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A Japanese study reported that up to 16% of breast
cancer samples harbor a sporadic mutation within
the human Cav-1 gene, namely P132L. To date, how-
ever, no studies have examined the United States’
population. Here, we developed a novel allele-specific
real-time PCR assay to detect the Cav-1 P132L muta-
tion in mammary tumor cells isolated by laser capture
microdissection from formalin-fixed paraffin-embed-
ded breast cancer samples. We report that the Cav-1
P132L mutation is present in ~19% of estrogen recep-
tor a (ERa)-positive breast cancers but not in ERa-
negative breast cancers. This is the first demonstra-
tion that the P132L mutation is exclusively associated
with ERa-positive mammary tumors. We also identi-
fied six novel Cav-1 mutations associated with ERa-
positive breast cancers (W128Stop, Y118H, S136R,
1141T, Y148H, and Y148S). Thus, the overall inci-
dence of Cav-1 mutations in ERa-positive breast can-
cers approaches 35% (greater than one-third). To
mechanistically dissect the functional relationship
between Cav-1 gene inactivation and ER« expression,
we isolated primary mammary epithelial cells from
wild-type and Cav-1~/~ mice and cultured them in a
three-dimensional system, allowing them to form
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mammary acinar-like structures. Under conditions of
growth factor deprivation, Cav-1-deficient mammary
acini displayed increased ERa levels and enhanced
sensitivity toward estrogen-stimulated growth, with
specific up-regulation of cyclin D1. Finally, we dis-
cuss the possibility that sporadic Cav-1 mutations
may act as an initiating event in human breast cancer
pathogenesis. (4Am J Patbol 2006, 168:1998-2013; DOI:
10.2353/ajpath.2006.051089)

Multiple independent lines of experimental evidence sug-
gest that Cav-1 functions as a mammary gland tumor
suppressor gene.'? First, Cav-1 mRNA and protein lev-
els are down-regulated in oncogene-transformed NIH
3T3 cells, in many human and mouse breast cancer cell
lines, in primary human mammary gland tumors, and in
transgenic breast cancer mouse models.® ¢ Conversely,
Cav-1 re-expression in breast cancer cell lines inhibits
anchorage-dependent growth in soft agar and decreases
their invasive potential.>” Cav-1 expression also reduces
the migratory and invasive potential of MTLNn3 cells, a
metastatic mammary carcinoma line, by preventing epi-
dermal growth factor (EGF)-induced lamellipodia forma-
tion and reducing cell migration.® Forced expression of
Cav-1 in the metastatic 4T1.2 mouse mammary carci-
noma cell line also inhibits in vivo growth after orthotopic
implantation into the mouse mammary gland.®
Interestingly, Cav-1~/~ mice display several abnormal
mammary-gland-specific phenotypes. For example, Cav-
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17/~ mammary glands exhibit signs of premalignant le-
sions, ie, ductal hyperplasia with wall thickening to three
to four cell layers.' Simultaneous loss of Cav-1 and of
another tumor suppressor gene, INK4a, further perturbs
mammary gland morphology, with increased ductal hy-
perplasia and lateral branching and the presence of fi-
brosis.'" Moreover, in the context of a mammary gland
tumor-prone mouse model (MMTV-PyMT), genetic abla-
tion of Cav-1 expression accelerates the appearance and
growth of dysplastic lesions at the very early stages of
mammary gland development, greatly facilitates mam-
mary tumor formation at 14 weeks of age, and augments
metastasis to distant sites, such as the lung.'®'3

Genetic validation of the idea that Cav-1 functions as a
tumor suppressor gene emerged from the observation
that the human Cav-1 gene maps to the long arm of
chromosome 7, in very close proximity to the D7S522
locus.™ This region includes a known fragile site
(FRA7G) and is often associated with loss of heterozy-
gosity in various human cancers, including breast, ovar-
ian, and renal cell carcinomas.'® 23 As such, a putative
tumor suppressor gene is thought to be located within
this chromosomal region. In support of this notion, a
Japanese study detected a sporadic mutation in the
Cav-1 gene, leading to a proline-to-leucine substitution at
position 132 (P132L) in up to 16% of patients with primary
breast tumors.?* Recombinant expression of the Cav-1
P132L mutant in NIH 3T3 cells induced cellular transfor-
mation, activation of the p42/44 mitogen-activated pro-
tein kinase signaling cascade, and promoted cellular
invasion.?* Moreover, the Cav-1 P132L mutant was
shown to act in a dominant-negative fashion, causing the
mislocalization and intracellular retention of wild-type en-
dogenous Cav-1 in a nontransformed human mammary
epithelial cell line.’® As such, this heterozygous mutation
leads to complete functional inactivation of the Cav-1
protein in the context of mammary epithelial cells. How-
ever, it remains unknown whether the Cav-1 P132L mu-
tation or any other Cav-1 mutations are associated with
human breast cancers in the United States.

It is believed that estrogen increases the proliferation
rate of mammary epithelial cells and, thus, that estrogen
exposure increases the risk of developing breast cancer.
Estrogen binds to the estrogen receptor (ER), which be-
longs to a large family of nuclear receptors. ER functions
as a transcription factor that, upon estrogen-induced li-
gand-activation, binds DNA and regulates the expression
of estrogen-responsive genes. ERa is the primary medi-
ator of estrogen responses during cell proliferation in the
breast, whereas ERB possesses antiproliferative proper-
ties.?® ERa is essential for mammary ductal growth, and
ERa knockout (KO) mice lack duct formation. Despite
this, in the normal adult mammary gland, ER« is found
only in a small percentage (~10 to 20%) of luminal epi-
thelial cells. Interestingly, normal epithelial cells exhibit
mutual exclusion of ERa expression and cell proliferation,
as assessed by a lack of double immunostaining of ER«
and the Ki-67 proliferation marker.?® However, ERa ex-
pression is elevated at the earliest stages of mammary
tumorigenesis, such as ductal hyperplasia, and in-
creases even further with increasing atypia.?”?® As such,
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the inverse correlation between ERa expression and pro-
liferation is lost in some breast cancers, in which a large
percentage of proliferating cells become ERa-positive.
However, the molecular mechanisms for initiating in-
creased steroid receptor expression in breast cancer
cells remain largely unknown.

The aim of the present study was to evaluate the inci-
dence of Cav-1 mutations in human breast cancers within
the United States’ population. We found that ~20% of
primary breast cancers carry a Cav-1 mutation. Remark-
ably, Cav-1 mutations were exclusively found in ERa-
positive breast tumors, with a relative incidence of 35%.
Importantly, this is the first demonstration that Cav-1 mu-
tations are associated with ERa-positive breast cancers.
As such, we propose that Cav-1 loss-of-function may be
one of the initiating mechanisms underlying ERa overex-
pression during early mammary tumorigenesis. To test
this hypothesis directly, we reconstituted mammary acini
formation in vitro using primary cultures of mammary
epithelial cells derived from wild-type (WT) and Cav-1~"/~
mice. Interestingly, we demonstrate that, when cultured
in the absence of a growth factor stimulus, Cav-1-null
acini displayed ~4-fold increased levels of ERa. In addi-
tion, in the absence of EGF, estrogen-stimulated Cav-1-
deficient acini demonstrated enhanced growth rates and
up-regulation of cyclin D1 levels.

Materials and Methods

Materials

Antibodies and their sources were as follows: ERa (H-184
and MC-20) and Cav-1 (N-20) from Santa Cruz Biotech-
nology (Santa Cruz, CA); E-cadherin was from BD Pharm-
ingen (San Diego, CA); and cyclin D1 (Ab-3) from Neo-
Markers (Fremont, CA). Other reagents were as follows:
hydrocortisone, cholera toxin, insulin, B-estradiol, and
gentamicin (from Sigma, St. Louis, MO), Collagenase
type |, phenol red-free Dulbecco’s modified Eagle’s
medium-F12 (from Gibco, Grand Island, NY); phenol-free
reduced growth factor Matrigel (from Trevigen, Gaithers-
burg, MD); Lab-Tek Il 8-well chamber slides (from Nal-
gene Nunc, Rochester, NY); and charcoal-stripped horse
serum from Bioreclamation, Inc. (Hicksville, NY).

