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Caveolin-1 has been linked to tumor progression and
clinical outcome in breast cancer, but a clear resolu-
tion of its role as a prognostic marker is lacking. We
assessed caveolin-1 levels in normal breast tissue and
two breast cancer cohorts for which outcome data
were available. We found that caveolin-1 was not ex-
pressed in normal breast luminal epithelium but was
present in the epithelial compartment of some tu-
mors. We found no association between caveolin-1
expression in the epithelial compartment and clinical
outcome. However, high levels of caveolin-1 in the
stromal tissue surrounding the tumor, rather than
within tumor cells, associated strongly with reduced
metastasis and improved survival (P < 0.0001). The
onset of mammary tumors driven by Her2/neu over-
expression was accelerated in mice lacking caveo-
lin-1, thereby supporting the observation that the
presence of caveolin-1 in the tumor microenviron-
ment modulates tumor development. These studies
suggest that stromal caveolin-1 expression may be a
potential therapeutic target and a valuable prognostic
indicator of breast cancer progression. (4m J Pathol
2009, 174:2035-2043; DOI: 10.2353/ajpath.2009.080924)

In recent years, it has become increasing apparent that
stromal components in the tumor microenvironment, in-
cluding the extracellular matrix and cell types including
fibroblasts, vascular endothelial cells, immune and in-

flammatory cells, have a profound influence on the
growth and metastasis of tumors. The molecular cross
talk between tumor cells and these stromal elements
plays an important role in defining the phenotype of a
tumor." Tumor cells can trigger the deposition of a reactive
stroma or desmoplasia containing activated fibroblasts,
connective tissue, immune and inflammatory cells that may
favor invasion and metastasis of the cancer.? Many cell
types in the mammary stroma express caveolin-1. However
the role of this protein in molecular cross talk between tumor
and stromal cells remains unknown.

Caveolin-1 is an integral plasma membrane protein that
resides in specialized lipid rafts called caveolae in termi-
nally differentiated mesenchymal cells including adipo-
cytes, endothelial cells, and fibroblasts.® Within caveolae,
the bilayer of cholesterol and sphingolipids is in an ordered
state that restricts the movement of lipids. Caveolin-1 inter-
acts directly with, and organizes cholesterol within caveo-
lae.* Various receptors and signaling molecules are local-
ized within caveolae, and caveolin-1 interacts with and
negatively regulates a number of these through its scaffold-
ing domain.®>® By ordering lipids and concentrating signal-
ing molecules, caveolae may facilitate cross talk between
signaling pathways. Caveolin-1 is also found in the cytosol
and has a role in lipid homeostasis and transport.”®

Caveolin-1 is localized to human chromosome 7g31.1,
a site that exhibits loss of heterozygosity in a range of
tumor types.®'© However, the role of caveolin-1 in breast
cancer remains unclear. Earlier reports that caveolin-1 is
expressed in normal breast epithelium’ "2 are contra-
dicted by more recent studies that found that its expres-
sion is associated with the myoepithelium and other tis-
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sues of mesenchymal origin and not with normal luminal
epithelium.’"® A number of studies have reported that
caveolin-1 is down-regulated in breast cancers com-
pared with normal mammary tissue.'™""'® Similarly,
caveolin-1 was absent in 10 invasive breast carcinomas,
but present in two breast tumors of myoepithelial origin
(basal-like cancers)."® Down-regulation of caveolin-1
may be due to inactivating mutations in the gene, as
reported previously,?®?" but not confirmed in another
study.’® Caveolin-1 gene expression may also be regu-
lated in breast cancer through methylation.’® New data
demonstrate that high caveolin-1 expression in tumor epi-
thelium is associated with basal, metaplastic, and triple
negative breast cancers (negative for estrogen receptor
[ER], progesterone receptor [PR], and Her2),'522 as well as
with inflammatory breast cancers.?® The role of caveolin-1
in other tumor types appears to be varied, with expres-
sion associated with cancer suppression in ovarian, small
cell lung, and colon cancers,?*72¢ but with cancer pro-
gression in prostate, non-small cell lung, esophageal,
and colon cancers.?%27-29

To clarify the relationship between caveolin-1 and
breast cancer progression or suppression, we have an-
alyzed tissue sections specifically for stromal and tumor
epithelial cell expression of caveolin-1 from two cohorts
of breast cancer patients. Here we report that caveolin-1
levels in the tumor microenvironment rather than tumor
epithelial compartment correlate strongly with clinical
outcome. This observation is supported by our studies of
Her2/neu driven tumor development in caveolin-1 null
mice, where tumor onset is accelerated in the absence of
stromal caveolin-1. These findings indicate that stromal
caveolin-1 has a potential role as a new prognostic
marker for breast cancer progression as well as being a
possible therapeutic target.

