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Abstract. Caveolin-1 is a principal component of caveolae, invaginations of the plasma
membrane that are enriched in cholesterol and sphingolipids. The expression of caveolin-1 has
been shown to be tightly correlated to the progression of breast cancer tumors. However, the
consequences of altered caveolin-1 expression during tumor progression still remain unclear.
Modification of caveolin-1 expression modulates store-operated Ca2+ entry (SOCE) in various
cell types. SOCE is a ubiquitous Ca2+ entry pathway that previous studies have linked to apoptosis
and tumor progression in prostate cancer cells. In this study, we tested the effect of altering
caveolin-1 expression on SOCE in Hs578/ T breast cancer cells. Through overexpression of
caveolin-1 and small hairpin RNA (shRNA) knockdown, we generated four stable cell lines
that have 3 different caveolin-1 protein levels. Cav-1 overexpression could increase SOCE
activity, while knockdown of caveolin-1 significantly reduced SOCE activity. These functional
consequences were correlated with changes in caveolae number in Hs578/ T cells. Our results
suggest alteration of SOCE by caveolin-1 expression changes could be one of the mechanisms
contributing to the progression of breast cancer.
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to render cells more resistant to cell death and progress
towards an invasive phenotype. While this association
between caveolin-1 expression and tumor progression
has been established, the molecular mechanism by
which caveolin expression could contribute to tumorgenesis is less defined.
From other studies, we also know caveolae are sites of
Ca2+ entry into the cell. Following depletion of the Ca2+
stored within the endoplasmic reticulum (ER), caveolae
are the preferred sites of Ca2+ entry (8 – 10). This storeoperated Ca2+ entry (SOCE) mechanism can refill Ca2+
stores to maintain intracellular Ca2+ signaling and
homeostasis. Aside from this essential physiological
function, SOCE has been implicated in apoptosis and
tumor progression. Previous studies in prostate cancer
cells demonstrated that ER stress–induced apoptosis is
due to reduced SOCE (11 – 13). SOCE is also required
for cancer proliferation (14), invasion, and metastasis
(15).
Other studies indicate a molecular basis for caveolin-1
function in SOCE activation. Several members of the

Introduction
Caveolae are vesicular membrane structures that are
found in plasma membranes of many cell types (1, 2).
Caveolin-1, a major protein component of caveolae, has
been linked to numerous physiological and pathophysiological processes since its discovery over a decade ago.
In addition to the well-known functions of caveolin-1 in
signal transduction (3), cholesterol homeostasis (4), and
vesicular transport (5), it also has both tumor suppressor
and oncogenic functions. Recent work from other
investigators showed that caveolin expression is altered
in a stage-dependent manner during cancer development
[see reviews (6, 7) for detailed information]. In the
early stages of carcinogenesis, decreased caveolin-1
expression leads to rapid, unregulated cell growth. In
the later cancer stages, caveolin-1 expression increases
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transient receptor potential (TRP) family of putative
store-operated Ca2+ channels (SOC) are enriched in
caveolae (16 – 18). Caveolin-1 was reported to bind the
N terminus of TRPC1, one of the TRP family proteins,
to assist in activation of SOCE (16, 19). Recently it
was found that a Ca2+-binding sensor protein, stromal
interaction molecule 1 (STIM1), plays a key role in
SOCE activation (20, 21). Like caveolin-1, it can also
bind and activate TRPC1 (22). Additionally, caveolin-1
and STIM1 expression are co-regulated in osteosarcoma
cells (23).
Considering the available evidence, we hypothesize
that differential expression of caveolin-1 can regulate
the SOCE in breast cancer cells. In the present study, we
tested this hypothesis by measuring the different rates of
SOCE in stable cell lines that express different levels of
caveolin-1. The cells that express additional caveolin-1
display elevated SOCE activity, while SOCE activity is
depressed in cells with reduced caveolin-1 expression.
Through pharmacological manipulation, as well as
electron and confocal microscopy, we confirmed that
caveolin-1 could specifically influence SOCE activity
by mediating caveolae formation. Our results suggest
that caveolae/ caveolin-1 may play a role in tumor
progression by regulating SOCE activity and also
indicate that the stable Hs578/ T cell line with altered
caveolin-1 expression may be an effective model for
considering the role of SOCE modification in breast
cancer carcinogenesis.
Materials and Methods
Materials
The monoclonal antibody (mAb) (Z034) against
caveolin-1 was purchased from Zymed Laboratories,
Inc. (South San Francisco, CA, USA). Mouse monoclonal anti-β-actin (AC-74) was purchased from Sigma
(St. Louis, MO, USA). Texas Red-labeled goat antimouse IgG was purchased from Invitrogen-Molecular
Probes, Inc. (Eugene, OR, USA). Cell culture supplies
(RPMI 1640 medium, geneticin, fetal bovine serum, Lglutamine, trypsin-EDTA, Lipofectamine 2000, and
penicillin/ streptomycin) were all from Invitrogen-Life
Technologies, Inc. (Carlsbad, CA, USA). BCIP/ NBT
reagents were purchased from Promega (Madison, WI,
USA). The pCI-neo and pCI-neo-cav-1 plasmids were
generous gifts from Dr. Eric J. Smart (Kentucky Medical
School, Kentucky, USA). Four plasmids (pBCMGneoSequence-1, pBCMGneo-Sequence-2, pBCMGneoShuffle-1, or pBCMGneo-Shuffle-2) were generous
gifts from Dr. K. Liao (Institute of Biochemistry and
Cell Biology, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai, 200031,