Patients and Tumor Tissue Procurement

All patients included in the study were female, with the
histopathological diagnosis of invasive ductal carcinoma
of the breast, under an Institutional Review Board-ap-
proved protocol at Montefiore Medical Center. No sub-
populations were excluded. The clinical and pathological
information regarding age at diagnosis, histology, stage
according to the fifth version of the American Joint Com-
mittee on Cancer, status of the ER, time to first relapse or
time to progression, and overall survival were summa-
rized and recorded in a breast cancer database. Of the
formalin-fixed, paraffin-embedded tissue blocks from
>150 patients examined, analyzable DNA was obtained
from only 55 patients who were included in this study. The
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Table 1.

Regular and Allele-Specific Primer Sets for Cav-1 WT and CAV-1 (P132L)

Specificity Forward primer

Reverse primer PCR product size (bp)

Membrane spanning domain and
flanking sequences

WT allele-specific (P132)

Mutant allele-specific (P132L)

Mutant allele-specific (P132L),
with degeneracy

5’-ccagcttcaccaccttcact-3’

5’-cacatctgggcagttgtace-3’
5’-cacatctgggcagttgtact-3’
5’-cacatctgggcagttgtrct-3’

5'-cacagacggtgtggacgtag-3’ 210 (Primer set 1)
5'-cacagacggtgtggacgtag-3’
5'-cacagacggtgtggacgtag-3’
5'-cacagacggtgtggacgtag-3’

93 (Primer set 2)
93 (Primer set 3)
93 (Primer set 4)

Four sets of primers are shown. Primer set 1 was designed to amplify the entire region (amino acids 87 to 156), and to subject genomic DNA to
direct sequencing. Note that primers sets 2, 3, and 4 are allele-specific, recognizing the WT or P132L allele, and were employed in real-time PCR
screening. The reverse primers are identical in all four sets. Also, primer set 4 was designed with degeneracy, due to a polymorphism at valine 131.
Sequence differences are indicated in bold and are underlined. r = a or g degeneracy.

study materials were coded to protect confidentiality. The
tumor areas for microdissection were identified by two
expert surgical pathologists using hematoxylin and eo-
sin-stained slides.

Quality of the Genomic DNA

The quality of the resulting genomic DNA was stringently
assessed by low percentage agarose gel electrophoresis
and by conventional polymerase chain reaction (PCR)
using primer set 1 to amplify the sequence of Cav-1. Only
the 55 Cav-1 PCR-positive patient samples were selected
for further mutational analysis.

Isolation of Breast Tumor Cells by Laser
Capture Microdissection (LCM)

Sections (5-um thickness) from formalin-fixed, paraffin-
embedded human breast cancer blocks were placed
onto standard glass slides (Fisher Scientific, Pittsburgh,
PA), deparaffinized, rehydrated, and stained with hema-
toxylin and eosin according to standard procedures. A
PixCell lle LCM system (Arcturus, Mountain View, CA)
was used to isolate breast cancer cell areas from normal
cells and place them onto a thin polymer film (CapSure
LCM Caps, Arcturus), using a laser beam of 7.5-um
diameter. About 3,000 to 10,000 laser shots were needed
to obtain analyzable DNA from each tissue specimen. As
normal controls, normal mammary epithelial cells from
the same sample were isolated either by LCM or by
macrodissection (if normal tissue was predominant in the
sample).

Conventional PCR

After lysis at 55°C overnight, genomic DNA was extracted
from LCM-isolated cells using a DNeasy tissue kit (Qia-
gen, Valencia, CA), according to the manufacturer’s rec-
ommendations, and eluted with 20 to 30 ul of distilled
water. Genomic DNA (5 to 10 ul) was used for each
conventional or allele-specific PCR analysis. For conven-
tional PCR, the forward primer (5’-CCAGCTTCACCAC-
CTTCACT-3') and reverse primer (5'-CACAGACGGTGT-
GGACGTAG-3') were used to amplify a 210-bp DNA
fragment corresponding to a 70-amino acid region
(amino acids 88 to 156), which includes the entire trans-
membrane domain (amino acids 102 to 134) of the Cav-1

gene (GenBank accession number: NM001753, See also
Table 1). Each PCR reaction was performed in a 50-ul
final volume containing ~20 to 100 ng of genomic DNA,
10 mmol/L Tris-HCI, 50 mmol/L KCI, 1.5 mmol/L MgCl,,
10 mg of gelatin, 10 pmol/L of each primer, 200 wmol/L of
each dNTP, and 0.2 U of TagDNA polymerase (Promega,
Madison, WI). PCR was performed in a thermal cycler
(model 9600; PerkinElmer-Cetus, Boston, MA) using the
following program: denaturation at 95°C for 5 minutes,
followed by 35-40 amplification cycles (denaturation at
95°C for 60 seconds, annealing at 56°C for 60 seconds,
and extension at 72°C for 60 seconds), and final exten-
sion at 72°C for 10 minutes. Both positive and negative
controls were performed in parallel for each PCR reac-
tion. The template for the positive control was genomic
DNA extracted from the human breast cancer cell line
MCF-7. Negative control reactions were performed with-
out DNA template to exclude nonspecific amplification.

Sequencing

PCR products were separated by electrophoresis on 1.6
to 1.8% agarose gels before visualization via UV light.
The PCR products were gel-extracted using a Gel Extrac-
tion Kit (Qiagen). To detect Cav-1 mutations, direct auto-
mated sequencing of PCR products was performed us-
ing the forward PCR primer by the dye-terminator
fluorescence sequencing method on a fluorescent se-
quencer (model 3700; Applied Biosystems, Foster City,
CA) at the DNA Sequencing Facility (Albert Einstein Col-
lege of Medicine). All Cav-1 mutations were confirmed by
direct sequencing using the reverse PCR primer. In ad-
dition, Cav-1 mutations were confirmed on independently
LCM-isolated normal and breast tumor cells from the
same tissue block or from different tissue blocks from the
same patient, if available.

Allele-Specific Real-Time-PCR Amplification

A strategy to quickly detect the P132L mutation was
designed using allele-specific real-time PCR. The tem-
plate for allele-specific real-time PCR was either genomic
DNA (50 to 100 ng) or the 210-bp PCR product from the
conventional PCR (1 to 10 ng), described above. The
allele-specific primers were designed to distinguish the
P132L mutant from its wild-type counterpart. Because of
a naturally occurring polymorphism in the third nucleotide



of amino acid codon 131, the forward primer was de-
signed with degeneracy (see Table 1). Amplification was
performed using the allele-specific forward primer and a
common reverse primer (50 to 900 nmol/L), using a SYBR
Green master mixture (containing heat-activated Ampli-
Taq Gold DNA polymerase, dNTPs, buffer, SYBR Green
(Applied Biosystems, Foster City, CA), and a reference
dye). An ABI PRISM 7900HT (Applied Biosystems) was
used for real-time PCR amplification and fluorescence
melting curve analysis. Amplification consisted of a
2-minute AmpErase UNG incubation at 50°C, a 10-minute
preincubation at 95°C to activate the TagDNA polymer-
ase, followed by 35 to 45 cycles (denaturation at 95°C for
15 seconds, primer annealing, and extension for 1 minute
at 60°C) in 96-well plates. The fluorescence melting curve
was analyzed immediately after amplification by measur-
ing the fluorescence intensity of the PCR product from 60
to 95°C at a slope of 2%. The maximum rate of fluores-
cence change occurred at the T,,, of the PCR product.
The relative quantification of the target gene was ac-
quired and analyzed using SDS 2.0 software (Applied
Biosystems). The size of the expected PCR products was
confirmed by agarose gel electrophoresis, and the can-
didate mutation was validated by direct sequencing.

Primer Specificity

We checked our primer sequences very carefully, and
they do not co-amplify other caveolins, such as Cav-2 or
Cav-3. The DNA and protein sequences of the caveolins
are actually quite divergent. If Cav-2 or Cav-3 sequences
were co-amplified, we would have detected them, be-
cause they are easily distinguished based on their diver-
gent DNA sequences.

