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Background: Phosphorylation of caveolin-1 (CAV1) on Tyr-14 facilitates apoptosis by inactivating BCL2 in response to
paclitaxel.
Results: Wild-type CAV1 (wtCAV1), but not the phosphorylation-deficient mutant (Y14F), inactivates BCL2 and BCLxL
through activation of JNK.
Conclusion: Inhibition of CAV1 phosphorylation confers paclitaxel resistance because it cannot inhibit BCL2 and BCLxL.
Significance: Knowledge of CAV1 variant-specific function is necessary to determine its precise role(s) in cancer progression.

Paclitaxel, an anti-microtubule agent, is an effective chemo-
therapeutic drug in breast cancer. Nonetheless, resistance to
paclitaxel remains amajor clinical challenge. The need to better
understand the resistant phenotype and to find biomarkers that
could predict tumor response to paclitaxel is evident. In estro-
gen receptor �-positive (ER�) breast cancer cells, phosphoryla-
tion of caveolin-1 (CAV1) on Tyr-14 facilitates mitochondrial
apoptosis by increasing BCL2 phosphorylation in response to
low dose paclitaxel (10 nM). However, two variants of CAV1
exist: the full-length form, CAV1� (wild-type CAV1 or
wtCAV1), and a truncated form, CAV1�. Only wtCAV1 has the
Tyr-14 region at the N terminus. The precise cellular functions
of CAV1 variants are unknown. We now show that CAV1 vari-
ants play distinct roles in paclitaxel-mediated cell death/sur-
vival. CAV1� expression is increased inpaclitaxel-resistant cells
when compared with sensitive cells. Expression of CAV1� in
sensitive cells significantly reduces their responsiveness to
paclitaxel. These activities reflect an essential role for Tyr-14
phosphorylation because wtCAV1 expression, but not a phos-
phorylation-deficient mutant (Y14F), inactivates BCL2 and
BCLxL through activation of c-Jun N-terminal kinase (JNK).
MCF-7 cells that express Y14F are resistant to paclitaxel and are
resensitized by co-treatment with ABT-737, a BH3-mimetic
small molecule inhibitor. Using structural homology modeling,
we propose that phosphorylation on Tyr-14 enables a favorable
conformation for proteins to bind to the CAV1 scaffolding
domain. Thus, we highlight novel roles for CAV1 variants in cell
death; wtCAV1 promotes cell death, whereas CAV1� promotes
cell survival by preventing inactivation of BCL2 and BCLxL via
JNK in paclitaxel-mediated apoptosis.

Paclitaxel (Taxol) is a microtubule-polymerizing agent
widely used in combination with anthracyclines or alkylating
agents, which improves both overall survival and disease-free
survival inmetastatic breast cancer (1, 2). Paclitaxel is also used
in the management of early-stage breast cancer. Although the
response rate for paclitaxel is 25–69% when used as first-line
treatment, drug resistance is common (3). Both intrinsic and
acquired resistance to paclitaxel can result from multiple fac-
tors including changes in signaling associated with apoptosis or
programmed cell death (4). Apoptosis is initiated either by
death receptor activation, leading to induction of the extrinsic
pathway, or at the mitochondria by the intrinsic or mitochon-
drial pathway (5). Because the BCL2 family of proteins regu-
lates the integrity of the outer mitochondrial membrane, and
hence the mitochondrial pathway of apoptosis, targeting the
anti-apoptotic function of BCL2 in drug-resistant cancer cells is
a rational strategy to restore the normal apoptotic processes.
The caveolin (CAV)2 family of proteins is composed of three

isoforms: CAV1, -2, and -3 (6, 7). CAV1 is a 178-amino acid
protein that exists as two variants. The wild type (hereafter
referred to as wtCAV) is the full-length protein, and CAV1�
contains residues 1–178. CAV1� contains only residues
32–178 (see Fig. 1A) and is formed by translation initiation
from the secondAUGcodon (7, 8). Although bothwtCAV1 and
CAV1� are co-expressed in most human cells, only wtCAV1
can be phosphorylated on Tyr-14 by Src, Abl, or Fyn (9, 10).
CAV1 is an integral membrane protein that can be localized in
multiple cellular domains (11–13). CAV1 expression during
breast tumorigenesis is compartment- and stage-specific (6,
14). Although the role of CAV1 as a tumor suppressor is con-
troversial (15, 16), its role as an essentialmodulator of tumori-
genesis is well accepted (6, 7, 13, 16). In breast cancer cell mod-
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els, CAV1 is down-regulated in cells with a noninvasive
phenotype, but it is overexpressed in cells with an invasive phe-
notype (6, 7, 15, 16). To date, work on CAV1 in breast cancer
had focused on total CAV1 expression, but the specific roles of
wtCAV1 versus CAV1� had remained unknown. In zebrafish,
CAV1 variants play distinct roles in development, particularly
in actin cytoskeleton organization (17). Here we establish a
novel role for CAV1� in conferring resistance to paclitaxel in
ER� breast cancer cells by preventing inactivation of BCL2 and
BCLxL.
Tyrosine phosphorylation of CAV1 on Tyr-14 is an essential