China). Fura-2-AM, methyl-β-cyclodextrin (MβCD),
thapsigargin (TG), 2-aminoethoxydiphenyl borate (2APB), and SKF-96365 were purchased from Sigma
and prepared in dimethyl sulfoxide (DMSO) as stock
solutions. For experiments using these compounds,
equivalent volumes of DMSO were added to control
cells prior to experimentation. All other reagents were
obtained from regular commercial sources at the highest
available purity.
Cell lines, plasmids, and transfections
The parental human breast cancer cell line Hs578/ T
was a generous gift from Dr. Kjell Grankvist (Umea
University, Sweden) (24) . The cells were cultured at
37°C, 5% CO2 in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 2 mM glutamine,
100 units/ ml penicillin, and 100 µg/ ml streptomycin.
The entire cDNA sequence of caveolin-1 (Genbank
#BC009685) was cloned into the EcoRI site of pCI-neo
to generate pCI-neo-cav-1. PCI-neo-cav-1 and PCI-neo
(empty vector) were transfected into Hs578T cell lines
to overexpress caveolin-1 as described (25). Four
plasmids were used for generation of stable cell lines
expressing small hairpin RNA (shRNA) to target
caveolin-1 for RNA interference knockdown. These
four plasmids (pBCMGneo-Sequence-1, pBCMGneoSequence-2, pBCMGneo-Shuffle-1, or pBCMGneoShuffle-2) were transfected into Hs578/ T cell lines to
knock down caveolin-1 expression as described (26).
After screening for the degree of caveolin-1 protein
knockdown, a stable line generated from pBCMGneoSequence-2 was used in functional studies.
Western blotting
Proteins were separated by SDS-PAGE with a
standard reducing condition protocol as described (27).
Samples were resuspended in a sample buffer and
loaded on 12% acrylamide-bisacrylamide gels. After
electrophoresis, proteins were transferred to a nitrocellulose membrane. Blots were blocked by 5% nonfat
dry milk, 0.05% Tween 20 in Tris-buffered saline
(10 mM Tris, pH 8.0, 135 mM NaCl). Immunoblotting
was performed with the designated antibodies and
detection was performed with the BCIP/ NBT reagents
according to the manufacturer’s instructions.
Measurement of SOCE by Mn2+ quenching of fura-2
fluorescence
Cells were loaded with fura-2-AM (2 µM) for 30 min
in a balanced salt solution (BSS: 140 mM NaCl, 2.8 mM
KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM HEPES,
pH 7.2) at room temperature. After loading, cells were
washed 3 times with loading buffer without fura-2-AM
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and then incubated for an additional 30 min at room
temperature to complete ester hydrolysis. Fura-2 was
excited at 340 and 380 nm for determinations of [Ca2+]i
and at the isosbestic wavelength of 360 nm for determining Mn2+ quenching. The recording was conducted on
an inverted microscope (Axiovert S100 TV; Zeiss,
Germany) equipped with a polychromatic Xenon light
source (TILL Photonics, Gräfeling, Germany) at room
temperature. Emitted light was collected with a photodiode controlled by the TILL photometry system (TILL
Photonics) and X-Chart extension of the Pulse software.