Synonymous Nucleotide Polymorphisms

Several synonymous nucleotide polymorphisms in the
Cav-1 gene were identified in our study, eg, the third
nucleotide of P132P (CCA — CCA/G) and S136S (AGC
— AGT/C). We discussed the chromatogram sequencing
results with the Director of the Sequencing Facility at our
institution: Although the A and G of the P132 were not
completely lined up, its location and surrounding nucle-
otide sequences exclude the possibility of an insertion,
and it thus should be considered as a polymorphism.
This was further supported by its absence in the normal
tissues from the same archival tissue blocks and in the
tumors that did not have P132L mutations. All of the caveo-
lin-1 mutations and polymorphisms found in the genomic
DNA of tumor cells were not detected in the genomic DNA
of corresponding normal cells. Interestingly, Liévre et al®®
also observed the presence of three synonymous polymor-
phisms in tumor tissue DNA but not in matched normal
tissue DNA. We do not understand the biological signifi-
cance of these synonymous polymorphisms in the tumor
cells. The results were reproducible by repeated PCR and
sequencing analyses using genomic DNA isolated from
different LCM isolations of the same tissue block or using a
different tumor block whenever it was available.
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Statistical Analysis

The P values for age, stage, and time to first relapse were
calculated using the paired or unpaired Student’s t-test.
Frequency comparisons were analyzed using Fisher’s
exact test. The 95% confidence interval was calculated
using the relevant 2 X 2 contingency tables. Differences
with P < 0.05 were considered statistically significant.

Immunohistochemistry

Sections (5-um thickness) from archived paraffin-embed-
ded human breast tissues were deparaffinized, rehy-
drated, and quenched with 1.5% H,O.. For ER staining,
slides were treated with DakoCytomation Target Retrieval
Solution (Dako, Carpinteria, CA) in a steam bath at 95°C
for 45 minutes. After equilibration in phosphate-buffered
saline for 15 minutes, slides were placed in an au-
tostainer apparatus (Dako) and stained with antibodies to
ERa (1:50 dilution; monoclonal antibody clone 1D5;
Dako). Immunoreactivity was detected using the Dako
EnVision method, according to the manufacturer’s rec-
ommended procedures.

It is important to note that the antibody used initially for
the clinical screening of ERa positivity (by the Depart-
ment of Pathology) was a mouse monoclonal. However,
all further immunohistochemistry experiments performed
in the Lisanti laboratory used rabbit polyclonal antibodies
directed against ERa (H-184 and MC-20, from Santa
Cruz Biotechnology). This approach provided indepen-
dent validation of the ER positivity of a given clinical
sample. Similarly, sections were also immunostained with
a rabbit polyclonal antibody directed against cyclin D1
(Ab-3, from NeoMarkers).

For negative controls, slides were subjected to the
same procedures, including antigen retrieval, except for
1) omitting the primary antibody or 2) treating samples
with nonimmune rabbit IgG. Both of these critical nega-
tive controls clearly demonstrated the specificity of the
immunostaining that we observed.

Animal Studies

All animals were housed and maintained in a pathogen-
free environment/barrier facility at the Institute for Animal
Studies at the Albert Einstein College of Medicine under
National Institute of Health guidelines. Mice were kept on
a 12-hour light/dark cycle with ad libitum access to chow
and water. Cav-1 KO mice were generated as previously
described.®® All WT and Cav-1 KO mice used in this
study were in the FVB/N genetic background.'?'3

Isolation of Mammary Epithelial Cells

Primary mammary gland organoids (ie, freshly isolated
intact acini) were isolated from 2-month-old virgin mice,
as previously described,®' with minor modifications. The
fourth and fifth mammary glands were removed asepti-
cally, minced with a surgical razor blade, incubated with
agitation (for 2 to 3 hours at 37°C) in 30 to 35 ml of Growth
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Media (Dulbecco’s modified Eagle’s medium/F12, 5%
horse serum, 20 ng/ml EGF, 0.5 pg/ml hydrocortisone,
100 ng/ml cholera toxin, 10 pg/ml insulin, Pen/Strep),
containing 2 mg/ml collagenase type I, and 50 ug/ml
gentamicin. Then, cell suspensions were spun 10 min-
utes at 1000 rpm to eliminate the floating fat cells. Cell
pellets were resuspended in 10 ml of Assay Media (Dul-
becco’s modified Eagle’s medium/F12, 2% horse serum,
0.5 pg/ml hydrocortisone, 100 ng/ml cholera toxin, 10
wpg/mlinsulin, Pen/Strep). To separate single cells (mainly
fibroblasts, smooth muscle cells, and endothelia) from
mammary organoids, the pellets were subjected to re-
peated washes by differential centrifugation (spun at
1000 rpm for 45 s, repeated 10 times). After the last wash,
organoids were resuspended in 2 ml of Growth Media
and disrupted by pipetting up and down 20 to 25 times
with a 1-ml blue tip. After plating in 10-cm plastic dishes,
organoids attached and spread as a monolayer of mam-
mary epithelial cells.

Three-Dimensional (3-D) Cultures of Mammary
Epithelial Cells

Four to five days after organoid purification, mammary
epithelial cell monolayers formed and were trypsinized
and resuspended in Assay Media. To obtain a single cell
suspension, cells were passed 20 to 25 times through a
1-ml blue tip. Single cells were overlaid onto Matrigel, as
previously described.®? Briefly, 5000 cells were diluted
into Assay Media supplemented with 2% Matrigel and
overlaid in 8-well chamber slides, which were precoated
with 40 ul of Matrigel. Chambers were then incubated at
37°C. Acini were cultured either in the absence or pres-
ence of EGF (5 ng/ml) or in the absence or presence of
estrogen (10 nmol/L). Acini were re-fed with Assay Media
supplemented with 2% Matrigel and the appropriate
growth factor combination every 4 days. To eliminate the
well known estrogenic effect of the pH indicator phenol
red, we used phenol red-free media, phenol red-free
Matrigel, and charcoal dextran-stripped horse serum. All
experiments were performed with primary mammary
epithelial cells that were passage 1.

Quantitation of Mammary Acinar Growth

Acinar growth was monitored by imaging day 16 WT and
Cav-1 KO acini using an Olympus 1 X 80 microscope
with a 10X objective connected with a cooled charge-
coupled device camera. Diameters were measured at the
middle optical section of each acinus, with the support of
Image J software. Greater than 50 acini were scored for
each condition and for each genotype.

Western Blot Analysis

Acini lysates were prepared as previously described,®?
with minor modifications. Acini were incubated on ice
with Lysis Buffer (20 mmol/L Tris-HCI, pH 7.5, 70 mmol/L
NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% TritonX-

100, 60 mmol/L octyl glucoside, 50 mmol/L NaF, 30
mmol/L sodium pyrophosphate, 10 wmol/L orthovana-
date, with a protease inhibitor tablet) for 15 minutes.
Lysates were collected in an Eppendorf tube, passed five
times through a 26 1/2-gauge needle, and incubated on
ice for an additional 15 minutes. Lysates (50 wl) were
loaded onto SDS-PAGE gels and transferred to nitrocel-
lulose membranes (Schleicher and Schuell, 0.2 um).
Blots were blocked for 1 hour in TBST (10 mmol/L Tris-
HCI, pH 8.0, 150 mmol/L NaCl, 0.2% Tween 20) contain-
ing 1% bovine serum albumin and 4% nonfat dry milk
(Carnation, Nestlé, Switzerland). Then, membranes were
incubated for 2 hours with primary antibodies in a
TBST/1% bovine serum albumin solution. Membranes
were then washed with TBST and incubated for 45 min-
utes with the appropriate horseradish peroxidase-conju-
gated secondary antibodies (diluted 5000-fold in
TBST/1% bovine serum albumin; Pierce, Rockford, IL).
Signals were detected with an ECL kit (Pierce). Equal
loading was assessed by immunoblotting with an epithe-
lial marker, ie, E-cadherin.

