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Caveolin-1 belongs to a family of scaffolding proteins,
and the P132L point mutation of this gene has been
found in up to 16% of all examined breast cancers.
Subsequent studies have revealed that the P132L mu-
tation exerts a dominant negative effect through mis-
folding during caveolin-1 oligomerization. However,
this mutation has not been validated in other series of
breast cancer samples. Contradictory to the suggested
tumor suppressor function, overexpression of caveo-
lin-1 is common in various cancer types. To clarify
these inconsistent results, we examined the caveo-
lin-1 mutation in a large series of breast cancer spec-
imens. We first used a standard direct sequencing
method and found that none of the 99 breast cancers
tested had this mutation. Then we developed a sensi-
tive method for a paraffin section that could detect
the mutant allele at a rate of as little as 0.1% among
wild-type allele copies. Even when using this sensitive
method, none of the 80 estrogen receptor—positive
breast tumors had the P132L mutation. Furthermore,
270 cancers in various organs were examined, and no
caveolin-1 mutations were detected. These results
raise doubt about the presence of the caveolin-1
P132L mutation in breast cancer and other cancer
types, and thus further studies are warranted. (J Mol
Diagn 2010, 12:712-717; DOI: 10.2353/jmoldx.2010.090180)

Caveolae, or “little caves,” are flask-like invaginations of
the plasma membrane that are coated by the oligomer-
ized protein, caveolin.' Caveolin-1 belongs to a highly
conserved gene family and is coexpressed with caveo-
lin-2 in the cells of various tissues, including the mesen-
chyme, endothelium, neuronal tissues, and some epithe-
lial cells. The caveolin-1 gene is composed of three
exons and is translated into the endoplasmic reticulum as
a full-length protein of 178 amino acids (aa) (ie, the
a-isoform) or as the B-isoform, which lacks the first 32 aa.
Caveolin-1 plays a major role in the function of caveolae,
which are involved in various cellular processes, includ-
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ing cholesterol homeostasis, vesicular transport, cell mi-
gration, cell cycle, and cell polarity. This molecule di-
rectly interacts with proproliferative molecules, including
EGFR, ERBB2, and PI3K, through the caveolin-scaffold-
ing domain and negatively controls signaling pathways
regulating cell proliferation, differentiation, apoptosis, ad-
hesion, and invasion."2*% Therefore, impairment of
caveolin-1 regulation would be expected to result in tu-
mor suppressor activity.® Indeed, the transcript and pro-
tein levels of caveolin-1 are down-regulated in cancer cell
lines, and reduced levels of this protein in NIH3T3 cells
leads to oncogenic transformation.® Furthermore, in
MCEF?7 cells, which show low levels of caveolin-1, expres-
sion of this molecule inhibits anchorage-independent
growth, anoikis, and invasion.” In addition, caveolin-1-
deficient mice develop multifocal dysplastic lesions
throughout the entire mammary gland.®°

In 2001, Hayashi et al found a sporadic mutation in the
caveolin-1 gene that leads to a proline-to-leucine substi-
tution at position 132 (P132L)."° Subsequent studies
have revealed that the P132L mutation has a dominant
negative effect through the misfolding of caveolin-1 within
the Golgi complex."" The initial article stated that 15 of 92
primary breast tumors harbored this mutation.’” A sub-
sequent report determined that the P132L mutation was
specific to estrogen receptor (ER)-positive breast can-
cers; the mutation was found in six of 32 ER-positive
tumors (35%) but in none of the 23 ER-negative tumors.'?
However, a later study reported that the P132L mutation
was not detected in any of 55 breast cancer specimens,
using the same method as described in the initial arti-
cle."® Additionally, there are no articles from any other
research group demonstrating the presence of this
mutation in primary breast cancers. Therefore, we
aimed to assess whether we could detect the mutation
using a standard direct sequencing method and a
novel sensitive assay in a larger series of primary
breast cancer specimens.
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Materials and Methods

