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Abstract
Here, we examined the status of stromal Cav-1 expression in patients with benign prostatic
hypertrophy (BPH), primary prostate cancers (PCa), and prostate-cancer metastases (Mets).
Interestingly, an absence of stromal Cav-1 directly correlated with prostate cancer disease
progression. For example, virtually all BPH samples showed abundant stromal Cav-1
immunostaining. In contrast, in a subset of patients with primary prostate cancer, the stromal
levels of Cav-1 were significantly decreased, and this correlated with a high Gleason score,
indicative of a worse prognosis and poor clinical outcome. Remarkably, all metastatic tumors
(either from lymph node or bone) were completely negative for stromal Cav-1 staining. Thus,
stromal Cav-1 expression may be considered as a new biomarker of prostate cancer disease
progression and metastasis. Mechanistically, stromal Cav-1 levels were inversely correlated with
the epithelial expression levels of Cav-1 and epithelial phospho-Akt. Thus, loss of stromal Cav-1
is predictive of elevated levels of epithelial Cav-1 and epithelial Akt-activation. This provides
important new clinical evidence for paracrine signaling between prostate cancer epithelial cells
and the tumor stromal micro-environment, especially related to disease progression and
metastasis.
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Introduction
Most tumors evolve in a stromal micro-enviroment that contains tissue fibroblasts,
macrophages, smooth muscle and endothelial cells, among other cell types.1,2 In this
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epithelial-stromal context, is has now been recognized that tumor-associated fibroblasts play
a major role in both tumor initiation and progression.3 However, markers of the cancer-
associated fibroblast phenotype have been lacking and are difficult to define experimentally.

We and others have recently proposed that an absence of caveolin-1 (Cav-1) may be a
marker of the cancer-associated fibroblast phenotype, as it relates to DCIS progression and
breast cancer metastasis.4–9 For example, many different pro-proliferative and transforming
stimuli (such as H-Ras (G12V), PDGF, FGF or p53 loss) all result in a loss of Cav-1
expression in stromal fibroblasts in culture.10–14 Similarly, cancer-associated fibroblasts
prepared from primary breast cancers also show a significant reduction in Cav-1 expression
(in 8 out of 11 patients examined).4 Finally, deletion of the Cav-1 gene is sufficient to
confer the cancer-associated fibroblast phenotype upon mammary stromal fibroblasts in
culture.5 Thus, a loss of Cav-1 expression appears to be a functional marker of the cancer-
associated fibroblast phenotype, at least in breast cancers (reviewed in ref. 8).

To address the possible clinical relevance of stromal Cav-1 as a biomarker, we and others
have now assessed its prognostic value in both breast cancer6,9 and DCIS patients.7 In breast
cancer patients, an absence of stromal Cav-1 was associated with advanced tumor stage,
increased nodal stage, early tumor recurrence, and metastasis, resulting in poor clinical
outcome.6 In DCIS patients, an absence of stromal Cav-1 was specifically associated with
progression to invasive breast cancer.7 Thus, an absence of stromal Cav-1 may be involved
in both tumor initiation, and tumor progression/metastasis. However, these findings have not
yet been applied to other types of cancer.

One hypothesis is that loss of stromal Cav-1 may be a “universal” or “widely-applicable”
biomarker for many different types of cancer.8 Here, we assess the status of stromal Cav-1
in human prostate cancers. Our results indicate that a loss of stromal Cav-1 is associated
with advanced prostate cancer and metastatic disease, as compared with benign patient
samples processed in parallel using a tissue microarray (TMA) format.

Results
Stromal Cav-1 expression correlates with disease progression and metastasis in prostate
cancer patients

We established a stromal Cav-1 grading scale (0, 1 and 2), with 0 representing an absence of
stromal Cav-1, and 1 and 2 representing moderate and high levels of stromal Cav-1,
respectively. Representative examples of stromal Cav-1 immuno-staining in benign,
primary, and metastatic prostate tumor sections are shown in Figure 1. Expression of stromal
Cav-1 was significantly reduced in PCa in comparison with benign tissues, and in metastatic
tumors (Mets) in comparison with PCa samples (Table 1).