Results

LCM and Allele-Specific Real-Time PCR
Screening of Human Breast Cancer Tumor
Samples

We first established a rapid and sensitive strategy to
detect Cav-1 P132L mutations in human breast cancer
samples. Interestingly, the Cav-1 P132L mutation has
been shown to act in a dominant-negative fashion and to
cause complete loss-of-function of the Cav-1 protein. An
outline of the experimental approach we used is summa-
rized in Figure 1A. Briefly, to specifically isolate malignant
cells from normal cells within mammary gland tissue,
LCM was performed on paraffin-embedded mammary
tumor sections. Then, genomic DNA was isolated from
breast cancer cells and screened by real-time PCR with
allele-specific primers. Using this approach, we were
able to rapidly and efficiently identify the presence of the
Cav-1 P132L mutant allele. Cav-1 P132L mutations were
confirmed by direct sequencing (see Materials and
Methods).

A total of 55 paraffin-embedded breast cancer sam-
ples were retrieved from the archive of the Department of
Pathology at the Montefiore Medical Center and sub-
jected to LCM to isolate tumor cells from the surrounding
normal tissue and stromal cells. Figure 1B shows two
examples of breast cancer sections before and after
LCM. The left panels represent sections before the pro-
cedure. It consists of a mixture of breast cancer and
normal cells. The middle panels represent sections de-
pleted of tumor cells, which were isolated and collected
on a thin polymer film (right panels). Using this powerful
procedure, we were able to extract genomic DNA only
from tumor cells, clearly enhancing the ability of detect-
ing cancer-specific gene mutations. Figure 2 shows the
sequence within the Cav-1 gene, which was the target of
our allele-specific real-time PCR screening. The P132L
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Laser Capture Micro-dissection

Laser Capture Micro-dissection
of Breast Cancer Cells

!

Isolation of
Genomic DNA

!

Screening by
Real-Time PCR with
Allele-Specific Primers
(WT vs. P132L)

!

Confirmation by
DNA Sequencing

Cancer Cells

Figure 1. Experimental approaches. A: Schematic flow diagram of the strategies used to identify Cav-1 mutations in human breast cancer samples. Briefly, LCM was
performed on paraffin-embedded sections derived from archived human breast cancer samples. Then, genomic DNA was purified from isolated breast cancer cells and
screened by allele-specific real-time PCR to discriminate between the two different Cav-1 alleles (WT vs. P132L). The presence of Cav-1 mutations was also independently
evaluated by direct sequencing. B: Using LCM, human breast cancer cells were isolated from paraftin-embedded breast cancer sections. Two examples are included
(upper and lower panels, respectively). Left panels represent sections before LCM. Note that, after LCM, normal cells remains on the slides (middle panels), whereas tumor
cells are separated from the rest of the tissue and isolated on a separate polymer film (right panels).

mutation resides within the Cav-1 central hydrophobic
region, a domain that is thought to be critical for both
membrane association and protein-protein interactions.
Underlined are the sequences of the primers used both
for allele-specific real-time PCR, to rapidly discriminate
the WT and the P132L alleles, and for conventional PCR,
to subject the entire target region to direct sequencing.

The detailed primer sequences are listed in Table 1. The
reverse primer is in common for all of the different primer

Target Sequence: Cav-1 (P132L)

87 gec age ttc acc acc ttc act gtg acg aaa tac tgg ttt tac cgc ttg ctg tct gec
AT s F T T F T V T Y W Y L A

ctc ttt ggc atc ccg atg gca ctc atc tgg ggc att tac ttc gcc att ctc tct ttc
L F G I » M A L I w G I Y F A I L s F

ctg cac atc tgg gca gtt gta cca tgc att aag agc ttc ctg att gag att cag tgc
L H I w A v v P c I K s F L I c
cta cgc
L R

atc agc cgt gtc tat tcc atc tac gtc cac acc gtc tgt gac cca ctc ttt gaa gct
I S R v : 4 S I Y v H T v c D P L r E A

gtt ggg aaa ata ttc agc aat gtc Cgc atc aac ttg cag aaa gaa ata taa 178
v K I F S N v R E N L Q K E i *

CCA-->CTA TGC-->CGC
P132L CI133R

Figure 2. Cav-1 mutations: analysis of human breast cancer samples. The
Cav-1 target sequence for PCR amplification from genomic DNA is shown.
Specific primer-targeted sequences are underlined (see also Table 1 for
details). The positions of the P132L (CCA — CTA) and C133R (TGC — CGC)
mutations are shown in bold. For conventional PCR, the forward primer
(5'-CCAGCTTCACCACCTTCACT-3") and reverse primer (5'-CACAGACGGT-
GTGGACGTAG-3") were used to amplify a 210-bp DNA fragment corre-
sponding to a 70-amino acid region (amino acids 88-156), which includes
the entire transmembrane domain (amino acids 102-134) of the Cav-1 gene.

combinations, whereas the forward primer varies and is
specifically tailored to the goal of the amplification. Primer
set 1 amplifies the entire region and was used for conven-
tional PCR and direct sequencing. Primer sets 2, 3, and 4
were designed for allele-specific real-time PCR, as they
selectively recognize either the WT allele (primer set 2) or
the P132L allele (primer sets 3 and 4). Because of a poly-
morphism at valine 131, the forward primer of set 4 was
designed with degeneracy. To test our screening strategy,
we first examined the specificity of our allele-specific primer
sets 2, 3, and 4 in distinguishing a given allele. To this end,
real-time PCR was performed using as templates PCR
products of known genetic sequence, ie, Cav-1 WT and
Cav-1 P132L PCR products. Figure 3A shows that primer
set 2 preferentially recognizes the WT template, whereas
primer sets 3 and 4 are unable to identify and amplify the
same WT template. On the contrary, primer set 4 displays
the highest specificity toward the P132L allele. Because of
a polymorphism at position 131, primer set 3 was able to
recognize P132L, but not efficiently (25%), and unable to
recognize WT132 (0%), and as a consequence it was no
longer used throughout the study.

The Cav-1 (P132L) Mutation Is Detected Only in
ERa-Positive Breast Cancer Samples

Having established a rapid and selective real-time PCR
assay to distinguish between Cav-1 WT and Cav-1 P132L
alleles, we proceeded to screen the collection of 55
genomic DNA samples extracted from LCM-isolated
breast cancer cells. In all of the positive cases, the pres-
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Figure 3. Demonstration of allele-specific primer specificity and examples of Cav-1 mutations identified (P132L and C133R). A: Evaluating the specificity of
allele-specific real-time PCR screening methodology, using PCR products of known genetic sequence as the template, ie a WT PCR template (upper panel) or a
P132L PCR template (lower panel). Note that primer set 2 preferentially recognizes the WT template, whereas primer set 4 (with the degenerate forward primer)
only recognizes the P132L template. Because of a polymorphism at valine 131, primer set 3 did not efficiently recognize either the WT or P132L template. As such,
it was not further used. B: Examples of mutations identified using primer set 1 that amplifies the entire Cav-1 gene target region (amino acid 87-156). Upper,
wild-type allele P132 (CCA); middle, double mutant example, P132L (CCA— CTA) and C133R (TGC— CGC); lower, single mutant example, P132L (CCA— CTA).
Note that in the middle panel, the P132L allele predominates (P132L > WT). Mutations are indicated by the use of blue-green arrows. [Also, several synonymous
nucleotide polymorphisms in the Cav-1 gene were identified in our study, eg, the third nucleotide of P132P (CCA — CCA/G) and S136S (AGC—AGT/C). We
discussed the chromatogram sequencing results with the Director of the Sequencing Facility at our institution: although the A and G of the P132 were not
completely lined up, its location and surrounding nucleotide sequences exclude the possibility of an insertion, and it thus should be considered as a

polymorphism.]

ence of the Cav-1 P132L mutation was confirmed by
sequencing. Figure 3B shows several sequence exam-
ples. The upper panel is representative of a normal WT
sequence. In the middle panel, note the concomitant
presence of two Cav-1 mutations, ie, P132L and C133R,
and the prevalence of the P132L allele over the WT allele.
However, we were unable to establish whether the two
mutations were allelic, because we did not have access
to more samples for RNA extraction. The bottom panel
shows an allele harboring only a single mutation at posi-
tion 132, ie, P132L allele. Interestingly, all of the mutations
we detected were “heterozygous,” consistent with the
hypothesis that the Cav-1 P132L mutation behaves in a
dominant-negative fashion.