Samples

We examined a consecutive series of 109 breast cancer
specimens by RT-PCR-coupled direct sequencing. The
specimens included 98 invasive ductal carcinomas, six
invasive lobular carcinomas, two noninvasive ductal car-
cinomas, and three special subtypes of breast cancer.
Among them, ten samples were excluded due to poor
nucleic acid integrity; insufficient amounts of PCR prod-
uct were obtained even when using the control primers
for B actin, which generate a shorter PCR product. We
also examined 80 ER-positive cancers, using the Cy-
cleave PCR assay on DNA that was extracted from par-
affin-embedded sections. Of the 80 cancers, 40 were
selected from the samples used for RT-PCR direct se-
qguencing analysis, while the other 40 were independent
sample set selected in a concretive manner form a dif-
ferent period. All of the tumors were histologically re-
viewed by two authors (S.K. and Y.Y.), and histological
classification was based on the World Health Organiza-
tion classification of tumors of the breast.' In addition,
270 cancers from various anatomical sites were analyzed
for the presence or absence of the caveolin-1 mutation.
The 270 cancers included 77 colorectal adenocarcino-
mas, 48 gastric adenocarcinomas, 100 lung cancers (80
adenocarcinomas, one each of adenosquamous carci-
noma, large cell carcinoma, squamous cell carcinoma,
small cell lung cancer, large cell neuroendocrine carci-
noma, and carcinoid tumor), 32 ovarian tumors (11 se-
rous carcinomas, 10 clear cell carcinomas, seven endo-
metrioid carcinomas, and four mucinous carcinomas),
and 13 pancreatic cancers (12 ductal carcinomas and an
intraductal papillary mucinous tumor). For this analysis,
written informed consent was obtained from each patient
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according to the protocol approved by the Institutional
Review Board of the Aichi Cancer Center.

Immunohistochemistry

Expression status of the ER and progesterone (PR) were
immunohistochemically analyzed, using antibodies for
ER (6F11, Novocastra, Newcastle, UK) and PR (PR88,
Biogenex, San Ramon, CA), as described previously.'®
The antigens were retrieved by microwave treatment in
citrate buffer, and the color was developed by 3,3’-dia-
minobenzidine. The expression were evaluated accord-
ing to the criteria described by Harvey et al.'® HER2
status was determined using HERCEPTEST (DAKO,
Copenhagen, Denmark) according to the manufacturer’s
instructions. The results were evaluated according to the
ASCO/CAP guideline,"” including further analysis of tu-
mors with a score of 2+ by means of fluorescent in situ
hybridization (PathVysion, Vysis Inc., Downers Grove, IL).

Direct Sequencing

Using needle biopsy equipment, cancer tissue cores
were obtained from the cancerous tissues. Several touch
imprint slides were made, and the presence of cancer
cells was confirmed with Giemsa staining, followed by
total RNA extraction from the slides using an RNeasy kit
(Qiagen, Valencia, CA). Briefly, the cellular contents of
the slides were washed out with Buffer RLT and collected
in a tube. The subsequent procedure was performed
according to the manufacturer’s instructions.

Caveolin-1 transcripts were amplified using the QIAGEN
OneStep RT-PCR Kit (Qiagen) with primers as follows:
forward, 5-GAGGGACATCTCTACACCGTTC-3’; and
reverse, 5'-ATTGGCACCAGGAAAATTAAAA-3'. The PCR
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products, which were purified using the QlAquick PCR
Purification Kit (Qiagen), were directly sequenced using
the BigDye® Terminator v3.1 Cycle Sequencing Kit with
an ABI PRISM 310 Genetic Analyzer (Applied Biosys-
tems, Forester City, CA).

In addition to direct sequencing of the RT-PCR prod-
ucts, caveolin-1 was analyzed using DNA extracted from
the paraffin-embedded sections. The tumor cell-rich area
was marked on the H&E slide, and the exact same area
of deparaffinized unstained sections was dissected for
DNA extraction. The primers used were 5'-CCACCT-
TCACTGTGACGAAATA-3' (forward) and 5'-ATTGGCA-
CCAGGAAAATTAAAA-3" (reverse). Subsequently, the
PCR products were sequenced with a procedure similar
to the direct sequencing of RT-PCR products. Mutations
in the TP53 and CDH1 genes were also examined
as a control using RT-PCR-coupled direct sequencing,
similar to the procedure used for caveolin-1. TP53 se-
quencing was performed as described previously,'®1°

Table 1. Characteristics of the Breast Cancers in This Study

while CDH1 was sequenced with the primer sets as follows:
CDH1-1F, 5-AAGAGAAACAGGATGGCTGAAG-3'; CDH1-
1R, 5-GGTACCACATTCGTCACTGCTA-3'; CDH1-2F, 5'-
ATCTTTGTGCCTCCTGAAAAGA-3'; CDH1-2R, 5’-GC-
AGCAGAATCAGAATTAGCAA-3'.

In all cases, forward and reverse sequencing reactions
were analyzed separately and produced concordant re-
sults. It should be noted that duplicate sequencing reac-
tions were not performed.