determinant of paclitaxel responsiveness in breast cancer cells
(18), and expression of a phosphorylation-deficient mutant,
Y14F, prevents the paclitaxel-mediated increase in mitochon-
drial apoptosis. We now show that paclitaxel-resistant MCF-7
(ER�) breast cancer cells show increased expression of the
CAV1� isoform that lacks Tyr-14 when compared with
wtCAV1/CAV1�. Moreover, expression of CAV1� in sensitive
MCF-7 cells decreased their sensitivity to paclitaxel when com-
paredwith expression of wtCAV1. To understand how tyrosine
phosphorylation on Tyr-14 regulates paclitaxel resistance via
BCL2 and BCLxL, we used cell lines stably expressing wtCAV1,
Y14F mutant, or the empty vector (EV). Although both
wtCAV1 and Y14F CAV1 localize in mitochondrial fractions,
wtCAV1, but not Y14F, readily forms a complex with anti-apo-
ptotic BCL2 andBCLxL.Moreover, expression ofwtCAV1, and
not Y14F, increases phosphorylation of BCL2 and BCLxL, at
Ser-70 and Ser-62, respectively, via JNK, amember of themito-
gen-activated protein kinase (MAPK) family. Paclitaxel syner-
gizes with ABT-737, a small molecule inhibitor of BCL2, and
restores paclitaxel sensitivity in MCF-7 cells expressing the
Y14F mutant. Thus, paclitaxel resistance in these cells occurs
primarily through BCL2 and BCLxL activation. Using homol-
ogy modeling, we show that Tyr-14 phosphorylation of CAV1
results in a structure that enables the CAV1 scaffolding domain
(CSD) (9) to be more accessible to bind other proteins. There-
fore, in ER� breast cancer cells, CAV1 facilitates JNK-mediated
phosphorylation/inactivation of BCL2 and BCLxL and enables
paclitaxel-induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—MCF-7 human breast cancer
cells (obtained from the Lombardi Comprehensive Cancer
Center (LCCC) Tissue Culture Shared Resource) were cultured
in improved minimal essential medium (Invitrogen) supple-
mented with 5% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. Stable MCF-7 cell lines expressing the empty
vector (MCF7/EV), wtCAV1 (MCF7/wtCAV1), or the Y14F
CAV1 mutant (MCF7/Y14F) were established and maintained
as described previously (18). wtCAV1/CAV1� and CAV1�
constructs were a generous gift from Dr. Michael R. Freeman
(19), and MCF-7 stable cells expressing wtCAV1/CAV1�,
CAV1� or the empty vector (pcDNA3) weremade as described
previously (18). MCF-7 TaxR30 and MCF-7 TaxR50 and their
respective control MCF-7 cells were obtained from Dr.
Anthony Letai (Dana-Farber Cancer Institute, Boston, MA);
MCF-7 TaxR30 and MCF-7 TaxR50 were maintained in the
presence of 30 and 50 nM paclitaxel, respectively, and 5 �g/ml

verapamil as described previously (20). Cells were maintained
in a humidified atmosphere at 37 °C and 95% air, 5%CO2. Pacli-
taxel was obtained from Sigma and was dissolved in ethanol.
The inhibitors of JNK (SP600125) and ERK (2�-amino-3�-me-
thoxyflavone (PD98059))were purchased fromEMD(Gibbstown,
NJ). ABT-737 was purchased from Selleck Chemicals, Houston,
TX). All other reagents were from Sigma unless otherwise
indicated.
Western Blot Analyses and Immunoprecipitation—To deter-

mine the effects of paclitaxel on CAV1 protein expression, cells
were treated with vehicle or 10 nM paclitaxel for 48 h. Controls
were treated with vehicle alone (0.02% v/v ethanol). For West-
ern blot analysis, cells were lysed for 30 min at 4 °C in lysis
buffer (50mMTris-HCl, pH 7.5, containing 150mMNaCl, 1mM