The Cav-1 P132L mutation was present in 6 of the 55
patients examined. In the course of direct sequencing,
we were able to detect six other novel Cav-1 mutations
(missense and premature stop) in the same patient co-
hort, occurring both in combination with the Cav-1 P132L
mutation or in P132L-negative patients (W128Stop,

Y118H, S136R, 1141T, Y148H, and Y148S). In total, 11 of
55 patients harbored a mutation in the Cav-1 gene. As
such, we conclude that the overall incidence of Cav-1
mutations in our limited patient sample is 20%; of course,
based on our current findings, future studies with a larger
patient population should be performed.

Table 2 shows a summary of patient age, AJCC stage,
and time to first relapse of the 55 patients examined. To
better delineate a clinical and prognostic picture, ERa
status was assessed by immunohistochemistry on mam-
mary tumor sections from all patients. Note that 32 cases
were ERa-positive, and 23 cases were ERa-negative.
Table 2 also summarizes the number of patients who
were positive for Cav-1 mutations. Interestingly, Cav-1
mutations cosegregated only with ERa-positive status,
with a total incidence of 34.4% (11 of 32) in ERa-positive
breast cancer samples. More specifically, the incidence
of the Cav-1 P132L mutation and of other Cav-1 muta-
tions in ERa-positive breast cancer samples was 18.8%
(6 of 32) and 15.6% (5 of 32), respectively. Importantly,
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Table 2. Cav-1 Mutation Incidence in ER (+) and ER (—) Patients

Summary of age, stage, and time to first relapse of the 55 patients examined. Note that 32 cases were ERa-positive (+)
and 23 cases were ERa-negative (—). Interestingly, Cav-1 mutations (P132L and others) were identified only in ERa (+)

patients.
Characteristics ER (+) ER (-) Significance
Patients (n) 32 23
Age (yrs) Mean 58.2 54.0 P =0.24*
Median 57.7 53.0
Range 31.1-83.7 38.1-70.8
AJCC stage’ 1 4 4 P = 0.139*
2A 14 11
2B 4 2
3A 3 2
3B 3 0
4 2 4
Unknown 1 0
Time to first relapse (months) Median 30.1 29.0 P =04
Range 3.2-60.1 8.8-51.4
Cav-1 (P132L) status # Pos. (%) 6 (18.8%) 0 (0%) P = 0.03*
Other Cav-1 mutations # Pos. (%) 5 (15.6%) 0 (0%) P < 0.05%
Total # Pos. (%) 11 (34.4%) 0 (0%) P = 0.001%#%

*Student’s t-test.

TAJCC, American Joint Committee on Cancer Staging.
*Fisher’s exact test.

SIndicates statistical significance.

this is the first demonstration that Cav-1 mutations are
associated with ERa-positive breast cancers.

The characteristics of Cav-1 P132L-positive patients
are reported in Table 3. Remarkably, in the two patients
who presented with distant recurrence (metastasis), the
Cav-1 P132L mutated allele was prevalent over the WT
allele, and a second C133R mutation was also detected.
In addition, in one of these two cases, a third Cav-1
mutation was also detected. Table 4 shows the charac-
teristics of ERa-positive patients harboring Cav-1 muta-
tions other than P132L. Interestingly, the novel Cav-1
mutations (missense and premature stop) were detected
independently of the recurrence type. Of the eight muta-
tions identified, only P132L and C133R were previously
described in human breast cancers.?* Also, the Cav-1
(1141T) mutation that we identify here is analogous to a
|141F mutation previously identified in human squamous
cell carcinoma samples.33

Table 3. Characteristics of Cav-1 (P132L) (+) Patients

The occurrence of Cav-1 mutations in ERa-positive
breast cancer samples may also be of clinical relevance
as a positive predictor of relapse. We noticed that 9 of 11
ERa-positive patients harboring Cav-1 mutations under-
went recurrences (local, regional, or distant; ~81.8%;
see Tables 3 and 4). In striking contrast, only 10 of 21
ERa-positive patients lacking detectable Cav-1 mutations
showed recurrences (~47.6%). Thus, the detection of
Cav-1 mutations in ERa-positive human breast cancer
samples may have certain predictive prognostic value.
As such, further prognostic studies with increased num-
bers of patient samples are clearly warranted.

Multiple Cav-1 mutations were often detected within
the same tumor sample (Tables 3 and 4). We believe that
the different Cav-1 mutations are occurring singly, within
different Cav-1 alleles. To determine whether all of the
mutations we identified have dominant-negative activity
is beyond the scope of the current study, but it will be

Note that of the six patients identified, two that developed distant recurrences (metastatic disease) had a predominance
of the P132L allele and a concurrent C133R mutation. Other concurrent mutations were also identified [W128Stop (TGG

— TAG) and Y148H (TAT — CAT)L.

Patient Age (yrs)* AJCC stage Recurrence type P132L C133R Other mutations
1 34.4 1 Local WT >P132L None W128Stop (TGG — TAG)
2 63.2 2A Unknown WT >P132L None
3 67.9 2A Distant P132L >WT WT >C133R Y148H (TAT — CAT)
4 56.2 2A Regional WT >P132L None
5 46.6 3A Local & Distant WT >P132L None
6 73.0 3B Distant P132L >WT WT >C133R
Mean 56.9
Median 59.7
Range 34-73

*Age at diagnosis.
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Table 4. Characteristics of Other ER (+) Patients Harboring Cav-1 Mutations

Patient Age (yrs)* AJCC stage Recurrence type Cav-1 mutation(s)
7 77.6 2A No relapse W128Stop (TGG — TAG)
8 64.5 1 Local Y148S (TAT — TCT); S136R (AGC — CGC)
9 31.1 3A Regional Y1488 (TAT — TCT); S136R (AGC — CGC)
10 80.4 3B Distant [141T (ATT — ACT)
11 61.7 2B Distant Y118H (TAC — CAC)

*Age at diagnosis.

interesting to assess their phenotypic behavior in future
studies. Importantly, no sequence changes in Cav-1
were observed in cells isolated from adjacent normal
tissue. Cav-1 sequence changes were exclusively asso-
ciated with LCM-isolated breast cancer cells; they were
not observed in mammary epithelial cells isolated from
adjacent normal breast tissue.

Insights into the pathogenic nature of these breast
cancer-related mutations arise from the observation that
all these mutations reside within critical Cav-1 domains.
Figure 4 shows the complete Cav-1 protein sequence
and highlights in red the putative “membrane-spanning”
domain (residues 102-134). However, this hydrophobic
domain may also function as a protein-protein interaction
domain, because it has WW domain-like properties.®*
Interestingly, 5 of the 7 mutated residues cluster in a
14-amino acid region near the C-terminal end of the
membrane-spanning domain (see boxed residues),
clearly suggesting that this domain plays an important in
vivo role in Cav-1 functioning. In addition, 3 of 7 mutated
amino acids, ie, Y118, W128, and P132, are critical res-
idues of the Cav-1 WW-like domain.®* The WW domain is
a small protein-protein interaction domain that is widely
distributed among structural, regulatory, and signaling
proteins.3®3¢ Previous in vitro experiments have shown
that both Cav-1 and Cav-3 contain a WW-like domain and
that residues W128 and P132 in the Cav-1 protein (anal-
ogous to W101 and P104 within the Cav-3 sequence)
constitute the central core of the WW-like domain.®* In

Cav-1 Mutations: Summary
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5 out of 7 mutated amino acids cluster in a 14-aa region near the
C-terminal end of the membrane spanning domain

Figure 4. Summary of the eight Cav-1 mutations identified in ERa-positive
breast cancer samples. The full-length sequence (178 amino acids) of human
Cav-1 is shown. The membrane-spanning domain (33 amino acids, residues
102-134) is highlighted in red. Mutations are indicated in bold. Note that 5 of
the 7 mutated residues identified cluster within a 14-amino acid region
(boxed). This “hot spot” is located near the C-terminal end of the membrane-
spanning domain.

addition, Cav-1 Y118 is believed to be essential for the
correct folding of the WW domain.