Materials and Methods

Normal Human Breast and Cancer Tissues

Normal human breast tissue was collected by the Peter
Mac Tissue Bank from consenting women undergoing
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breast reduction surgery. The Breast Prognosis tissue
microarray, kindly provided by Dr. O. Kallioniemi, con-
tains one 0.6-mm biopsy from the periphery of each of
612 human primary breast carcinomas with extensive
clinical follow-up data.®° The analysis reported here in-
cludes 429 samples with interpretable data. The remain-
ing samples did not contain useable information for a
number of reasons: (i) samples were not present on the
glass slide or were lost from the slide during the immu-
nostaining procedure, (ii) no tumor tissue was present in
the sample, (iii) the quality of the sample was too poor to
interpret expression, or (iv) survival data were not avail-
able. The mean age at diagnosis was 61 years (SD =
12.3; range 33 to 97 years). The stage distribution was
TNM stage |, 22%; stage Il, 53%; stage Ill, 17%; and
stage IV, 2% of the patients. TNM stage unavailable for
6% of the patients. The samples included 78% ductal, 9%
lobular, 3% medullary, and 10% with other tumor sub-
types. The median tumor diameter was 23 mm (range, 4
to 130 mm). The 5-year cancer-specific survival rate for
all patients was 78% (95% Cl: 74% to 83%).

Whole sections were analyzed from archival breast
cancer tissues from consecutive patients with stage 1 to
3 operable breast cancer who presented at a single clinic
(Dr. F. E. Gago, Mendoza, Argentina) between June 1985
and June 1999. For 173 patients there was sufficient
tissue for analysis of both epithelial and stromal caveo-
lin-1 immunostaining, and complete pathology informa-
tion was available. Informed consent to obtain and ana-
lyze tissue was given before surgery, and tissue blocks
and clinical data were stored and managed following
standard international procedures. The median age of
this cohort was 54 years (range, 57 to 81). The median
tumor size was 25 mm (range 5 mm to 90 mm). The
majority of patients (54%) were lymph node negative.
AJCC stage presentation was stage 1, 27%; stage 2a,
38%; stage 2b, 17%; stage 3a, 13%; and stage 3b, 5%.
All patients were followed until death or until June 2004
with a median follow up of 11.5 years. Patients were all
treated according to approved protocols active at the
time of diagnosis, with 28% receiving a mastectomy, 72%
receiving chemotherapy, 76% receiving radiotherapy,
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and 72% being treated with tamoxifen. The diagnosis of
metastasis was based on pathological confirmation or on
other investigations that confirmed the presence of me-
tastasis. Apart from three, all patients received surgery as
the first treatment, and samples for analysis were ob-
tained before chemotherapy. The remaining three sam-
ples were obtained after chemotherapy. Parallel analysis
that excluded these three patients found substantially
similar results to analysis of the entire cohort.

Caveolin-1 Immunostaining

Caveolin-1 immunostaining was completed on 3.5-mi-
cron sections of individual tissues or on the tissue mi-
croarray using a standard protocol with antigen retrieval
in 10 mmol/L sodium citrate, pH 6.0, at 98°C for 15
minutes.®' All tissues were fixed in 10% buffered formalin
and paraffin-embedded. Mouse monoclonal and rabbit
polyclonal anti-caveolin-1 antibodies (BD Transduction
Laboratories, Lexington, KY), were used at 2.5 and 0.5
ng/ml respectively. Non-specific mouse 1gG1 antibody
and purified rabbit pre-immune serum (DAKO, Kings-
grove, NSW, Australia) were used as isotype controls.
Secondary biotin-conjugated goat anti-mouse/rabbit an-
tibodies (Vector Laboratories Homebush, NSW, Austra-
lia) were used at 1:250 dilution. Specific primary-second-
ary antibody complexes were detected using ABC
reagent (Vector) and visualized using a diaminobenzi-
dine peroxidase substrate kit (Vector).