EDTA, 0.5% sodium deoxycholate, 1% IGEPAL CA-630, 0.1%
SDS, 1 mM Na3VO4, 44 �g/ml phenylmethylsulfonyl fluoride)
supplemented with Complete Mini protease inhibitor mixture
tablets (Roche Applied Science). Total protein was quantified
using the bicinchoninic acid assay (Pierce). Whole cell lysate
(5–50 �g) was resolved by SDS-PAGE. The following primary
antibodies were used for immunoblotting: polyclonal antibody
against CAV1 (BD Biosciences); phospho-BCL2(Ser-70), COX4,
phospho-JNK(Thr-183/Tyr-185), JNK, phospho-c-Jun(Ser-63),
BCLxL, and cleaved-PARP (�89 kDa, Cell Signaling, Danvers,
MA); BCL2 (StressGen Corp., Ann Arbor, MA); and phospho-
BCLxL(Ser-62) (Abcam, Cambridge, MA). Equal protein load-
ing of gels was confirmed by immunostainingwith an anti-actin
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). For
immunoprecipitations with BCL2, BCLxL, or CAV1, lysates
were incubated with 1–10 �g/ml primary antibodies for 4 h at
4 °C followed by incubation overnight with protein A/G-aga-
rose beads (eBiosciences, San Diego, CA). For immunoprecipi-
tation with phospho-JNK(Thr-183/Tyr-185), lysates were
incubated with antibody-Sepharose bead conjugate (Cell Sig-
naling) at 1 mg/ml overnight. Beads were centrifuged gently
and washed with 1� lysis buffer. Bound proteins were resolved
by SDS-PAGE as described above.
Subcellular Fractionation—70–80% confluent cells were

treated with either vehicle or 10 nM paclitaxel for 48 h. Mito-
chondria were isolated using with the Qproteome mitochon-
dria isolation kit (Qiagen, Valencia, CA) by following the man-
ufacturer’s protocol to isolate cytosolic and mitochondrial
fractions. Equal amounts of protein from samples were sub-
jected to Western blotting.
Cell Viability and Apoptosis Assays—To measure cell viabil-

ity, cells were plated in 96-well plastic tissue culture plates at a
density of 5 � 103 cells/well. 24 h after plating, cells were
treated with paclitaxel or inhibitors of JNK (SP600125), ERK
(PD98059), or BCL2 proteins (ABT-737). After treatment (48
h), cell culture media were removed, and plates were stained
with 100ml/well of a solution containing 0.5% crystal violet and
25% methanol, rinsed with deionized water, dried overnight,
and resuspended in 100 ml of citrate buffer (0.1 M sodium cit-
rate in 50% ethanol) to assess plating efficiency. Intensity of
crystal violet staining, assessed at 570 nm and quantified using
a VMax kinetic microplate reader and SoftMax software
(Molecular Devices Corp., Menlo Park, CA), is directly propor-
tional to cell number (21). Data were normalized to vehicle-
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treated cells and are presented as the mean � S.E. from repre-
sentative experiments. Tomeasure apoptosis, cellswere treated
with 10 nM paclitaxel for 24 h, and annexin V and propidium
iodide staining was done using an annexin V-fluorescein iso-
thiocyanate kit (Trevigen, Gaithersburg,MD) andmeasured by
fluorescence-activated cell sorting in the Lombardi Compre-
hensive Cancer Center Flow Cytometry Shared Resource
facility.
Immunostaining and Confocal Microscopy—Cells were

grown on coverslips for 24 h and then incubated with 50 �l/ml
of medium with CellLightTM mitochondria-RFP (Invitrogen)
for an additional 24 h. Cells were then fixed, permeabilized, and
incubated with primary antibody for CAV1. Fluorophore con-
jugates and 4�,6-diamidino-2-phenylindole dihydrochloride
(DAPI) were obtained from Molecular Probes, Inc. (Eugene,
OR). DAPI was added to visualize nuclei, and nonconfocal
DAPI images were acquired usingmercury lamp excitation and
a UV filter set. Confocal microscopy was performed using an
Olympus FV300 confocal microscope with 405-, 488-, and
543-nm excitation lasers. Fluorescence emissionwas separately
detected for each fluorophore in �1-�m-thick optical sections
(pinhole set to achieve 1 Airy unit) (22).
Transfection of Small Interfering (si) RNA—Cells were plated

in 6-well plates in complete medium and allowed to grow to
60–80% confluence. �100 nM JNK siRNA (Cell Signaling) or
the respective control siRNA was transfected using the Tran-
sIT-siQUEST transfection reagent according to the manufac-
turer’s protocol (Mirus, Madison, WI). At 24 h after transfec-
tion, 10 nM paclitaxel or vehicle was added to the siRNA
transfected cells. At 48 h after treatment, cells were subjected to
Western blot analysis as described above to validate protein
expression.
Structure Prediction and Molecular Dynamics Simulations—