Recently, concern has been raised regarding the use
of genomic DNA derived from formalin-fixed, paraffin-
embedded samples for the detection of mutations, due to
the putative DNA damage-induced effects of formalin.2®
However, we did not detect any Cav-1 mutations in our
ER-negative patient samples. Thus, this serves as an
important internal control and directly supports the valid-
ity of the methods that we used. Also, although possible,
we could not imagine formalin having selective DNA
damage effects in tumor cells, but not in non-tumor cells,
in the same paraffin tissue blocks.

Up-Regulation of ERa Expression in Cav-1 KO
Luminal Mammary Epithelial Cells in Vivo

To experimentally mimic Cav-1 functional gene inactiva-
tion in the mammary gland, we studied the in vivo behav-
ior of mammary epithelial cells from WT and Cav-1~/~
mice. Based on our findings that Cav-1 mutations coseg-
regate with ERa-positive status in humans, we would
predict that ERa levels are up-regulated in Cav-1~/"
mouse mammary epithelial cells. To test this hypothesis
directly, inguinal mammary glands (4 and 5) were surgi-
cally excised from 3-week-old female WT and Cav-1 KO
mice. Paraffin-embedded sections were then prepared
and immunostained with anti-ERa 1gG. Interestingly, Fig-
ure 5 (A and B) shows that ERa expression levels were
dramatically up-regulated in Cav-1 KO luminal epithelial
cells, as predicted. Sections from WT mammary glands
are shown for comparison. In addition, note that even at
3 weeks of age, Cav-1-null mice show significant mam-
mary epithelial cell hyperplasia. See also Supplemental
Figure 1 at http://ajp.amjpathol.org for lower power
images.

3-D Cultures of Cav-1-Deficient Mammary
Epithelial Cells Up-Regulate ER« Expression but
Only in the Absence of EGF

Next, we used 3-D cultures of primary mammary epithe-
lial cells derived from WT and Cav-1-null mice. Culturing
mammary epithelial cells in a reconstituted basement
membrane (Matrigel) recapitulates many features of the
mammary epithelium in vivo, including the formation of
hollow acini-like spheres, surrounded by a single layer of
polarized mammary epithelial cells and the basal depo-
sition of basement membrane components. We have pre-



Figure 5. Up-regulation of ERa expression in Cav-1 KO mammary glands in
vivo. Inguinal mammary glands (4 and 5) were surgically excised from
3-week-old female WT and Cav-1 KO mice. Formalin-fixed, paraffin-embed-
ded sections were then prepared and immunostained with anti-ERa rabbit
IgG (H-184 from Santa Cruz Biotechnology). Bound primary antibodies were
detected with a horseradish peroxidase-conjugated secondary antibody (see
brown reaction product). Slides were then counterstained with hematoxylin
(blue color). Original magnification, 20X. A: Even at 3 weeks of age, Cav-1
KO mice show significant mammary epithelial cell hyperplasia. Note that
ERa expression levels are dramatically up-regulated in Cav-1 KO luminal
epithelial cells. Sections from WT mammary glands are shown for compari-
son. B: Two additional examples of ERa immunostaining in Cav-1 KO
mammary tissue are shown.

viously shown that Cav-1-deficient mammary epithelial
cells retain the ability to form acini-like structures but
exhibit several features of abnormal development.®” For
example, Cav-1-null acini are larger in size, with imma-
ture lumen formation, and undergo EGF-independent
growth with hyperactivation of the p42/44 mitogen-acti-
vated protein kinase signaling cascade.®”

To evaluate the relationship between Cav-1 gene in-
activation and increased ERa levels, we first assessed
ERa expression levels in WT and Cav-1-deficient 3-D
epithelial structures. All experiments were performed with
primary mammary epithelial cells at passage 1. Lysates
from day 16 WT and Cav-1-null acini were subjected to
Western blot analysis using an ERa-specific antibody
probe. Interestingly, Figure 6A reveals that Cav-1 null
acini up-regulate ERa levels ~4-fold but only in the ab-
sence of EGF. In contrast, ERa expression levels were
unchanged in EGF-stimulated Cav-1-null acini, as com-
pared to their WT counterparts.
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To further evaluate ERa expression and localization,
WT and Cav-1 KO mammary epithelial cells were grown
on glass coverslips for 6 days and cultured in either the
absence or presence of EGF overnight. Cells were then
fixed and subjected to immunofluorescence analysis with
an antibody directed against ERa. Figure 6B shows that,
in the presence of EGF, WT and Cav-1 KO mammary
epithelial cells displayed similar low levels of ERa expres-
sion. In contrast, when grown in the absence of EGF,
Cav-1 KO mammary epithelial cells exhibited increased
ERa expression levels, as compared to their WT counter-
parts. Note the intense ERa nuclear staining in Cav-1-
deficient mammary epithelial cells (Figure 6B, lower right
panel), consistent with ERa activation.

Estrogen Stimulation Greatly Promotes the
Growth of Cav-1-Null Acini in the Absence of
EGF

Elevated ERa expression correlates with increased sen-
sitivity to estrogen, which functions as a mitogenic signal
in mammary epithelial cells. Next, we assessed whether
loss of Cav-1 affects estrogen sensitivity, leading to the
enhanced growth of 3-D mammary epithelial structures.
To this end, WT and Cav-1-null acini were stimulated with
EGF and estrogen, either each alone or in combination,
or left untreated. After 16 days of treatment, we scored
acinar diameter, as a measure of their growth rate.

Figure 7A shows a graphic representation of acini
growth. Note that Cav-1-deficient acini are larger than WT
acini, independent of the type of stimulation. Interest-
ingly, estrogen stimulation does not promote the growth
of WT and Cav-1-deficient acini when cultured in the
presence of EGF. These data are consistent with Figure
5, showing equal ERa expression levels in EGF-stimu-
lated WT and Cav-1-deficient acini. However, estrogen
stimulation greatly promotes the growth of Cav-1-null
acini, but not of WT acini, cultured in the absence of EGF.
Remarkably, under these conditions (estrogen stimula-
tion in the absence of EGF), Cav-1-null acini grow even
larger than when they are estrogen-stimulated in the
presence of EGF. These data are consistent with Figure
5, showing that Cav-1-null acini up-regulate ERa expres-
sion in the absence of EGF.

Figure 7B shows representative phase images of EGF-
deprived WT and Cav-1-deficient acini, untreated and
after estrogen stimulation. Note that EGF-deprived WT
structures are similar in size, in the presence or absence
of estrogen treatment. On the contrary, estrogen stimu-
lation greatly promoted the growth of EGF-depleted Cav-
1-null acini. These results suggest that growth factor
deprivation engages Cav-1-deficient mammary epithelial
cells in a pro-proliferative pathway, which is further en-
hanced by estrogen stimulation.