In fact, stromal Cav-1 was present in nearly all benign samples, with 12 cases showing high
levels (score = 2) and 16 showing moderate levels (score = 1). Only 2 benign samples
exhibited an absence (score = 0) of the protein in the stromal compartment. In contrast,
stromal Cav-1 was present at high levels (score = 2) in only 1 localized prostate cancer
sample (PCa), at moderate levels in 15 PCa samples, and was clearly absent in 17 PCa
samples. Strikingly, stromal Cav-1 was absent in all of the 34 metastatic tumors examined
(Table 1). These results provide strong evidence that an absence of stromal Cav-1 is
specifically associated with prostate cancer progression and the spread of metastatic disease.

When we examined stromal Cav-1 expression exclusively in the organ-confined prostate
cancer group, we observed a significant association with Gleason grading. Expression of
stromal Cav-1 was significantly reduced in samples with a Gleason score of 4 + 3 or higher,
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in comparison with samples with Gleason scores of 3 + 4 or lower, suggesting that the levels
of stromal Cav-1 might help identify aggressive PCa at a relatively early phase of the
disease (Table 2). A high Gleason score is predictive of poor clinical outcome in prostate
cancer patients.15 For example, if you compare patients with a Gleason score of 4 + 3, with
patients with a Gleason score of 3 + 4, there is a 3-fold increase in the hazard ratio for lethal
prostate cancer.15

Stromal Cav-1 levels are inversely correlated with epithelial Cav-1 expression and
epithelial Akt activation, during prostate cancer disease progression and metastasis

Interestingly, we and others have previously demonstrated that the levels of epithelial Cav-1
and epithelial phospho-Akt (p-Akt), in the same patient cohort used here, are significantly
increased with Gleason progression.16,17 To assess any potential correlations, these mean
intensity values, available for epithelial Cav-1 and p-Akt, were dichotomized.

Remarkably, we found that the expression of stromal Cav-1 was inversely correlated with
the levels of p-Akt in the prostate epithelium both in benign and tumor tissues (Table 3).
There was also a significant inverse correlation between stromal Cav-1 and epithelial Cav-1
(Table 4). These results are depicted graphically in Figure 2.

Thus, a loss of stromal Cav-1 is predictive of elevated levels of epithelial Cav-1 and
epithelial Akt-activation, in both primary prostate cancers and metastatic tumor tissue. This
provides novel evidence for “heterotypic” signaling between epithelial cancer cells and the
tumor stroma, specifically during prostate cancer disease progression and metastasis.

Discussion
Several distinct models have been proposed to explain the metastatic spread of primary
tumor cells to both local and distant sites. Increasingly, it has become clear that the tumor
micro-enviroment may play a critical role in this process of cancer cell dissemination. This
may occur through epithelial-stromal interactions, via the paracrine secretion of growth
factors by stromal cells, which then induce an epithelial-mesenchymal transition (EMT) in
neighboring epithelial cells. This could then result in the increased migration of epithelial
cancer cells, and may also enhance their invasive properties.

However, a completely new idea regarding epithelial cancer cell metastasis has recently
been proposed.18,19 In this new mechanism, epithelial cancer cells would not be required to
undergo an EMT, but instead would simply “hitch-a-ride” with fibroblasts.18,19 In this
regard, Gaggioli et al. showed that epithelial cancer cells can attach themselves to migrating
stromal fibroblasts, and these stromal fibroblasts can then carry epithelial cancer cells.18,19

While this new model of cancer cell metastasis is quite attractive, no clinical data has been
presented to support such a model.

Here, we show that loss of stromal Cav-1 is a marker of advanced prostate cancer and
metastatic disease spread. Based on these current findings, we would propose that “generic”
cancer-associated fibroblasts lack caveolin-1 expression, and that these Cav-1 negative
fibroblasts may represent the “metastatic fibroblasts” in the model proposed by Gaggioli et
al.18,19

In support of this notion, we have previously shown that breast cancer-associated fibroblasts
show significant downregulation of Cav-1.4 Furthermore, deletion of Cav-1 in mammary
stromal fibroblasts is sufficient to mimic the cancer-associated fibroblast phenotype.5 Thus,
future studies will be necessary to assess the status of Cav-1 expression in cancer-associated
fibroblasts derived from human prostate cancers. However, our current clinical data would
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be consistent with a role for Cav-1 negative stromal fibroblasts in promoting prostate cancer
cell metastasis, regardless of the exact mechanism.