Structural models of CAV1 (wtCAV1, phosphorylated CAV1, or
phosphorylated Tyr-14 (Y14p) or Y14F mutant) were built based
primarily on thehomology-modeled structureofCAV1. Structure
of the CAV1 sequence 1–78 was predicted using the x-ray crystal
structure of cytochrome c oxidase (Protein Data base Bank ID:
1M56) as a template (31%homology). Predicted structuralmodels
were energy-minimized using the consistent valence force field
(CFF91)withAMBER9.0 (23). The cutoff for nonbonded interac-
tion energieswas set to∞ (no cutoff); other parameterswere set to
default. Energy-minimized structures of pCAV1 and Y14F were
subjected to1-nsmoleculardynamics simulations conductedwith
adistance-dependentdielectricconstantusing theSANDERmod-
ule of the AMBER 9.0 software (23) and the PARM98 force-field
parameter. The SHAKE algorithm (24) was used to keep rigid all
bonds involvinghydrogenatoms.Weakcoupling temperatureand

pressurecouplingalgorithmswereused tomaintainconstant tem-
perature andpressure, respectively (25).Molecular dynamics sim-
ulations were performed using 0.003-ps time intervals with the
temperature set to 300 K. Electrostatic interactions were calcu-
lated using the Ewald particle mesh method (26) with a dielectric
constant at 1Rij and a nonbonded cutoff of 14 Å for the electro-
static interactions and for van der Waals interactions. Structural
analyses were done using the SYBYL 8.2molecularmodeling pro-
gram (Tripos International, St. Louis, MO).
Statistical Analyses—Statistical analyses were performed

using the SigmaStat software package (Jandel Scientific, SPSS,
Chicago, IL). Where appropriate, protein expression and cell
growth were compared using Student’s t test. Differences were
considered significant at p� 0.05.One-way analysis of variance
was used to determine overall significant differences following
treatment in apoptosis assays. The interaction between pacli-
taxel and ABT-737 was evaluated by determining the R index
(27). R index values were obtained by calculating the expected
cell survival (Sexp; the product of survival obtained with drug A
alone and the survival obtained with drug B alone) and dividing
Sexp by the observed cell survival in the presence of both drugs
(Sobs). Sexp/Sobs � 1.0 indicates a synergistic interaction (27).

RESULTS

CAV1� Expression Confers Resistance to Paclitaxel inMCF-7
Cells—Breast cancer cells with a weak invasive phenotype, such
asMCF-7, express lowbut detectable levels of CAV1.�50�g of
total protein was needed to detect endogenous CAV1 expres-
sion in nontransfected MCF-7 cells by Western blotting (Fig.
1B), whereas 20�g of total proteinwas sufficient to detect over-
expressed CAV1 (wtCAV1, CAV1�) (Fig. 2B). Thus, endoge-
nous levels of CAV1 in Fig. 1B are not comparable with those
for MCF7/EV cells in Fig. 1C. To determine whether the
expression levels of CAV1 variants vary in sensitive versus
resistant breast cancer cells, we compared the expression levels
of total CAV1 protein inMCF-7 cells that are either sensitive or
resistant to 25 or 50 nM paclitaxel (20). Although CAV1� levels
did not change across cell lines, CAV1� levels were increased in
the resistant cells when compared with those in sensitive cells
(Fig. 1B). To test whether responsiveness to paclitaxel in
MCF-7 cells differs based on expression of CAV1 variants, sta-
ble cell lines expressing wtCAV1, CAV1�, or EV were treated
with increasing concentrations of paclitaxel. Fig. 1C shows that
although MCF7/wtCAV1 cells express both wtCAV1 (or
CAV1�) and CAV1�, MCF7/CAV1� cells primarily express
CAV1�. MCF7/CAV� cells showed increased sensitivity to
paclitaxel when compared withMCF7/CAV1� orMCF7/EV at
48 (Fig. 1D) and 96 h (Fig. 1E). At 48 h, significantly more

FIGURE 1. Schematic representation of wtCAV1 or CAV1�, CAV1�, and Y14F mutant. A, the three different constructs of CAV1 used in this study are
represented here as bar diagrams: wtCAV1/CAV1� (1–178 amino acids), CAV1� (32–178 amino acids), and the Y14F mutant with Tyr-143 Phe to denote a
single point mutation. The shaded gray area is the CSD (80 –101 amino acids). The dashed line highlights the differences between wtCAV1 and the CAV1�
variant. B, resistant MCF-7 cells, TaxR25 and TaxR50, express higher levels of CAV1� when compared with their respective paclitaxel-sensitive MCF-7 control
cells (20). CAV1 antibody was used to detect the two variants that are easily differentiated by size. C, total cell lysates from stable MCF-7 cell lines expressing
CAV1�, CAV1�, or the EV (pcDNA3). Note: Basal CAV1 expression in MCF-7 cells is low, and therefore, �50 �g of protein is used in the blot shown in A, whereas
20 �g of protein is used in the blot shown in C. D and E, relative cell proliferation in MCF7/EV, MCF7/CAV1�, or MCF7/CAV1� was measured in response to
increasing concentrations of paclitaxel for 48 (D) and 96 h (E). Inhibition of cell proliferation by increasing doses of paclitaxel was significantly increased in
MCF7/CAV1� cells when compared with MCF7/EV or MCF7/CAV1� cells. *, p � 0.001 versus MCF7/EV or MCF7/CAV1� at 1, 10, 100, and 1000 nM paclitaxel for
48 h and at 1 and 10 nM paclitaxel for 96 h by Student’s t test. F, apoptosis in MCF7/wtCAV1 cells was significantly increased when compared with MC7/EV or
MCF7/CAV1� cells within 24 h following 10 nM paclitaxel treatment. ANOVA, analysis of variance.
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MCF7/wtCAV1 cells undergo apoptosis following treatment
with 10 nM paclitaxel when compared with MCF7/EV or
MCF7/CAV1� cells (Fig. 1F). Thus, signaling that is regulated
by the 31 amino acids of wtCAV1, which are absent in CAV1�,
is important in determining paclitaxel-mediated inhibition of
cell survival.
CAV1 Localizes to Mitochondria and Forms Complexes with