Up-Regulation of Cyclin D1 in EGF-Deprived
Cav-1-Deficient Acini after Estrogen Stimulation

Several studies have demonstrated increased cyclin D1
levels during mammary tumorigenesis.®® For example,
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Figure 6. Cav-1-deficient mammary epithelial cells up-regulate the ERa under conditions of growth factor deprivation. A: Western blot analysis. WT and
Cav-1-deficient mammary epithelial cells were isolated and cultured in Matrigel in the presence or absence of EGF. Under these conditions, mammary epithelial
cells are able to form 3-D structures that closely resemble mammary acini. Lysates were then prepared from day 16 acini and subjected to Western blot analysis
with anti-ERa specific antibodies (MC-20; Santa Cruz Biotechnology). Note that, under conditions of growth factor deprivation (in the absence of EGF), Cav-1 KO
acini display a substantial increase in ERa expression levels (see asterisk). Equal loading was assessed by immunoblotting with an E-cadherin antibody. B:
Immunofluorescence. To evaluate ERa localization and expression, WT and Cav-1 KO mammary epithelial cells were grown on glass coverslips for 6 days and
cultured in either the absence or presence of EGF overnight. Then, cells were fixed and subjected to immunofluorescence analysis with an antibody directed
against ERa. Note that, in the absence of EGF, Cav-1 KO mammary epithelial cells exhibit increased ERa expression levels, as compared to their WT counterparts.
We also observed intense ERa nuclear staining in Cav-1-deficient mammary epithelial cells, consistent with ERa receptor activation.

cyclin D1 is amplified in >20% of mammary carcinomas,
and the cyclin D1 protein is overexpressed in ~50% of
human breast cancer samples. Importantly, in human
breast cancers, cyclin D1 overexpression strongly corre-
lates with positive ERa expression.®®4° In vitro and in vivo
studies have shown that cyclin D1 levels are linked to the
steroid-induced proliferation of mammary epithelial cells,
suggesting that cyclin D1 acts as a downstream mediator
of estrogen action. For example, when ERa-positive cells
are deprived of estrogen, the levels of cyclin D1 are
reduced. Conversely, estrogen treatment increases cy-
clin D1 mRNA and protein.*’

We next attempted to gain insight into the mechanisms
downstream of the estrogen-induced growth of EGF-de-
pleted Cav-1-null acini. Lysates from unstimulated or es-
trogen-stimulated WT and Cav-1 KO acini cultured in the
absence of EGF were subjected to Western blot analysis
with antibodies directed against cyclin D1. Interestingly,
Figure 8 reveals that estrogen stimulation augments cy-
clin D1 levels in Cav-1-deficient, but not WT, acini cul-
tured in the absence of EGF. No significant differences in
cyclin D1 levels were observed in unstimulated WT and
Cav-1 KO acini.

These results reveal a novel pathway leading toward
the development of mammary tumors, whereby Cav-1
deficiency drives the up-regulation of both ERa and cy-
clin D1 levels in mammary epithelial acini (Figure 9).

Because both ERa and cyclin D1 play pivotal roles in the
development and progression of human breast cancers,
understanding their dynamic regulation by Cav-1 gene
inactivation may be clinically significant.

Up-Regulation of Cyclin D1 in ERa-Positive
Breast Cancer Patient Samples

It is previously well documented that ERa-positive breast
cancer samples show up-regulation of cyclin D1 gene
expression; conversely, ERa-negative breast cancers
show little or no cyclin D1 expression (reviewed in Ref.
38). Thus, we next examined cyclin D1 expression in our
clinical samples containing Cav-1 mutations by immuno-
staining. Briefly, formalin-fixed, paraffin-embedded sec-
tions were prepared from ERa-positive and ERa-negative
breast cancer samples and immunostained with anti-
cyclin D1 1gG.

Importantly, Figure 10 shows that the ERa-positive
samples containing Cav-1 mutations are also cyclin
D1-positive. In contrast, little or no cyclin D1 immuno-
staining was observed in ERa-negative samples, as
predicted. Representative images are shown in panel
A. Note that the ERa-positive patient samples shown
harbor Cav-1 mutations. Consecutive sections from a
patient harboring a Cav-1 P132L mutation were immu-
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Figure 7. Estrogen stimulation greatly promotes the growth of Cav-1-deficient acini but only during growth factor deprivation. WT and Cav-1 KO mammary
epithelial cells were isolated, overlaid onto Matrigel, and allowed to form 3-D acini-like structures. Acini were cultured in the presence or absence of EGF and
were either stimulated with estrogen or left untreated. Of course, all estrogen stimulation experiments were performed using phenol red-free media and
charcoal-stripped serum (see Materials and Methods). A: Growth curve. Acinar growth was monitored by measuring the diameters of day 16 WT and Cav-1 KO
acini. At least 50 epithelial structures were scored for each condition and for each genotype. Note that Cav-1-deficient mammary epithelial cells develop larger
acini than WT cells, in the presence or absence of EGF. Remarkably, estrogen treatment greatly stimulates the growth of Cav-1 KO acini in the absence, but not
in the presence of EGF, suggesting that a lack of EGF increases the estrogen sensitivity of Cav-1-null acini. Importantly, estrogen treatment did not exert any effects
on WT acini. *P < 0.0075. B: Phase contrast images. Micrographs of EGF-deprived WT and Cav-1 KO acini, stimulated with estrogen or left untreated, are shown.
Note that, in the absence of EGF, estrogen stimulation does not promote the growth of WT acini. In contrast, EGF-depleted Cav-1-deficient acini become much
larger in response to estrogen stimulation.
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nostained with anti-ERa IgG and anti-cyclin D1 1gG
and are shown in panel B. See also Supplemental
Figure 2 at http://ajp.amjpathol.org for negative control
images.

Discussion

In 2001, a Japanese study reported that up to 16% of
breast cancer tumor samples harbor a sporadic muta-
tion, namely P132L, within the human CAV-1 gene.?*
However, since this initial report, several other groups
have failed to confirm the existence of the Cav-1 P132L
mutation (or any other Cav-1 mutations) in human breast
cancers.*>~** This may reflect the patient populations
examined. Alternatively, the methods used may not have
been sensitive enough to detect mutations. Thus, the
existence of Cav-1 mutations in human breast cancers
remains controversial. Here, to increase the sensitivity of
detection, we used 1) LCM to enrich for transformed
mammary tumor cells and 2) a real-time allele-specific
PCR approach to detect the P132L mutation. Interest-
ingly, we show for the first time that Cav-1 mutations are
selectively associated with only ERa-positive breast can-
cers. Importantly, this finding could explain why other
groups failed to detect Cav-1 mutations, because they
may have screened only ERa-negative breast tumor
samples.

Our ex vivo reconstitution experiments using 3-D cul-
tures of primary mammary epithelial cells provide a ratio-
nal basis to mechanistically explain why Cav-1 mutations
exclusively cosegregate with ER-positive breast cancers.
Our data strongly suggest the existence of a correlation
between Cav-1 loss-of-function and the dysregulation of

mammary epithelial proliferation. We show that a Cav-
17/~ deficiency is one of the mechanisms responsible for
increased ERa levels, sequentially leading to enhanced
mammary acinar growth and increased cyclin D1 levels
in 3-D mammary epithelial structures that have acquired
EGF-independent growth capabilities. It is noteworthy

Estrogen-dependent Upregulation
of Cyclin D1 in Cav-1 KO Mammary Acini
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Figure 8. Estrogen-stimulated Cav-1 KO acini up-regulate cyclin D1 levels in the
absence of EGF. EGF-deprived WT and Cav-1 KO acini were either estrogen-
stimulated starting from day 0 or left untreated. After 16 days, acinar lysates were
prepared and subjected to Western blot analysis with anti-cyclin D1 antibodies.
Note that estrogen stimulation increases cyclin D1 expression levels in Cav-1-
deficient 3-D epithelial structures cultured in the absence of EGF (see asterisk).
Equal loading was assessed by immunoblotting with an E-cadherin antibody.
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Figure 9. Summary: Cav-1 functional inactivation in mammary tumorigene-
sis. Cav-1 inactivation (either by loss-of-function mutations or by genetic
ablation) in mammary epithelial cells induces increases in ER levels, corre-
lating with enhanced estrogen sensitivity. Up-regulation of ERa promotes the
growth of Cav-1-deficient acini and increases cyclin D1 levels. Thus, our
results suggest a novel pathway leading toward mammary tumorigenesis.

that all these steps require growth factor deprivation. We
have previously shown that Cav-1~/" acini undergo EGF-
independent growth, with hyperactivation of the Ras-
p42/44 mitogen-activated protein kinase cascade.®’
Growth factor deprivation is likely to engage Cav-1-
deficient mammary epithelial cells in a pro-proliferative
survival pathway that is necessary to induce increased
estrogen sensitivity, thereby promoting mammary acinar
growth.