An absence of stromal Cav-1 directly correlated with increased Gleason scores (GS), which
is still one of the most important predictors of poor clinical outcome. Although the
significance of the predominance of pattern 4 in GS 7 has been controversial, it is now clear
that 4 + 3 cancers are associated with a 3-fold increase in lethal PCa in comparison with 3 +
4 cancers.15 Importantly, a significant reduction in stromal Cav-1 expression was observed
in PCa with GS 4 + 3 in comparison with GS 3 + 4, strongly suggesting that an absence of
stromal Cav-1 could help in identifying tumors with a potentially aggressive course.

Interestingly, all prostate-cancer derived metastatic tumor samples (from lymph node and
bone) showed an absence of stromal Cav-1 expression. Mechanistically, an absence of
stromal Cav-1 was inversely correlated with epithelial Cav-1 expression and epithelial Akt
activation, in both primary and metastatic tumor samples. Thus, an absence of stromal Cav-1
is predictive of increased epithelial Cav-1 expression, and activated epithelial Akt signaling.

In this regard, it is important to note that increased levels of epithelial Cav-1 discriminated
between localized and metastatic PCa in the same cohort of patients,17 and Cav-1 is a
valuable serum marker of metastatic disease.20,21 Expression of activated Akt has also been
shown to have significant predictive value for prostate cancer recurrence22,23 and to
discriminate between hormone-naïve (HN) and hormone resistant (HR) metastases in the
same cohort of patients.16

Thus, stromal Cav-1 expression may be considered as a new biomarker of prostate cancer
disease progression and metastasis.

Materials and Methods
Case selection and tissue microarray construction

The human prostate tissue microarray (TMA)16,17 consists of benign and prostate tumor
tissues from the Brigham and Women’s Hospital (Boston, MA), the University of Michigan
(Ann Arbor, MI), and the University of Ulm (Ulm, Germany) and is composed of benign
prostate (n = 30), localized PCa (n = 36), and metastases (n = 36). The metastatic cohort
consists of 18 lymph-node hormone naïve and 18 distant metastases. For the tissue
microarray construction, tissue cores (0.6 mm diameter) were sampled in quadruplicate from
each block to account for tumor and tissue heterogeneity and transferred to the recipient
block. One pathologist (Dolores Di Vizio, MD-PhD) excluded cases if adequate paraffin-
embedded tumor tissue was not available; consequently a total of 30 benign, 33 organ-
confined tumor and 34 metastates were included in the analysis.

Immunohistochemistry
Cav-1 expression in the normal and tumor stroma was assessed on 5 µm sections using a
standard immuno-peroxidase method (DakoCytomation LSAB2 System-HRP, Carpinteria,
CA). A rabbit polyclonal anti-Cav-1 IgG (N-20; directed against N-terminal residues 2–21
of human Cav-1; Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:500) was chosen.
The staining was scored semi-quantitatively as negative (0; no staining), moderate (1; either
diffuse weak staining or strong staining in less than 30% of stromal cells per core), and
strong (2; defined as strong staining of 30% or more of the stromal cells) metastasis.6–8
These were given numerical raw scores of 0, 1 and 2, respectively, and the median score was
taken as the final score for the sample. Immunohistochemical analysis for epithelial p-Akt
and epithelial Cav-1, analyzed using the ACIS System (ChromaVision Medical System,
Inc.,) has been previously described.16,17