BCL2 and BCLxL That Are Dependent upon Tyr-14
Phosphorylation—Fractionation of mitochondrial and cytoso-
lic fractions were carried out in stably transfected MCF-7 cells
that express the empty vector (MCF7/EV), wild-type CAV1
(MCF7/wtCAV1), or a tyrosine phosphorylation-deficient
mutant (MCF7/Y14F) (18). Each cell line was treated with
either vehicle (ethanol) or 10 nM paclitaxel for 48 h. Western
blot analyses of fractionated proteins showed the presence of
both wtCAV1 and Y14F in the mitochondria irrespective of
drug treatment (Fig. 3A). Moreover, both wtCAV1 and the
Y14Fmutant partly co-localizedwith amitochondrion-specific
fluorescent reagent (see under “Experimental Procedures”:
CellLightTMmitochondria-RFP) (Fig. 2B). Primarily, CAV1 co-
localized with a subset of mitochondria surrounding the
nucleus. CAV1 staining was also present in other areas of the
cell that did not stain with the mitochondrion-specific dye.
Therefore, CAV1 is also present in nonmitochondrial compart-
ments. Thus, phosphorylation on Tyr-14 does not control
localization of CAV1 to themitochondria. Because overexpres-
sion of wtCAV1 increased BCL2 phosphorylation and mito-
chondrial permeability following paclitaxel treatment (18), we
explored the possible interaction between CAV1 and BCL2 or
BCLxL.Whole cell lysates fromMCF7/EV,MCF7/wtCAV1, or
MCF7/Y14F cells were immunoprecipitated using antibodies
specific for BCL2 or BCLxL followed by immunoblotting with a
CAV1 antibody. Increased amounts of wtCAV1 immunopre-
cipitated with both BCL2 and BCLxL when compared with the
Y14F mutant form following treatment with 10 nM paclitaxel
for 24 h (Fig. 2,C andD). Similarly, whenwhole cell lysates were
immunoprecipitated with a CAV1 antibody (Fig. 2E), increased
amounts of BCL2 and BCLxL immunoprecipitated with
wtCAV1when comparedwith Y14F. Thus, phosphorylation on
Tyr-14may facilitate CAV1 complex formation with BCL2 and
BCLxL.
wtCAV1 Expression Potentiates BCL2(Ser-70) and BCLx-

L(Ser-62) Phosphorylation by JNK—In MCF7/wtCAV1 cells,
the level of phosphorylated BCL2(Ser-70) detected following
24 h of treatment with 10 nM paclitaxel is significantly higher
than in either control or MCF7/Y14F cells (18). Mitogen-acti-
vated protein (MAP) kinase pathways such as JNK, ERK, and
p38 are activated by paclitaxel and may regulate BCL2(Ser-70)
phosphorylation (28–31). To determine whether CAV1 regu-