Intracellular concentration of Ca2+ was determined as
described by Grynkiewicz et al. (28). The release of
intracellular Ca2+ in individual cells was measured
following exposure to thapsigargin in a Ca2+-free BSS
solution (plus 0.5 mM EGTA) by rapid solution
exchange perfusion. Data were analyzed using Igor
software (version 4.0.3.0) and background fluorescence
was subtracted to establish the final values.
Quenching of Fura-2 fluorescence at an excitation
wavelength of 360 nm (F360) was used to assay SOCE
activity in individual cells as described (29). Mn2+ can
enter the cell via SOCE but cannot be exported by the
plasma membrane Ca2+ ATPase (30) or by Na+/ Ca2+
exchange (31). Once inside the cell, Mn2+ can bind
fura-2 and reduce the fluorescence of the dye. In trials to
measure maximal SOCE activation, the ER Ca2+ store of
fura-2-loaded cells was depleted by TG, 0.5 mM Mn2+
was then added, and the decline of F360 (Mn2+ quench)
was observed. For trials to examine the graded activation
of SOCE, Mn2+ was added first and then TG was
added to induce SOCE. Linear fits using least-squares
regression analysis were performed 30 s before and 30 s
after an observed decrease in the 360 nm quench rate. At
the conclusion of the trial, Triton X-100 was added to
lyse the cells and the resulting rapid decline in the
fluorescence was used as the minimal value (with the
pre-quenching fluorescence as the maximal value) to
normalize the results to 1.
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with 25 mM NH4Cl in PBS for 10 min to quench free
aldehyde groups. The cells were permeabilized by
incubation for 15 min in freshly-prepared 0.1% Triton
X-100/ PBS. The cells were preincubated for 1 h in
PBS containing 5% normal goat serum and then
incubated for 2 h in diluted caveolin-1 (1:100) antibody
in PBS containing 2.5% goat serum. Washing of the
coverslip three times was followed by incubation for 1 h
in 1:200-diluted Texas Red–labeled goat anti-mouse
IgG. After extensive PBS washes, immunostained cells
were examined with a Bio-Rad Radiant-2100 confocal
microscope (Bio-Rad, Hercules, CA, USA). More than
100 cells were inspected per experiment, and the results
displayed are typical.
Statistical analyses
Group data are presented as the mean ± S.E.M.
Analysis of statistical significance was conducted using
one-way ANOVA followed by Bonferroni’s test.
Results
Establishing stable Hs578/T cell lines with altered
caveolin-1 expression
Hs578/ T cells were transfected with PCI + neocaveolin-1 or PCI + neo-vector plasmids to generate
stable clones that overexpressed caveolin-1 [Cav(+)]
or contained the vector plasmid as a control (vector).
We also transfected two pairs of shRNA plasmids
pBCMGneo-Sequence-2,
(pBCMGneo-Sequence-1,
pBCMGneo-Shuffle-1, or pBCMGneo-Shuffle-2) into
Hs578/ T cells to generate stable cell lines. We found
the Sequence-2 probe was more effective at reducing
caveolin-1 expression than Sequence-1, so our experiments used a stable cell line from the Sequence-2–transfected cells [Cav(−)] and a corresponding shuffle-2
control cell line (Shuffle).