For the whole sections, the extent and intensity of
caveolin-1 immunostaining was assessed independently
by two experienced breast pathologists and in the 22% of
the samples where there was some disagreement (often
relating to the level of staining intensity), the matter was
resolved by majority consensus with a third experienced
breast pathologist. The tissue microarray was assessed
by one pathologist and two other independent scorers
and the majority opinion taken. Caveolin-1 immunostain-
ing in tumor cells or stroma was scored as 0 (no expres-
sion), 1 (weak expression), or 2 (strong expression).

Analysis of ER, PR, c-erbB2, proliferating nuclear cell
antigen, p53, and p170 on the whole tissue sections has
been published previously.3233

Statistical Analysis

Frequency data were analyzed with the Fisher Exact test
and continuous data by the Mann-Whitney U-test. The
Kaplan-Meier method was used to estimate overall sur-
vival, and differences in outcome for each variable were
compared with the log-rank test. Multivariate analysis of
factors affecting survival was performed using a Cox pro-
portional hazard model. All statistical tests were two-sided
and P < 0.05 was considered to be statistically significant.
SPSS software (version 16, Chicago, IL) was used for the
statistical analysis of the human data and Graph Pad Prism
(version 5.01) for the mouse outcome data.
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Animal Studies

Mice lacking stromal caveolin-1 and with mammary-specific
expression of Her-2/neu were bred from caveolin-1 null
mice (129/Sv/C57BI/6) obtained from Dr. T. Kurchalia®*
through Dr. R. Parton (University of Queensland, Australia)
and from mice transgenic for the MMTV-neu oncogene
(FVB/N, obtained from Dr. W. Muller through Dr. J. Visrader).®®
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Figure 2. Caveolin-1 expression in human breast cancer. A: Representative
images of primary human breast tumors with tumor cells showing negative,
weak or strong expression of caveolin-1 in tumor epithelium. Scale bar = 10
pm. B: Metastasis-free survival by caveolin-1 status (positive or negative) in
tumor epithelium after adjusting for other prognostic factors. The samples
scoring 1 or 2 for expression of caveolin-1 are pooled and shown as positive
samples. C: Representative tumors with stroma staining positive or negative
for caveolin-1. Stroma indicated by arrows. Scale bar = 40 wm.
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Matings were performed with male MMTV-neu™':caveo-

lin-1*/~, and female caveolin-1*/~ mice. Six genotypes,
either heterozygote or null for MMTV-neu and with either
two, one, or no alleles of caveolin-1, with a minimum of 15
female mice from each genotype were obtained from the
same generation of MMTV-neu*’~:caveolin-1*/~ male
and female breeders. At 8 to 10 weeks and again at 16 to
20 weeks, the mice in each genotype were subjected to
pregnancy and 10 days of lactation and were monitored
weekly for development of mammary tumors. Once tu-
mors became palpable they were measured weekly us-
ing electronic calipers and mice were culled when the
primary tumor reached a volume of 1500 mm?®. All pro-
cedures were performed in a barrier facility under proto-

cols approved by the Peter MacCallum Animal Experi-
mentation Ethics Committee.

Mouse Tissue Analysis

Primary tumors and lungs were removed at autopsy,
weighed, fixed in 10% buffered formalin, and processed
for paraffin embedding. Primary tumors were sectioned
and stained with H&E for general morphology or immu-
nostained to determine caveolin-1 levels as described
above. The lungs were ribbon cut into 5-micron sections
and every 20" section was H&E-stained and assessed
by microscopy for metastatic nodules.