lates the aforementioned MAP kinase pathways to control
BCL2 and BCLxL activation, we measured their activation in
cells treated with either vehicle or 10 nM paclitaxel. Although
no significant differences were seen for ERK or p38 (data not
shown), increased JNK phosphorylation was detected in
MCF7/wtCAV1 cells when compared with MCF7/Y14F or
MCF7/EV cells (Fig. 3A). Consequently, immunoprecipitation
with phospho-JNK-conjugated Sepharose beads from whole
cell lysates from MCF7/EV, MCF7/wtCAV1, and MCF7/Y14F
showed increased levels of wtCAV1 bound to phospho-JNK
with either vehicle or 10 nM paclitaxel treatment (Fig. 3B).
Thus, CAV1 phosphorylation on Tyr-14 may favor complex
formation with JNK. To test this, we measured cell viability in
the presence of paclitaxel and a specific inhibitor of JNK (10�M,
SP600125). Inhibition of JNK decreased paclitaxel-mediated
inhibition of cell viability (Fig. 3C) and apoptosis as indicated by
PARP cleavage (Fig. 3D) in MCF7/wtCAV1 cells. In addition,
inhibition of JNK with the JNK-specific inhibitor SP600125
abolished BCL2 and BCLxL phosphorylation at Ser-70 and Ser-
62, respectively, in MCF7/wtCAV1 cells (Fig. 3E). A specific
antibody to phosphorylated c-Jun(Ser-63), a substrate for JNK
(32), was used to detect activation of JNK. Knockdown of JNK
with specific siRNA inhibited paclitaxel-induced phosphoryla-
tion of BCL2(Ser-70) and BCLxL(Ser-62) in MCF7/wtCAV1
cells (Fig. 3F). Thus, CAV1 phosphorylation on Tyr-14 may
favor activation of JNK and its consequent phosphorylation of
BCL2 and BCLxL.
ABT-737 Synergistically Increases Sensitivity to Paclitaxel in

MCF-7/Y14F Cells—Because overexpression of wtCAV1 in
MCF-7 cells phosphorylates and thereby inhibits BCL2 and
BCLxL activity to sensitize cells to paclitaxel, inhibition of
BCL2 and BCLxL in the resistant MCF7/Y14F cells may restore
sensitivity to paclitaxel. MCF7/EV, MCF7/wtCAV1, and MCF7/
Y14F cells were treated with the small molecule BCL2 inhibitor
ABT-737, a BH3-only mimetic that disrupt the anti-apoptotic
functions of BCL2, BCLxL, and BCLW by binding to their
hydrophobic cleft (33).MCF7/Y14F cells weremost sensitive to
increasing doses of ABT-737 (Fig. 4A) when compared with
either MCF7/wtCAV1 or MCF7/EV cells. Furthermore,
although 100 nMABT-737 was ineffective in further sensitizing
MCF7/EV orMCF7/wtCAV1 cells to 10 nM paclitaxel, it syner-
gistically increased inhibition of cell viability as indicated by R
index � 2.48 (see “Statistical Analyses”) in MCF7/Y14F cells
(Fig. 4B). An increase in PARP cleavage was also apparent in
MCF7/Y14F cells following treatmentwith paclitaxel andABT-
737 versus paclitaxel alone (Fig. 4C).
Structural Modeling of CAV1 and Y14p and Y14F Mutants—

The crystal structure of CAV1 protein remains to be determined.
However, using in silico structural modeling, we obtained key

FIGURE 2. CAV1 is localized in mitochondria in MCF-7 breast cancer cells, and BCL2 and BCLxL preferentially complex with wtCAV1. A, immunoblot
showing mitochondrial and cytoplasmic fractions of MCF7/EV, MCF7/wtCAV1, and MCF7/Y14F cells following treatment with 10 nM paclitaxel for 24 h. Actin
and COX4 were used as cytosolic and mitochondrial markers, respectively. Both wtCAV1 and Y14F were found in mitochondrial fractions. B, merged confocal
images showing mitochondria stained red with CellLightTM mitochondria-RFP (Invitrogen), CAV1 in green, nuclei in blue (DAPI) in MCF7/EV, MCF7/wtCAV1, and
MCF7/Y14F cells under basal conditions. Co-localization of CAV1 with mitochondria are in yellow. Very low levels of CAV1 were detected in EV-expressing cells
when compared with wtCAV1- or Y14F-expressing cells. Note that not all CAV1 co-localized with mitochondria. Scale bar, 10 �m. C, D, and E, co-immunopre-
cipitation of BCL2 or BCLxL with CAV1 is increased in MCF7/wtCAV1 cells. MCF7/EV, MCF7/wtCAV1, or MCF7/Y14F were treated with 10 nM paclitaxel for 24 h.
Total cell lysates were immunoprecipitated using either BCL2 or BCLxL antibodies, and bound proteins were immunoblotted with CAV, BLC2, or BCLxL
antibodies. Arrows point toward total CAV1 precipitated in MCF7/wtCAV1 cells following paclitaxel treatment.
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FIGURE 3. Regulation of BCL2/BCLxL phosphorylation by JNK determines sensitivity to paclitaxel in MCF7/wtCAV1 cells. A, JNK phosphorylation is increased
in MCF-7/wtCAV1 cells. B, immunoprecipitation of phospho-JNK(Thr-183/Thr-185)-conjugated Sepharose beads in MCF7/EV, MCF7/wtCAV1, and MCF7/Y14F cells
was carried out following treatment with vehicle alone or 10 nM paclitaxel to determine whether active JNK forms complexes with CAV1. Increased phosphorylation
of JNK in MCF7/wtCAV1 (see A) correlated with increased complex formation with wtCAV1 in cells treated with either vehicle or 10 nM paclitaxel treatment for 24 h (see
B). Even under basal conditions (vehicle), phospho-JNK(Thr-183/Tyr-185)-conjugated Sepharose beads pulled down more wtCAV1 when compared with Y14F. C,
activation of JNK is required for paclitaxel-mediated inhibition of cell proliferation in MCF7/wtCAV1 cells. The dashed line compares treatment with paclitaxel alone
(PAC) versus paclitaxelplustheinhibitorofJNK,SP600125(SP600125�PAC). *, p�0.05. D, inhibitionofJNKgreatlydecreasedcleavageofPARP(indicativeofapoptosis)
in MCF7/wtCAV1 cells. E, inhibition of JNK with SP600125. F, knockdown of JNK with siRNA abolished phosphorylation of BCL2 and BCLxL.
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insights into the likely biological roles of Tyr-14. We modeled
CAV1 (amino acid 6–85) as a phosphorylated Tyr-14 (Y14p) in
wtCAV1 and as the Y14F mutant protein (as described under
“Experimental Procedures”). InwtCAV1, Tyr-14 forms a network
of hydrogen bonds with the adjacent charged residues at His-12
and Glu-20 (Fig. 5A). Phosphorylation at Tyr-14 (Y14p) intro-
duces a negatively chargedmoiety that disrupts the interaction of
Tyr-14 with His-12 and Glu-20. The His-12 residue forms a salt