Transmission electron microscopy
Samples were fixed with glutaraldehyde, post-fixed
with osmium tetroxide, and stained with uranyl acetate
and lead citrate, as described (32). Samples were
examined with a Philips Technai 20 TEM (Philips,
Eindhoven, The Netherlands).
Immunostaining
Cells were cultured on a cover glass and then stained
using previously described protocols (33). Briefly,
cells were fixed in phosphate-buffered saline (PBS)
containing 4% paraformaldehyde at room temperature
for 20 min. Fixed cells were rinsed with PBS and treated

Fig. 1. Differential expression of caveolin-1 in four stable H578/T
stable cell lines. Upper panel shows caveolin-1 expression, and the
lower panel shows the β-actin content as a control for loading.
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Caveolin-1 was overexpressed approximately 6-fold
in Cav(+) cells compared to Vector cells (Fig. 1: upper
panel, lanes 3 and 4). Expression of caveolin-1 was
almost completely blocked in Cav(−) cells (Fig. 1: upper
panel, lanes 1 and 2). As expected, caveolin-1 protein
levels in Vector and Shuffle cells are the same. Our
studies presented here were conducted with these four
stable cell lines expressing 3 different caveolin-1 protein
levels.
Caveolin-1 regulates SOCE activity
To determine if modulating caveolin-1 expression
alters SOCE in breast cancer cells we performed Mn2+quenching experiments in these four cell lines. In this
assay, Mn2+ is provided outside of the cell to act as a
surrogate for Ca2+ during SOCE. As Mn2+ quenches fura2 fluorescence, this provides a method of determining
SOCE activity. While this is a widely used method for
measuring SOCE, our results using the Mn2+ quenching
assay were confirmed by measurement of Ca2+ entry
(data not shown).
Intracellular Ca2+ stores were depleted by TG in the
absence of external Ca2+, and then Mn2+ was added to the
medium and the quenching rates monitored. Representative traces of fura-2 fluorescence illustrate that SOCE
activity in caveolin-1 overexpressing cells is higher than
vector control cells and scrambled shRNA cells, and
SOCE is repressed in caveolin-1 shRNA cells (Fig. 2A).
To quantitate the rate of SOCE, we computed the initial
slopes of the decay of fluorescence following Mn2+
addition (Fig. 2C). By determining these measurements,
we established that the rate of SOCE in Cav(+) cells is
about 2.5- and 5-fold higher than that in Vector or
Cav(−) cells, respectively (Fig. 2C).
To confirm that caveolin-1 overexpression directly
induces SOCE, we subjected Cav(+) and Vector cells
to preincubation with 5 mM MβCD, which disrupts
caveolae by depleting cholesterol, for 30 min before
SOCE measurements. Following MβCD treatment, the
elevated SOCE in Cav(+) returned to the level of
untreated Vector control cells (Fig. 2: B and C). This
suggests that caveolin-1 expression alters SOCE by
affecting caveolae structures on the plasma membrane,
although there are other potential effects of MβCD
treatment.
Ca2+ entry in Hs578/T cells is blocked by SOCE
inhibitors
While the use of TG to trigger ER store depletion
should specifically induce SOCE, we used the available
pharmacological inhibitors of SOCE to confirm the
nature of the Ca2+ entry we observed in Hs578/ T cells.
To this end, we investigated the ability of the lanthanide

Fig. 2. SOCE is modified by altering caveolin-1 expression in
Hs578/T cell lines. A: Representative traces of fura-2 fluorescence at
F360 illustrate the quenching of fura-2 fluorescence by Mn2+ entry
after TG-induced ER Ca2+ depletion in Cav(−), Shuffle, Vector, and
Cav(+) cells. After about 100 s, a SOCE inhibitor (2-APB, SKF96365, or Gd3+) was added to block the channel. This figure shows
the inhibition by 2-APB. The other two inhibitors have similar effects
(data not shown). Triton X-100 (0.1%) was added to permeabilize
the cell membrane at the end of the experiment. B: Cells were
preincubated with MβCD (5 mM, 30 min, 37°C), and then the
quenching rate was measured. C: Changes in the rate of Fura-2
quenching by Mn2+ expressed as relative changes in fluorescence
per unit time and averaged from multiple experiments. The
quenching rate of Vector cells was set to 1. Data from multiple
experiments are presented as means ± S.E.M. Data were obtained
from six individual experiments. *P<0.05, **P<0.01.
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Fig. 3. SOCE can be specifically activated in Hs578/T cells. Cells
were preincubated with an SOCE inhibitor, 2-APB, and then SOCE
was measured by Mn2+ quenching. 2-APB could almost totally block
ion entry in cav(+), cav(−), and Vector cells. Other SOCE inhibitors,
SKF96365 and Gd3+, were also applied and produced similar results.