Table 1. Correlations between Clinicopathologic Factors and Specific Protein Markers with Caveolin-1 Expression in the Stromal
Compartment of 173 Breast Cancers
All patients ~ Caveolin-1 positive stroma  Caveolin-1 negative stroma
n =173 (%) n = 103 (60%) n = 70 (40%) P value
Median age (27-81 years), n = 162 54 51 57 0.08
Median tumor size (5-90 mm), n = 164 25 25 25 0.7
Tumor stage, n = 165 0.03
T1 (0-20 mm) 64 (39) 41 (42) 23 (34)
T2 (20-50 mm) 94 (57) 54 (56) 40 (59)
T3 (>50 mm)/T4 7(4) 2(2) 5(7)
Lymph node status, n = 169 0.1
NO (0 nodes) 92 (54) 58 (57) 34 (50)
N1 (1-3 nodes) 47 (28) 30 (30) 17 (25)
N2 (4-9 nodes) 20 (12) 10 (10) 10 (15)
N3 (>9 nodes) 10 (6) 3(3) 7 (10)
AJCC stage 0.07
[ 45 (27) 29 (29) 17 (25)
lla 62 (38) 40 (39) 34 (23)
lb 28 (17) 18 (19) 10 (15)
Ila 22 (13) 11 (11) 11 (16)
lllc 8 (5) 1(1) 7 (10)
Age, n = 157 0.1
<50 years 63 (40) 43 (51) 20 (32)
>50 years 94 (60) 51 (54) 43 (68)
ER status, n = 167 0.1
Positive 119 (71) 73 (74) 46 (68)
Negative 48 (29) 26 (26) 22 (32)
PR status, n = 168 0.1
Positive 107 (64) 66 (66) 41 (60)
Negative 61 (36) 34 (34) (40)
Grade, n = 167 0.001
1, well differentiated 48 (29) 37 (38) 11(16)
2, moderately differentiated 78 (47) 44 (45) 34 (49)
3, poorly differentiated 41 (25) 17 (17) 25 (36)
CerbB2 status n = 160 0.1
Negative 123 (77) 77 (79) 46 (73)
positive 37 (23) 20 (21) 17 (27)
PCNA status, n = 159 0.07
0-40% staining 73 (46) 47 (50) 26 (41)
>40% staining 86 (54) 48 (51) 38 (60)
P53 status, n = 132 0.1
Negative 95 (72) 61 (77) 34 (64)
Positive 37 (28) 18 (23) 19 (36)
P170 status, n = 150 0.2
Negative 19 (13) 11 (12) 8 (13)
Positive 131(87) (88) 53 (87)
Caveolin-1 tumor expression 0.3
Negative 153 (88) 89 (86) 64 (91)
Positive 20 (12) 14 (14) 6 (9)
Tumor type, n = 162 N/A
Invasive ductal 123 (75) 69 (72) 54 (79)
Lobular 25 (15) 13 (14) 12(18)
Special types 14 (8) 13 (14) 1(1)




Results

Caveolin-1 Expression in Normal Human Breast
Tissue

The localization of caveolin-1 in normal breast tissue was
assessed by immunostaining of tissue samples from ten
healthy individuals using either a monoclonal antibody or
a rabbit polyclonal antibody. The same expression pat-
tern was seen with both antibodies. The specificity of the
antibodies for caveolin-1 was confirmed previously by
western analysis.*® Caveolin-1 immunoreactivity was ob-
served in stromal fibroblasts and in myoepithelial cells
underlying the luminal epithelial cells (Figure 1, A, B, D,
and E). Adipocytes and vascular endothelial cells were
also positive for caveolin-1 (Figure 1, C and F). However,
no evidence for caveolin-1 expression was found in lumi-
nal epithelial cells. Consistent with our findings, a number
of other reports describe the specific localization of
caveolin-1 to breast myoepithelial and stromal cells, but
not luminal epithelial cells™ % although epithelial cell
expression has also been reported.' "2