bridge with the phosphate group of Tyr-14 and a hydrogen bond
interactionwithGlu-20 (Fig. 5A). Because of the high net negative
charge of the phosphate group, Glu-20 is predicted to move away
from, and the positively charged Arg-19 moves toward, the nega-
tively charged phosphate group to form a salt bridge. His-12 and
Glu-10 contribute tomaintaining stability of the salt bridge. Con-
sequently, when phosphorylated, Tyr-14 enables the N-terminal
regionofCAV1to fold intoamorecompact structure.This folding
likely reorients the nearby CSD to create an interface that favors
the interaction with other proteins containing CAV1-binding
motifs (e.g. 	XXXX	XX	) (34). Unlike wCAV1, Y14F is pre-
dicted to exhibit unfavorable hydrophobic properties in the
exposed surface. Consequently, the CSD is pushed inward and
excluded from the protein surface (Fig. 5B). This movement of
Y14F affects the neighboring residues, and in turn, alters the local
folding. For example,Gln-21now replacesY14F at the interface to
compensate for the hydrophobicity of Y14F (Fig. 5B). Glu-20 and
Arg-19 are also refolded to make the salt bridge. Thus, the pres-
ence of Phe at Tyr-14 changes CAV1 folding, is expected to alter
the interface shape and size, and modifies the net charge on the
surface.

DISCUSSION

Response rates to paclitaxel vary widely among breast cancer
patients (4); to date, there are no predictive molecular markers
for paclitaxel sensitivity. Our group was the first to show that
phosphorylated CAV1 triggers paclitaxel-mediated apoptosis
by inactivating BCL2 and increasingmitochondrial permeability
more efficiently than nonphosphorylated CAV1 (18). Although
the role of CAV1 phosphorylation in paclitaxel responsiveness
remains unknown, sustained phosphorylation of CAV1 and
BCL2 occurs upon paclitaxel treatment in HeLa cells (35). The
data presented here uniquely show that expression of wtCAV1/
CAV1�, which harbors the Tyr-14 residue, sensitizes ER�

breast cancer cells to paclitaxel by inhibiting BCL2 and BCLxL.
Moreover, paclitaxel-resistantMCF-7 cells up-regulate expres-
sion levels of CAV1� when compared with sensitive cells.
Increased levels of both wtCAV1 and Y14F CAV1were present
in mitochondrial fractions from MCF-7 cells before and after
paclitaxel treatment, but wtCAV1 formed more complexes
with BCL2 and BCLxL. The precise function of CAV1 in the
mitochondria remains unknown, but our data show that phos-
phorylated CAV1 (on Tyr-14) increases its interaction with
BCL2 and BCLxL. Thus, wtCAV1 may facilitate cell death by
sequestering specific signalingmolecules involved in apoptosis.
To date, the specific role of CAV1 variants has remained
unclear. CAV1 variant-dependent sequestration of essential
apoptotic regulators such as BCL2 and BCLxLmay explain why
paclitaxel-resistant breast cancer cells overexpress CAV1� to
evade apoptosis.
MAPK family members such as ERK (36), p38 (37), and JNK

(38) can become activated following paclitaxel treatment.
Although activation of ERK1 and p38 protects cells from the
cytotoxic affects of paclitaxel, activation of JNK is associated
with increased sensitivity to paclitaxel (39). Paclitaxel causes a
rapid increase in JNK activation, and inhibition of JNK is asso-
ciated with decreased levels of paclitaxel-mediated apoptosis
(40). Induction of JNK activation following paclitaxel treatment