ion gadolinium (Gd3+) (34), which is a non-specific
Ca2+-channel blocker, as well as SKF-96365 (35) and
2-APB (36), blockers of SOCE, to inhibit Ca2+ entry.
Then we used TG to deplete intracellular Ca2+ stores in
the absence of external Ca2+ and in presence of either
250 µM Gd3+, 25 µM SKF-96365, or 20 µM 2-APB.
Multiple inhibitors were used in these experiments to
limit the potential off-target effects of these inhibitors on
our experimental results. While the initial intracellular
Ca2+ increase in response to TG was unaffected by these
compounds (data not shown), the quenching of fura-2
fluorescence following Mn2+ addition in Cav(−), Vector,
and Cav(+) cells was completely blocked by all three
inhibitors (Figs. 2B, 2C, and 3). This data confirms that
the effects on Ca2+ entry induced by altering caveolin-1
expression are the result of modification of SOCE
activity.
Altered caveloin-1 expression affects the graded activation of SOCE in Hs578/T cells
Our results indicate that the maximal rate of SOCE
activation is altered in the Hs578/ T breast cancer cells
with various levels of caveolin-1 expression (Fig. 2). A
unique characteristic of SOCE is its graded activation in
response to ER Ca2+ store depletion. To examine the
effect of altered caveolin-1 expression on the graded
activation of SOCE, we modified our procedure to
initially provide Mn2+ in Ca2+-free BSS solution and
monitored the fluorescence intensity to establish the
basal Mn2+ entry (curve a in Fig. 4A). We then used TG
to deplete the Ca2+ stores and activate SOCE. Monitoring the resulting decrease in fura-2 fluorescence allows
determination of the slope of the decay curve (curve b in
Fig. 4A). The dynamic Mn2+ quenching rate is calculated
as the ratio of a and b (b/ a). We found that the graded
activation rate of SOCE was altered with different levels

Fig. 4. Caveolin-1 expression can modify the activation of SOCE.
A: Addition of TG after Mn2+ induces a sigmoidal quenching curve
due to the graded activation of SOCE following initial store
depletion. The quenching rate is the ratio (b/a) of the linear fit for
the basal entry rate (a) and a linear fit of the initial phase of the
quenching curve (b). B: Quenching of fura-2 fluorescence by
preincubated Mn2+ in the four cell lines followed by TG-induced
ER Ca2+ depletion. C: The calculated quenching rate for each of the
four cell lines. Data from multiple experiments are presented as
means ± S.E.M. Data were obtained from six individual experiments.
**P<0.01.

of caveolin-1 expression (Fig. 4B). Cav(+) cells display
accelerated SOCE activation, and SOCE activation is
slowed in Cav(−) cells (Fig. 4C), mirroring the effect of
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Fig. 5. Visualization of caveolae in Hs578/T cells by electron
microscopy. Each panel shows representative EM micrographs of
caveolae on the plasma membrane of various cell lines. Caveolae
are indicated by arrowheads. A: Vector, B: Cav(+), C: Shuffle, D:
Cav(−), E: Vector + MβCD, F: Cav(+) + MβCD. Bar = 100 nm.

Fig. 6. Relocation of caveolin-1 from caveolae after MβCD treatment. Immunofluorescence was used to determine the subcellular
location of caveolin-1. A: Vector cells, B: Cav(+) cells, C: Vector
cells after MβCD treatment, D: Cav(+) cells after MβCD treatment,
E: Cav(−), F: transmission microphotograph (bright field) of E to
indicate the location of cells.

caveolin-1 expression on the maximal rate of SOCE
activation.
Caveolin-1–mediated caveolae formation is associated
with SOCE
Caveolin-1 is an essential component for the formation of caveolae at the plasma membrane. As caveolae
are important sites of Ca2+ entry, we tested if modulation
of caveolin-1 expression would alter the formation of
caveolae while also affecting SOCE. We observed
each cell line by electronic microscopy (EM) and found
the number of caveolae present is dependent on the
caveolin-1 expression level (Fig. 5). As a control for the
effectiveness of MβCD treatment in our SOCE studies,
we applied the same conditions to cells before fixation
for EM. These conditions effectively reduce the formation of caveolae, both in Vector cells and in Cav(+) cells
(Fig. 5: E and F), indicating that altered caveolae
number is a key to SOCE regulation in Hs578/ T breast
cancer cells.