Caveolin-1 Expression in the Tumor Cell
Compartment

To assess the association between caveolin-1 and clini-
cal outcome in breast cancer, we used a monoclonal
anti-caveolin-1 antibody to immunostain 429 arrayed pri-
mary human breast cancer samples. Details of the tissue
array have been published previously.®® Breast tumor
cells in each sample were scored for the intensity of
caveolin-1 staining; 268 (63%) of breast tumors were
negative for caveolin-1, 130 (30%) had weak caveolin-1
immunoreactivity, and 31 (7%) were strongly positive for
caveolin-1. Representative examples are shown in Figure
2A. The level of caveolin-1 expression in primary breast
tumor cells was assessed in relation to other factors
known to be associated with tumor progression. The
presence of caveolin-1 in epithelial tumor cells was pos-
itively associated with lower TNM tumor stage (P = 0.05).
However, caveolin-1 levels in tumor epithelium did not
predict cancer-specific survival over 5 years, 77% (95%
Cl: 71% to 83%) for patients with caveolin-1 negative
primary tumors, 79% (95% Cl: 71% to 87%) for patients
with weak caveolin-1 immunostaining and 88% (95% Cl:
76% to 100%) for patients with strong caveolin-1 immu-
nostaining (P = 0.24) (Figure 2B). Consistent with these
findings, caveolin-1 expression in tumor cells was not
associated with any of the other standard prognostic
factors investigated (data not shown).

Caveolin-1 Levels in the Tumor
Microenvironment Predict Survival

During screening of caveolin-1 levels in the arrayed
breast tumor samples, we noted significant variation of
caveolin-1 levels in stromal tissue in the tumor microen-
vironment in the few samples where significant amounts
of stroma were present. However, further analysis of stro-
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mal caveolin-1 levels in the arrayed tumor samples was
prevented by insufficient samples containing adequate
amounts of stromal tissue. The samples were very small
(0.6 mm) and the biopsy location was chosen to maxi-
mize tumor cell density. The heterogeneity of breast can-
cer confounds the analysis of samples with very small
amounts of stroma. To explore further the relationship
between caveolin-1 levels in the tumor microenvironment
and breast cancer progression, we immunostained for
caveolin-1 in a consecutive series of 173 primary breast
tumors and specifically analyzed the amount of caveo-
lin-1 protein either in tumor cells or in stromal cells.
There were 103 of 173 patients (60%) who had unam-
biguous staining of the stromal compartment of the tu-
mor. As in normal breast tissue, caveolin-1 was detected
in vascular endothelial cells in these tumor sections, but

Table 2. Univariate Survival Analysis of 173 Breast Cancers
Estimated 10-year
survival (%) P value

T stage 0.05
T1 (0-20 mm) 82
T2 (>20-50 mm) 67
T3 (>50 mm) 56

Axillary node status 0.0003
NO (0) 81
N1 (1-3) 63
N2 (3-9) 48
N3 (>9) 51

AJCC stage 0.0002
1 84
M1a 80
11b 55
111a 48
111c 5

Age 0.1
<50 years 76
=50 years 63

ER status 0.04
Negative 64
Positive 73

PR status 0.007
Negative 61
Positive 76

Tumor grade 0.0009
1, low grade 87
2, intermediate grade 67
3, high grade 54

C erb B2 status 0.07
Negative 74
Positive 61

PCNA status 0.009
0—40% staining 82
>40% staining 60

P53 status 0.0002
Negative staining 79
Positive staining 53

P170 status 0.3
Negative 69
Positive 69

Caveolin-1 stromal staining <0.0001
Negative 43
Positive 91

Caveolin-1 tumor staining 0.9
Negative 74
Positive 71

Estimated 10-year survivals for major prognostic factors with
associated P values (log rank test) are shown.



2040 Sloan et al
AJP June 2009, Vol. 174, No. 6

A Tumor Epithelial Caveolin-1
10
0.8
on .
g Positive
N
E 0.6 -
1) Negative
=
g
£ 0.4
o
j=¥
]
S
=
0.2
0.0 T T T T T T T
2 4 6 8 10 12 14 1
Time (years)
No. at risk
Tumor staining
Absent 159 154 144 120 112 82 47 32 8
Present 19 17 15 13 12 7 4 4 3

B Stromal Caveolin-1

10 — - o
ey Positive
0.8
on
R
N
E 0.6+
w2
=}
2
T 0.4+
2.
o
S
Ay
0.2
Negative
0.0 T T T T T T T
2 4 6 8 10 12 14 16
Time (years)
No. at risk
Stromal staining
Absent 103 102 100 95 89 68 41 26 6
Present 70 65 55 41 34 20 10 6 1