Cycleave PCR Assay

A Cycleave PCR technique for the detection of the P132L
caveolin-1 mutation was used with the SmartCycler sys-
tem (SC-100, Cepheid, Sunnyvale, CA) for the ER-posi-
tive breast cancer tissues. The detailed principle of this
method has been previously described.?%2" This assay
was performed using a Cycleave PCR core kit (TAKARA,

Series characteristics

Consecutive series (n = 99)

Independent consecutive series

ER status Positive and negative

Positive alone Positive alone

Number of samples n =59 n =40 n =40

RT-PCR direct sequencing Yes Yes
DNA-based direct sequencing Yes
Cycleave PCR Yes Yes
Age, year

Median 55 56 56

Range 28-82 33-76 26-78
Tumor size

pTis 2 0 6

pT1 (<2 cm) 28 24 23

pT2 (2-5 cm) 21 9 8

pT3/4 (>5 cm) 8 7 3
Nodal status

pNO 23 17 26

pN1-3 35 23 14
Estrogen receptor status

Positive 34 40 40

Negative 25 0* 0*
Progesterone receptor status

Positive 26 29 30

Negative 33 11 10
HER2 status

Positive 40 34 3

Negative 19 6 37
Histological grade

Low-grade 9 10 12

Intermediate 27 21 19

High-grade 23 9 9
Histology

DCIS 2 0 6

IDC 55 35 30

ILC 0 4 0

Special types 2 1 4
p53 status

Wild type 31 26 0

Mutated 17 7 0

N.A. 11 7 40
E-cadherin status

Wild type 53 31 0

Mutated 1* 1* 0

N.D. 6 8 40

DCIS indicates duct carcinoma in situ; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; N.A., not done.
*CDH1 mutation was detected in an invasive lobular carcinoma and an invasive ductal carcinoma with lobular carcinoma features.
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Figure 2. Sensitivity assay using artificial mutant DNA serially diluted with wild-type DNA. Left: Fluorescence-cycle curve. The individual lines represent dilutions
of 100%, 10%, 1%, and 0.1% of mutant DNA, respectively. Right: Relationship between the log concentration and the cycling threshold. These are significantly

correlated (# = 0.9999), suggesting that this assay is quantitative.

Co., Ltd., Ohtsu, Japan), and the sequences of the primer
sets and the probes were as follows: caveolin-1 PCR for-
ward primer, 5'-TTGCTGTCTGCCCTCTTTG-3'; caveolin-1
PCR reverse primer, 5'-GACGGTGTGGACGTAGATG-3';
wild-type probe, 5" FAM-AT(G)GTACAACTGC-Eclipse 3';
and P132L mutation probe, 5" ROX-AT(A)GTACAACTGC-
Eclipse 3'(parentheses denote RNA). The PCR primers
were used to amplify caveolin-1 DNA. The probe was an
RNA-DNA chimera that could hybridize to either the mu-
tation or the wild-type sequence of the amplified gene.
Once the probe hybridized to the amplified product, the
RNA part of the probes was cleaved by RNase H, which
specifically recognized the complete RNA-DNA hybrids
(Figure 1). Cleavage resulted in two products with a
fluorescer and a quencher on each side of the probe,
which emit fluorescence when separated. The mutant
probe was labeled with FAM, while the wild-type probe
was labeled with ROX. The caveolin-1 P132L mutant DNA
was generated as an artificial gene, which was provided
by Custom Gene Synthesis Services (Invitrogen, Carls-
bad, CA). This technology allowed us to generate spe-
cifically designed DNA of a few kilobases in length. The
artificial gene and placental DNA were then used as
positive and negative controls, respectively.

Results

The P132L Caveolin-1 Mutation Was Not
Detected by Direct Sequencing

We first examined the presence of caveolin-1 mutations
using 109 breast cancer tissues. However, RT-PCR was
unsuccessful in ten of the samples, and no products were
amplified due to poor nucleic acid integrity. Adequate
sequencing signals were obtained from the other 99 sam-
ples. No mutations were detected in any of the samples.
Because the expression of caveolin-1 transcripts is de-
creased in cancer cells, we confirmed that sufficient PCR
products were obtained in the individual reactions. In this
series, 74 were positive for ER (Table 1). These results
are contradictory to the previous studies.'® 2 Two expla-
nations for this difference are possible: 1) expression of

mutated caveolin-1 might be reduced in cancer tissues,
and an RNA-based assay was used; and 2) the assay
used is less sensitive and might not detect low levels of
the transcript.