used confocal microscopy to determine the location of
caveolin-1 before and after MβCD treatment (Fig. 6).
We found a higher level of caveolin-1 protein at the
plasma membrane in the Cav(+) cells (Fig. 6B) than in
Vector cells (Fig. 6A). No detectable caveolin-1 protein
can be observed in Cav(−) cells (Fig. 6E). After MβCD
treatment, caveolin-1 relocates from the plasma membrane to the cytoplasm (Fig. 6: C and D), confirming
that these conditions are effective at disrupting caveolin1 localization to caveolae structures.
Discussion
There is a growing body of evidence that caveolae
are important Ca2+ entry sites on the cell membrane.
SOCE can be mediated through these sites, and the role
of SOCE in tumorgenesis is now coming under more
intensive study. To gain insight into whether caveolae
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/ caveolin-1 plays a role in the SOCE in breast cancer
cells, we selected Hs578/ T breast cancer cells that were
stably transfected with caveolin-1 cDNA or shRNA. In
our studies presented here, we found the expression level
of caveolin-1 closely correlates with the activity of
SOCE. Overexpression of caveolin-1 increased the
activation and maximal rate of SOCE, while decreased
caveolin-1 expression inhibited SOCE activation and
activity. We confirmed the specificity of SOCE in these
cells using 2-APB and SKF96365. While these
inhibitors show non-specific effects other than inhibiting
SOCE, we used a concentration that should effectively
avoid off-target effects. In any case, the use of two
inhibitors should help minimize concerns about offtarget effects.
Our studies link modulation of SOCE by caveolin-1
with the formation of caveolae on the plasma membrane.
By using MβCD to disrupt the caveolae structure, we
found that SOCE activity in Cav(+) and Vector cells
decreased to the level in Cav(−) cells. Using EM, only a
minimal number of caveolae can be resolved on the
membrane of Cav(−) cells and MβCD-treated cells.
MβCD treatment may produce additional off-target
effects, but nonetheless, the combination of the EM
results and the effects of modulating caveolin-1 expression on SOCE activity provide strong evidence that
caveolae formation mediated by caveolin-1 is an important component of SOCE activation in breast cancer cells.
Recently, additional studies have linked changes in
caveolin-1 expression to tumor progression (6, 7). Our
findings indicate that one mechanism by which
caveolin-1 expression could affect cancer progression
is by modulating SOCE activity, as SOCE is known to
regulate tumor proliferation and progression in cancer
cells (1 – 5). We hypothesize that cancer cells may
regulate SOCE activity by altering caveolin-1 expression during different stages of tumor progression. In
early stages, decreased caveolin-1 expression could
lower SOCE activity to prevent apoptosis and allow for
proliferation. After tumor formation, caveolin-1 expression could increase to stimulate intracellular Ca2+
signaling to facilitate metastasis.
The molecular mechanism that mediates caveolin-1
modulation of SOCE should be a target for future
investigations. Several Ca2+-handling molecules appear
to be co-localized with or associated with caveolin-1
using immunohistochemistry. These include a form of
IP3R (37), the plasma membrane Ca2+ pump (PMCA)
(38), sodium Ca2+ exchanger (NCX1) (39), an isoform of
nNOS (40), and members of the transient receptor
potential (TRP) family (16 – 18). It is possible that
caveolin-1 interacts with TRPC1, which can then
interact with STIM1 on the ER membrane. Another
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possibility for caveolin-1 function in SOCE regulation
would be to act as a molecular scaffold domain that
provides a structural context to allow efficient function
of the Ca2+-handling proteins located in caveolae (41).
In summary, we found the level of caveolin-1 expression closely correlates with the activity of SOCE in a
breast cancer cell line. By EM and confocal microscopy,
we found caveolin-1–mediated formation of caveolae
can regulate the activity of SOCE. Our observations
indicate caveolin-1 expression can modulate SOCE in
breast cancer cells, suggesting that this regulation may
play a role in tumorgenesis.
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