Figure 3. Stromal expression of caveolin-1 correlates with improved survival. Kaplan-Meier plots for caveolin-1 expression in the tumor epithelium (A) or stroma
(B) in a consecutive series of breast cancer patients. The relationship between overall survival and caveolin-1 expression is shown over time (years following

diagnosis).

expression in other stromal elements, often fibroblast-rich
desmoplastic tissue, was variable. Representative exam-
ples of tumors with caveolin-1 positive and negative stro-
mal tissue are shown in Figure 2C. The relationship be-
tween standard prognostic factors and other molecular
markers with caveolin-1 expression in the stroma is
shown in Table 1. Caveolin-1 stromal staining was asso-
ciated with smaller tumor size (T stage) (p = 0.03) and
grade (P = 0.001). There was a trend toward patients
expressing stromal caveolin-1 being younger (P = 0.08),
having lower AJCC stage tumors at presentation (P =
0.07) and less proliferative tumors (proliferating nuclear
cell antigen) (P = 0.07). Caveolin-1 stromal staining was
not related to caveolin-1 staining in tumor epithelium.

The correlation between prognostic factors and other
markers with survival on univariate analysis is shown in
Table 2 (log rank test). Small tumor size, lack of nodal
involvement, lower AJCC stage, positivity for ER or PR,
lower tumor grade, and absence of proliferating nuclear
cell antigen or p53 staining were all associated with
improved survival (Table 2). Age and expression of p170
were not associated with survival. The association be-
tween stromal caveolin-1 expression and survival was
also assessed. The 10-year survival rate for patients with
tumors that were positive for caveolin-1 expression in the
stroma was 91%, as compared with 43% for patients
lacking stromal caveolin-1 (P < 0.0001) (Table 2). In
contrast, there was no association between caveolin-1
positivity in tumor cells and 10-year survival (P = 0.9)
(Figure 3A).

Multivariate analysis (Cox proportional hazards model)
was performed to identify factors that were independently
associated with survival. Only stromal caveolin-1 stain-
ing, tumor size, and p53 status were independently and
significantly associated with survival (Table 3). Patients
with stromal caveolin-1 expression were twelve times less
likely to die, as compared with patients without stromal
caveolin-1 expression. Consistent with findings from the

arrayed tumor samples, caveolin-1 levels in tumor cells
were not associated with clinical outcome (Figure 2B and
Figure 3A), while stromal caveolin-1 was strongly asso-
ciated with increased overall survival (Figure 3B).

Contribution of Caveolin-1 to Tumor Onset and
Progression in Mice Transgenic for MMTV-neu

Analysis of the consecutive clinical cohort described
above indicates that stromal caveolin-1 expression is a
powerful prognostic marker of clinical outcome. To de-
termine whether caveolin-1 expression in stromal cells
contributes to tumor growth and progression, we ana-
lyzed the onset of spontaneous mammary tumors in mice
null for caveolin-1. Latency to tumor onset was measured
in mice transgenic for mammary-specific Her-2/neu ex-
pression that carried 0, 1, or 2 alleles of caveolin-1.
Regardless of their caveolin-1 status, mice lacking the
MMTV-neu oncogene did not develop tumors within 3
years, indicating that absence of stromal caveolin-1 is not
sufficient to induce tumorigenesis. Tumor onset was more
rapid in mice lacking caveolin-1 (mean onset on day 303
from birth) as compared with day 343 for caveolin-1"/~
mice or day 404 for caveolin-1 wild-type mice for (Ta-

Table 3. Multivariate Survival Results

RR 95% ClI P value

Caveolin stromal
staining, positive,
negative

Tumor size, T1,T2, T3/T4

P53 status, negative,
positive

0.088 0.03,0.23 <0.0001

.01,1.63 0.04
.39, 5.61

128 1
1 0.004

2.80

Relative risks (RR) with associated 95% confidence levels and P
values are shown (Cox Proportional Hazards Model). All factors shown
in Table 2 were analyzed but only those that were significant are listed
here.