Development of a New Technique to Detect the
P132L Caveolin-1 Mutation

To investigate these two possibilities, a sensitive method
that is applicable to paraffin-embedded tissues was de-
veloped. We previously reported the use of a Cycleave
PCR method to detect the EGFR L858R point muta-
tion.?%2" This method is very sensitive, and a tumor DNA
prevalence of just 5% among normal tissue DNA copies
is sufficient to detect the mutation. Furthermore, only a
single unstained paraffin-block section of a small biopsy
specimen is required for the assay. Thus, we applied this
method to the caveolin-1 P132L mutation assay. As
shown in Figure 2, this method can simultaneously detect
wild-type and mutant signals, which can be monitored as
an internal control. When we tested the mutant samples
that were serially diluted with wild-type DNA, a mutant
DNA prevalence of just 0.1% among wild-type DNA cop-
ies was sufficient for detection of the P132L mutation
(Figure 2). In addition, the cycling threshold was linearly
correlated with the log concentration of the mutant allele.

Table 2. Caveolin-1 Mutation in Breast Cancer and Various
Other Cancer Types

Caveolin-1
Cancer type n mutation
RT-PCR direct sequencing
Breast cancer 99 0
DNA-based direct sequencing
Breast cancer 40 0
Cycleave PCR assay
Breast cancer (ER-positive) 80 0
Colorectal cancer 77 0
Gastric cancer 48 0
Lung cancer 100 0
Ovarian cancer 32 0
Pancreatic cancer 13 0
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Screening of ER-Positive Breast Cancers with
the Sensitive Cycleave PCR Method

Because the Cycleave PCR method had sufficient sensi-
tivity, we applied this method to 80 ER-positive breast
cancer tissues. Even after using DNA instead of RNA as
a template, no P132L mutations were detected by this
method (Tables 1 and 2). Because half of the ER-positive
breast cancer tissues had also been shown to lack this
mutation by RT-PCR direct sequencing, these results
were not likely to be affected by the template source of
the RNA or DNA. Furthermore, DNA-based direct se-
quencing was also performed on the 80 ER-positive
breast cancers (Table 1), and the caveolin-1 mutation
was not detected.

Lack of Caveolin-1 P132L Mutation in Various
Cancer Types

We next determined the presence or absence of the
P132L mutation in a total of 270 cancers from various
tissues using the Cycleave PCR method. Most of the
samples (252) were adenocarcinomas, while 15 were
squamous cell carcinomas, and three were neuroendo-
crine carcinomas of the lung. None of the samples had
the caveolin-1 P132L mutation (Table 2).

Discussion

Caveolin-1 functions as a tumor suppressor in vitro and is
down-regulated in sarcomas and some adenocarcino-
mas.* However, many primary cancers have shown high
caveolin-1 expression,®? which is associated with a neg-
ative prognostic factor for the overall and/or disease-free
survival in patients with cancers of the esophagus, oral
cavity, pancreas, kidney, prostate, and lung. Even in
breast cancers, increased expression of caveolin-1 has
been reported in some articles.?®>2° Recently, Savage et
al reported that 9.4% of 245 invasive breast cancers
expressed caveolin-1, which was associated, in part, with
gene amplification.?” Notably, most of the breast cancers
with high caveolin-1 expression were categorized into the
“pasal-like” subtype.?*2527:28 Begcause the caveolin-1
P132L mutation is restricted to ER-positive breast can-
cers,'? the difference in the roles that caveolin-1 plays in
the molecular pathogenesis of cancer might be ex-
plained by the different cancer subtypes. Recent ad-
vances in genome-wide analysis have revealed that ER-
positive breast cancers are biologically different from
“basal-like” breast cancers, in terms of molecular patho-
genesis.?22 Thus, different roles of caveolin-1 in the
pathogenesis of ER-positive and “basal-like” breast can-
cers might explain the discrepancy.

Here, we addressed the presence of the caveolin-1
P132L mutation in various cancers, which has not yet
been reported in detail. Although some genetic alter-
ations, such as the EGFR mutation, theTMPRSS2/ERG
fusion, and the EML4/ALK fusion, are cancer-type spe-
cific, most of the cancer-associated gene mutations were

detected in various cancers with different frequencies.
Altered expression of caveolin-1 was reported in various
cancers, as mentioned above. Therefore, it was expected
that some cancers would also harbor this mutation. How-
ever, the P132L mutation was not detected in 77 colorec-
tal cancers, 48 gastric cancers, 100 lung cancers, 32
ovarian cancers, or 13 pancreatic cancers.

In summary, we examined a total of 139 breast can-
cers. The caveolin-1 P132L mutation was not detected,
even when using the sensitive Cycleave PCR method.
Furthermore, this mutation was not detected in 270 sam-
ples from various cancer types. These results raise
doubts about the presence of the caveolin-1 P132L mu-
tation in breast cancers. Further studies on this discrep-
ancy are warranted.
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