Di Vizio et al. Page 4

Cell Cycle. Author manuscript; available in PMC 2010 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical analysis
Results from IHC observation were grouped according to the presence of stromal Cav-1.
Only cases with two or three cores containing tumor stromal cells were considered for
statistical analysis in order to address possible heterogeneity of the staining in various tumor
portions. Association between Stromal Cav-1 level and tumor progression was evaluated
using Fisher’s exact test for categorical data. To assess potential correlations between
Stromal Cav-1 and p-Akt, intensity mean values of p-Akt were dichotomized and Fisher
exact test was applied on contingency tables. Summary data were expressed as percentage
compared to the total. Distributions were considered 2-tailed and statistical significance was
defined as p-value <0.001. Origin 8 software (OriginLab Corporation, Northampton, MA)
was used for statistical analysis.
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Figure 1.
Expression of stromal Cav-1 in benign, primary prostate cancers and metastatic tumor
samples. Two images are shown for each diagnostic category. Note that benign prostate
samples abundantly express stromal Cav-1. Primary prostate cancers showed differential
expression of stromal Cav-1, with either high (left), moderate (not shown), or absent/low
expression (right). Finally, metastatic tumor samples [either from lymph node (at left) or
bone (at right)] showed an absence of stromal Cav-1 staining. Note that in all cases, the
vasculature remained Cav-1 positive. Arrowheads point at the tumor stroma in all six panels.
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Figure 2.
Stromal Cav-1 inversely correlates with epithelial Akt activation and epithelial Cav-1
overexpression in advanced prostate cancer and metastasis. Data presented in Table 3 (A)
and Table 4 (B) are plotted here graphically. Only patients with positive expression are
shown. For simplicity, primary prostate cancers and metastastic tumors are plotted as one
group as “Tumors”, versus “Benign” lesions. In (A), Cav-1 refers to stromal Cav-1. In (B),
E denotes epithelial, and S denotes stromal staining. Asterisks denote statistical significance.
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Table 1

(A) Association of stromal Cav-1 with tumor progression; (B) Significant differences in stromal Cav-1
between different patient groups

A Stromal Cav-1 Level

0 1 2 p-value

N = 53 N = 31 N = 13

Tumor Progression 3.11 × 10−17

   Benign 4% (2) 52% (16) 92% (12)

   PCa 32% (17) 48% (15) 8% (1)

   Mets 64% (34) 0% (0) 0% (0)

B p-value

   Benign vs PCa 7.43 × 10−6

   Benign vs Mets 3.89 × 10−16

   PCa vs Mets 1.04 × 10−6

Test used: Fisher’s exact test
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Table 2

Association of stromal Cav-1 with gleason score (GS)

Stromal Cav-1 Status

GS Absent Present

3+3 - 3+4 18% (3) 69% (11)

4+3 - 5+5 82% (14) 31% (5)

Test used: Fisher’s exact test

p-value = 4.9 × 10−3
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Table 3

Inverse correlation between stromal Cav-1 and epithelial p-Akt during tumor progression

Stromal Cav-1 Status p-Akt Status

Absent (0) Present (1+2) Absent (0) Present (1)

N = 53 N = 44 N = 58 N = 43

Tumor Progression

   Benign 4% (2) 64% (28) 45% (26) 9% (4)

   PCa 32% (17) 36% (16) 26% (15) 46% (20)

   Mets 64% (34) 0% (0) 29% (17) 45% (19)

Test used: Fisher’s exact test

Stromal Cav-1 status, absent versus present; p-value = 4.21 × 10−16

p-Akt status, absent versus present; p-value = 3.63 × 10−4

Stromal Cav-1 versus p-Akt; p-value = 2.66 × 10−10
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Table 4

Inverse correlation between stromal Cav-1 and epithelial Cav-1 during tumor progression

Stromal Cav-1 Status Epithelial Cav-1 Status

Absent (0) Present (1+2) Absent (0) Present (1)

N = 53 N = 44 N = 63 N = 33

Tumor Progression

   Benign 4% (2) 64% (28) 40% (25) 9% (3)

   PCa 32% (17) 36% (16) 35% (22) 33% (11)

   Mets 64% (34) 0% (0) 25% (16) 58% (19)

Test used: Fisher’s exact test

Stromal Cav-1 status, absent versus present; p-value = 4.21 × 10−16

Epithelial Cav-1 status, absent versus present; p-value = 1.14 × 10−3

Stromal Cav-1 versus Epithelial Cav-1; p-value = 1.15 × 10−10
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