Table 4. Tumor Onset, Growth, and Incidence of Lung
Metastases in MMTV-neu Mice by Caveolin-1
Genotype
Genotype Cav-1"* Cav-1*~  Cav-17/~
Number of mice 25 43 9*
Age at tumor onset 404 =24 343+ 15 303 = 15
(days = SEM)

Age at harvest 469 + 26 407 =16 354 = 17
(days = SEM)

Tumor growth 65 *+5 64 = 4 51+6
(days = SEM)

Median survival 454 384 361
(days)

Incidence of visible 28 23 20

lung mets (%)

Significance differences in tumor onset time were assessed by the
Gehan-Breslow-Wilcoxon test. P = 0.002 for the difference between
Cav*/* and Cav~/~ mice and P = 0.026 for the difference between
Cav*/* and Cav*/~ mice.

*Only 9 of the original 15 mice were available for final analysis due
to losses from non-tumor related causes during the experiment.

ble 4). The decreased latency was statistically signifi-
cant for both the caveolin-1~/~ mice (P = 0.002, com-
pared with */* mice) and for caveolin-1*/~ mice (P =
0.026, compared with */* mice). Kaplan-Meier analysis
revealed a significant difference for the trend (P = 0.005)
between the three genotypes with tumor onset being
most rapid in the caveolin-1~/~ mice (Figure 4). The rate
of tumor growth was slightly more rapid in mice null for
caveolin-1 (Table 4).

Before tumor onset, caveolin-1 distribution in the mam-
mary glands of MMTV-neu mice that are wild-type for
caveolin-1 (Figure 5, A and B) was similar to that in
normal human breast tissue (Figure 1, A and D) and in
non-transgenic mice (not shown). No differences in the
morphology of the tumors that arose in caveolin-1*/* or
caveolin-17/~ mice were evident following examination of
H&E stained sections (Figure 5, C and D). As caveolin-1
is lacking from both tumor and stromal cells in MMTV-
neu/caveolin-1 null mice, it is possible that the acceler-
ated tumor onset in this model is being driven by the
absence of tumor caveolin-1 rather than stromal caveo-
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Figure 4. Loss of stromal expression accelerates tumor onset in the MMTV-
neu mouse. Kaplan-Meier plots for tumor onset by caveolin-1 status in mice
transgenic for the MMTV-neu gene. Mice were monitored for tumor onset
(age at which tumor was first palpable) and tumor growth, and culled when
the primary tumor reached 1500 mm?®. Analysis of the trend using the
log-rank test gave a P value of 0.005.
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Figure 5. Caveolin-1 expression in the normal mammary gland of MMTV-
neu transgenic mice and in MMTV-neu tumors. A: Caveolin-1 expression in
the mammary gland of the MMTV-neu mouse before tumor onset. B: isotype
matched antibody staining of the mammary gland. C, D: H&E staining to
show the morphology of the tumors in caveolin-1 wild-type (C) and null (D)
mice. E, G: caveolin-1 expression in tumors from caveolin-1 wild-type mouse
(BE) and caveolin-1 null mouse (G). The respective isotype control staining is
shown in panels (F) and (H). Scale bar = 100 pum.

lin-1. However, the absence of caveolin-1 in tumor epi-
thelial cells is unlikely to be responsible for accelerated
tumor progression in this model for the following reason.
The tumors that arise spontaneously in MMTV-neu trans-
genic mice that are wild-type at the caveolin-1 locus do
not express caveolin-1 in the tumor epithelium (Figure 5,
E and F) but have a longer tumor latency compared with
MMTV-neu transgenics lacking stromal caveolin-1 (Table
4, Figure 5, G and H). Taken together, the data obtained
in the MMTV-neu model are consistent with a role for
caveolin-1 in stromal cells in breast cancer growth and
strongly indicate that the loss of stromal caveolin-1 con-
tributes to the earlier onset of visible tumors.

Lung metastasis was assessed at autopsy and the
incidence of visible metastases was found to be similar in
all three caveolin-1 genotypes (Table 4). Histological as-
sessment of lung metastasis in H&E stained sections of
the lung did not reveal any differences in the number of
metastatic nodules present in MMTV-neu/caveolin-1*/*
and in MMTV-neu/caveolin-1"/~ mice (data not shown).
Visible lung nodules were present in only 20% to 30% of
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mice, which was insufficient for further analysis of the role
of stromal caveolin-1 in metastasis in this model.

