studies are
warranted to further characterize the specificity and
mechanism(s) involved in cav-1 secretion by prostate
cancer cells and potentially by specific stromal cells
within the prostate cancer microenvironment.

Prostate cancer-derived, secreted cav-1
alters the tumor microenvironment
through proangiogenic activities

Prostate cancer is unique in its capacity to influence and
become dependent on stromal cells that reside in the
tumor microenvironment. GFs derived from prostate
cancer cells, including vascular endothelial growth
factor, transforming GF-b1 and multiple fibroblast GFs,
are known to significantly affect, through autocrine and
paracrine activities, the capacity of prostate cancer cells
to growand metastasize.50–53 Various mechanisms are
reportedly involved in the deregulation of these GFs in
cancer cells, including transcriptional regulation54 and
alteration of mRNA stability. 55–58

We recently found, unexpectedly, that prostate cancer-
derived secreted cav-1 is also capable of significantly
altering the tumor microenvironment by stimulating
angiogenesis. Specifically, cav-1 is taken up by cav-1-
negative tumor cells and/or endothelial cells, leading to
stimulation of specific angiogenic activities through the
PI3K–Akt–eNOS signaling module.6 This study followed
a previous study which had shown greater angiogenesis
in cav-1-positive prostate cancer than in cav-1-negative
prostate cancer and that also showed co-localization of
cav-1 with vascular endothelial growth factor receptor-2
in tumor-associated endothelial cells.59 The combined
action of prostate cancer-derived, secreted cell-derived
GFs and/or angiogenic cytokines and cav-1 could have a
profound effect on prostate cancer microenvironment
(Figure 1). The combined effect could potentially result in
structural modification of the pre-existing signaling
pathways through the interaction of cav-1 with specific
signaling molecules. As many of the molecules involved
in angiogenic signaling pathways possess cav-1 scaffold-
ing domain-binding sites, for example, vascular endothe-
lial growth factor receptor-2 and Src,9 these interactions
are likely mediated in part through the cav-1 scaffolding
domain–scaffolding domain-binding site interface. It is
interesting to note that an abnormal augmentation of
these signaling pathways could further potentiate the
downstream autocrine and/or paracrine activities of GFs
and/or angiogenic cytokines secreted by prostate cancer
cells, representing unique co-stimulatory activities with
profound potential to alter the tumor microenvironment
toward a progressively increasing malignant state.

Secreted cav-1 as a biomarker and
therapeutic target

The expression and secretion of cav-1 by prostate cancer
cells presents an opportunity for the development of cav-
1-based biomarkers for prostate cancer. We previously
developed an immunoassay for measuring serum cav-1

Figure 1 Caveolin-1 (cav-1) upregulation in prostate cancer
promotes cell survival through Akt-mediated activities. Prostate
cancer-derived, secreted cav-1, which is taken up by prostate cancer
cells and tumor-associated endothelial cells, stimulates angiogen-
esis. The unique autocrine and paracrine activities associated with
cav-1 in prostate cancer present a novel paradigm for the
development of biomarkers and therapeutic approaches for prostate
cancer. GFs, growth factors; ACs, angiogenic cytokines; AR,
androgen receptor.
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levels and showed that the median serum cav-1 level in
men with clinically localized prostate cancer was
significantly higher than that in healthy control men
(that is, in those with normal findings on digital rectal
examination and serum prostate-specific antigen levels
of p1.5 ngml�1 over a period of 2 years) and in men
with clinical benign prostatic hyperplasia.19 Further, in a
larger population study in men with a serum prostate-
specific antigen of 410ngml�1, high pretreatment levels
of cav-1 in the serum were associated with a shorter time
to biochemical recurrence (defined as a serum prostate-
specific antigen level of X0.2 ngml�1 on two consecutive
measurements).20 High pretreatment serum cav-1 levels
were established using a cutoff determined by using the
minimum P-value method.

These initial clinical and basic laboratory study results,
together with those of pathology-based tissue analysis,
show the potential of serum cav-1 as a prognostic
biomarker for the identification of men with clinically
aggressive prostate cancer. Specifically, the pretreatment
serum cav-1 concentration may be used to identify men
with clinically significant prostate cancer who are likely
to experience a rapid recurrence of the cancer following
radical prostatectomy. Although further studies are
necessary to validate these results, it is conceivable that
serum cav-1 analysis would contribute to the identifica-
tion of the subset of the men undergoing localized
therapy for presumed localized disease who would
benefit from neoadjuvant or adjuvant therapy, for
example, local radiotherapy, localized biologic therapy,
androgen-deprivation therapy and/or targeted systemic
therapy.60–63

We have considered, in addition to the potential use of
serum cav-1 analysis as a prognostic biomarker for
clinically aggressive prostate cancer, the possibility that
secreted cav-1 is a therapeutic target for prostate cancer.
Our recent studies revealed that systemic treatment of
mice with cav-1 antisera significantly reduced the
development and growth of primary site tumors and
metastases in both orthotopic and experimental metasta-
sis mouse models of prostate cancer.15,64 These studies
further showed that metastatic prostate cancer cells may
survive and grow partly through the uptake of secreted
cav-1. As targeted systemic antibody therapy has been
used successfully to treat specific malignancies,65,66 the
development of cav-1-targeted antibody therapy should
be further pursued as a potential therapy for prostate
cancer.

Summary

The initial observations that prostate cancer cells over-
express cav-1 and that cav-1 is associated with clinically
significant prostate cancer have led to extensive basic
laboratory and clinical studies of the role of cav-1 in
prostate cancer and other malignancies. Although the
molecular and cellular biology of cav-1 is complex, these
studies thus far have shown that the overexpression and
secretion of cav-1 leads to the amplification of the tumor-
promoting effects of cav-1 through the activation of
endogenous oncogenic pathways and engagement of
tumor microenvironment. The association between cav-1
and clinically significant prostate cancer is unique, and

the prospect that cav-1 expression may segregate
clinically significant prostate cancer from clinically
insignificant prostate cancer is exciting. By virtue of the
capacity of prostate cancer cells to secrete cav-1, specific
cav-1-based biomarker and therapeutic strategies have
been proposed and tested. The initial results are
promising and indicate that further studies may lead to
clinically useful prognostic and therapeutic tools for
prostate cancer.
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