In an attempt to elucidate the downstream signaling
events, we show here that the enhanced growth of estro-
gen-stimulated, growth factor-depleted Cav-1-null mam-
mary acini correlates with the up-regulation of cyclin D1
expression. Previous studies in fibroblasts have shown
that Cav-1 transcriptionally represses cyclin D1 gene
expression, whereas antisense-mediated Cav-1 down-
regulation increases cyclin D1 levels.*® In addition, ge-
netic ablation of Cav-1 was shown to increase cyclin D1
expression levels in a variety of in vivo experimental
models, including oncogene-induced mammary tu-
mors'® and carcinogen-induced epidermal hyperpla-
sia.*® Of course, we cannot exclude that, in our system,
Cav-1 deficiency leads to cyclin D1 up-regulation by
directly releasing the inhibition of cyclin D1 transcription.
However, because cyclin D1 levels are virtually identical
in WT and Cav-1 KO mammary acini under steady-state
nonstimulated conditions, and cyclin D1 up-regulation
occurs only after estrogen stimulation, we believe that
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Figure 10. Up-regulation of cyclin D1 in ERa-positive breast cancer patient
samples. Formalin-fixed, paraffin-embedded sections, prepared from ERa-
positive and ERa-negative breast cancer samples, were immunostained with
anti-cyclin D1 rabbit IgG (Ab-3 from NeoMarkers). Bound primary antibodies
were detected with an horseradish peroxidase-conjugated secondary anti-
body (see brown reaction product). Slides were then counterstained with
hematoxylin (blue color). Note that, as expected, cyclin D1 immunostaining
is highly positive in ERa-positive breast cancer samples (see positive nuclear
staining); in contrast, little or no cyclin D1 immunostaining was observed in
ERa-negative samples. Representative images are shown in A. Note that the
ERa-positive patient samples shown harbor Cav-1 mutations. Virtually iden-
tical results were obtained with other ERa-positive patients (not shown). In
B, consecutive sections from a patient harboring a Cav-1 P132L mutation
were separately immunostained with anti-ERa rabbit IgG (H-184 from Santa
Cruz Biotechnology) and anti-cyclin D1 rabbit IgG (Ab-3 from NeoMarkers).

cyclin D1 overexpression is mediated by increased ER«
transcriptional activity in Cav-1-null acini.

The mechanisms that regulate ERa expression during
mammary epithelial proliferation and transformation re-
main largely unknown. In the normal mammary gland,
ERa is expressed mainly in nonproliferating luminal epi-
thelial cells that reside adjacently to the ERa-negative
dividing cells.?” However, ERa becomes overexpressed
at the very early stages of mammary tumorigenesis, with
most proliferating lesions displaying a clear increase in
ERa expression.?® As such, mammary transformation is
associated with an increasing inability to down-regulate
ERa expression or to restrain the proliferation of ERa-
positive cells. In this report, we provide novel evidence
that Cav-1 loss-of-function may be one of the mecha-
nisms responsible for increased ERa activation and dys-
regulated proliferation during early mammary tumorigen-
esis. First, we show that, in breast cancer patients, loss-
of-function mutations in the Cav-1 gene are exclusively
found in ERa-positive tumors, suggesting that Cav-1 may
normally control ERa expression levels in the mammary



gland. In addition, we show that Cav-1 gene inactivation
increases ERa expression in vivo and in vitro and pro-
motes the acinar growth of 3-D cultures of primary mouse
mammary epithelial cells. As such, Cav-1 may normally
function as a “switch” to regulate the critical balance
between ERa expression and proliferation in mammary
epithelial cells.

Our results are consistent with a recent study showing
that Cav-1 haplo-insufficiency induces the constitutive
activation of ERa expression in an immortalized “normal”
human mammary epithelial cell line, namely MCF-10A
cells. In addition, estrogen stimulation was shown to pro-
mote the anchorage-independent growth of Cav-1 haplo-
insufficient MCF-10A cells in vitro and to stimulate their
ability to form tumors in nude mice.*” Consistent with
these results, we show here that Cav-1 gene inactivation
leads to increased ERa expression levels, both in primary
human breast cancers and in mouse primary mammary
epithelial cells, and promotes the growth of estrogen-
stimulated 3-D epithelial cultures.

How loss of Cav-1 expression induces ERa overex-
pression remains an open question. An emerging theory
in cancer research proposes that adult stem cells may
play a role in the development of human cancers, includ-
ing breast cancers.*®4° Adult stem cells represent a
cellular subpopulation with the dual ability to self-renew
and to differentiate into specific lineages depending on
the tissue type.®® Stem cells are normally involved in
morphogenesis, tissue repair, and remodeling. In partic-
ular, breast stem cells play a vital role in the develop-
ment, differentiation, and function of the mammary gland,
which undergoes important cycles of transformation dur-
ing adult life. Because proliferation potential decreases
with differentiation, stem cells and progenitor cells are
likely candidates for accumulating genetic alterations as-
sociated with tumorigenesis. Mutations in stem cells may
affect the delicate balance between self-renewal and
differentiation.

In contrast to studies suggesting that ERa-positive
cells are quiescent, several studies have suggested that
a small subset of ERa-positive cells constitute a slowly
proliferating subpopulation, with characteristics of mam-
mary stem cells.®" These ERa-positive breast stem cells
have the ability to self-renew through asymmetric cell
division and to generate adjacent proliferating cells,
which represent a transient amplifying population, with a
loss of ERa expression. After a few cell divisions, tran-
sient amplifying cells exit from the cell cycle and differ-
entiate into either myoepithelial or Iluminal epithelial
cells.®’

Dysregulation of the normal self-renewal process may
cause the increased symmetrical division of stem cells,
with increased proportions of proliferating ERa-positive
cells, in both precancerous and cancerous breast le-
sions. As such, ERa-positive breast tumor cells may arise
from stem cells that have lost the ability to divide asym-
metrically, instead undergoing symmetric divisions to
produce two identical ERa-positive daughter cells.

The fact that Cav-1 expression increases during cel-
lular differentiation, with its highest expression in ter-
minally differentiated cells, suggests the possibility
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that Cav-1 expression plays a key role during differen-
tiation. For example, Cav-1 expression is up-regulated
during the differentiation of primary cultures of human
alveolar epithelial cells.®? Moreover, Cav-1 was found
to be selectively up-regulated during the in vitro differ-
entiation of embryonic stem cells to vessel-like endo-
thelial structures.®® In the mammary gland, Cav-1 loss-
of-function may interfere with the differentiation of a
subset of breast stem cells and lead to an increased
population of ERa-positive progenitor cells. This con-
clusion remains speculative but merits further investi-
gation. However, in direct support of this notion, Cav-
1-deficient mice have been shown to possess an
increased mammary stem cell population.®* Further-
more, Cav-17/~ mammary epithelial cells show in-
creased “plasticity”, with the ability to undergo a spon-
taneous epithelial mesenchymal transition or to
undergo lactogenic differentiation, in the absence of a
lactogenic stimulus.375°

Future studies will be necessary to address the de-
tailed phenotypic behavior of the various Cav-1 mutations
that we describe in this report. We believe that these
mutations will ultimately be shown to act in a dominant-
negative fashion, thereby mimicking a Cav-1-null mam-
mary acinar phenotype. For this purpose, these Cav-1
mutations will need to be stably expressed in an estro-
gen-responsive normal human mammary epithelial cell
line. To this end, we have expressed Cav-1 (WT and
P132L) in hTERT-HME1 cells. However, unfortunately, the
parental hTERT-HME1 cells do not form regular 3-D aci-
nar structures with a hollow lumen. Instead, they form
large aggregates of variable size without a lumen (data
not shown). This may be due to the fact that they are
already immortalized/partially transformed by the expres-
sion of telomerase.

In summary, in this study we provide novel evidence
showing that Cav-1 mutations are found in ~35% of
estrogen receptor-positive breast cancer samples. Using
3-D cultures of primary mammary epithelial cells from WT
and Cav-1~/~ mice, we show that loss of Cav-1 increases
ERa levels, promotes mammary acinar growth, and in-
duces the up-regulation of cyclin D1 expression levels.
Thus, a novel Cav-1-related pathway may be involved as
an initiating event in human breast cancers.
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