Discussion

The studies presented here show that the presence of
caveolin-1 positive stromal elements in the primary tumor
microenvironment is associated with improved outcome
in breast cancer. Caveolin-1 expression in tumor-associ-
ated stroma was related to lower tumor grade and im-
proved staging at diagnosis. Consistent with this, 10-year
survival rates were significantly better in patients with
caveolin-1-positive stromal tissue. Multivariate statistical
analyses attributed improved 10-year survival rates to
elevated stromal caveolin-1, independent of other estab-
lished prognostic factors. In the two patient cohorts as-
sessed here, caveolin-1 levels in tumor epithelium were
not associated with disease-free or overall survival.
These findings suggest that stromal caveolin-1 may be a
new prognostic factor for long-term breast cancer
survival.

There have been many reports linking caveolin-1 to
tumor progression and clinical outcome in different types
of cancer, but without a clear resolution of its role as a
prognostic marker. Our data demonstrate that loss of
caveolin-1in the stromal cells of breast tumors has a very
strong correlation with clinical outcome in samples where
the level of expression within the tumor epithelium is not
informative of outcome. These results may explain some
of the discrepancies in the literature with regard to the
proposed pro- or anti-neoplastic roles of caveolin-1 in
various cancers in the studies that did not discriminate
between stromal and tumor caveolin-1 expression. This
clinical finding is supported by our data showing de-
creased latency in the MMTV-neu mouse model of spon-
taneous mammary tumor development, indicating a role
for stromal caveolin-1 in mammary tumor progression.

Metastasis to distant tissues is one of the key events
responsible for reduced survival in patients with breast
cancer. Investigation of the role of stromal caveolin-1 in
promoting metastasis was limited in the current studies
by use of a spontaneous tumor model with low metastatic
frequency. However, studies of mammary tumor devel-
opment driven by the polyoma middle T antigen have
shown both a decreased primary tumor latency and an
increased frequency of lung metastasis in mice null for
caveolin-1.2" While the relative contributions of stromal
and epithelium caveolin-1 were not investigated in their
study, the data along with ours raise the possibility that
stromal caveolin-1, either at the primary site or potentially
in distant tissues, may provide a tumor suppressor influ-
ence that inhibits growth of metastatic nodules in distant
tissues.

While the mechanisms that regulate caveolin-1 pro-
duction in tumor-associated stromal tissue remain un-
clear, it is possible that tumor cell signaling is involved in
this process. Cross talk between tumor cells and stromal
cells of varying lineages within the tumor microenviron-
ment regulates tumor growth and metastasis.®® Tumor
cells co-opt stromal cells to produce growth factors and

cytokines that the tumor cells use to invade surrounding
tissues and metastasize to distant tissues. Loss of caveo-
lin-1 in stromal cells may be regulated by signals origi-
nating from the transformed epithelial cells to enable the
tumor cells to escape the growth suppressing properties
of the stroma. This may promote growth, migration, or
invasion of the epithelial tumor cells. Methylation silenc-
ing may explain the loss of caveolin-1 expression in stro-
mal tissue'® and is the subject of ongoing studies, as is
the nature of the paracrine signaling between stromal
and tumor cells that occurs in the presence of caveolin-1.

The mechanism by which stromal caveolin-1 sup-
presses cancer progression remains to be determined.
We hypothesize that caveolin-1 in tumor-associated
stroma modulates paracrine signaling with tumor cells,
leading to a permissive environment for tumor cell prolif-
eration, migration, and local invasion. Caveolin-1 can act
as a negative regulator of several signaling pathways
such as the Wnt and Her2/neu pathways.""° Its strong
expression in the myoepithelial cells of the normal mam-
mary gland has been linked to the tumor suppressive
function of these cells.” This suggests that therapies that
target caveolin-regulated processes have the potential to
suppress tumor progression and improve survival in rel-
evant subtypes of breast cancer. In addition to the pos-
sible development of new therapies, the current studies
suggest that analysis of stromal caveolin-1 levels at first
diagnosis may be an effective prognostic factor that
would allow individualization of patient therapy. In the
future, prospective clinical trials will be essential to con-
firm the prognostic power of stromal caveolin-1 in breast
cancer.
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