FIGURE 4. ABT-737 reverses Y14F-mediated protection of MCF-7 cells from
paclitaxel-induced inhibition of cell proliferation. A, cell proliferation was
measured in MCF7/EV, MCF7/wtCAV1, and MCF7/Y14F cells in response to differ-
ent doses of ABT-737 for 48 h. MCF7/Y14F cells showed increased sensitivity to 10
and 50 nM ABT-737 when compared with MCF7/EV or MCF7/wtCAV1 cells. *, p �
0.05 for MCF7/Y14F versus MCF7/EV or MCF7/wtCAV1 cells by Student’s t test. B,
MCF7/EV, MCF7/wtCAV1, and MCF7/Y14F cells were treated with vehicle, 10 nM

paclitaxel, 100 nM ABT-737, or the combination of 10 nM paclitaxel and 100 nM

ABT-737 for 48 h. In MCF7/Y14F cells, the combination synergistically inhibited
cell proliferation. Bars represent the mean of three independent experiments �
S.E. *, p � 0.05, 10 nM paclitaxel and 100 nM ABT-737 when compared with pacli-
taxel only by Student’s t test. R index (RI) � 2.48 indicates synergy (see under
“Experimental Procedures” for statistical analysis). C, level of cleaved PARP (indic-
ative of apoptosis) was increased in MCF7/Y14F cells that were co-treated with
ABT-737 and paclitaxel when compared with levels in MCF7/Y14F cells treated
with paclitaxel alone.
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may be a converging point for both drug-induced apoptosis and
activation of genes such as interleukin-8 (IL-8) that may indi-
rectly facilitate cell death (38). Modulation of MAPK signaling,
in response to cytotoxic drugs, depends on cellular context and
can either enhance or decrease drug activity (41). Because
MAPKs can interact with the CAV1 CSD (34), CAV1-JNK
complex formation may regulate the activation/function of
JNK following paclitaxel treatment.
Alterations in the intrinsic apoptotic pathway, which is reg-

ulated by pro-survival BCL2 family members, could contribute
to paclitaxel resistance. Combining small molecule BCL2
antagonists such as ATB-737 with paclitaxel could resensitize
breast cancer cells to this taxane (20). Phosphorylation of BCL2
(28, 30, 42) and BCLxL (29) by the stress-activated kinase JNK
can inhibit their pro-survival function. Increased BCL2 phos-
phorylation corresponds to increased sensitivity to paclitaxel in
MCF-7 cells (18). We now show that JNK activation is greatest
in MCF7/wtCAV1 cells. MCF7/wtCAV1 cells express increased
level of phospho-JNK and show increased binding of wtCAV1
with vehicle or paclitaxel treatment (Fig. 3B). Thus, wtCAV1may
help sequester phospho-JNK along with BCL2 and BCLxL, and

thereby,may inhibit BLC2 and BCLxLmore efficiently than the
Y14F mutant.
Emerging data suggest an essential, but yet unclear, role for

BCL2 in paclitaxel-mediated cell death. Up-regulation of BCL2 is
associated with better clinical outcome and favorable prognosis
for some cancers (43). In human ovarian cancer cell lines and
tumors, down-regulation of BCL2 correlated with increased
resistance to paclitaxel (44). BCL2 levels in human hepatoblas-
tomaHepG2 cells did not affect sensitivity, whereas down-regula-
tion of BCLxL increased sensitivity to paclitaxel (45). Factors that
regulate expression levels of BCL2 or BCLxL in human cancers
remain unknown.Whether CAV1 variants regulate BCL2 and/or
BCLxL transcription is yet to be determined.
Phosphorylated proteins can form docking scaffolds that

enable the assembly of other proteins into a functional complex
(46). Homology modeling of CAV1 suggests that the aromatic
ring ofTyr-14 forms a stable structure to facilitate protein bind-
ing to the scaffolding domain. Tyrosine phosphorylation of
CAV1 is an important determinant of caveolae formation (47),
and paclitaxel treatment can modulate both CAV1 phosphory-
lation and caveolae dynamics (35). Within caveolae, CAV1 can

FIGURE 5. Structural modeling of CAV1-phosphorylated Tyr-14 versus Y14F mutant. A, the conformation corresponding to the initial state of the phos-
phorylated Tyr-14 CAV1 (Y14p) (green) superimposed with the final state (magenta) after a 1-ns simulation. B, the conformation corresponding to initial state
of the Y14F mutant (green) superimposed with the final state (white) after a 1-ns simulation. In both cases, broken lines indicate hydrogen bonds.

FIGURE 6. Simplified model of CAV1 regulation of paclitaxel sensitivity. A, in sensitive cells, upon treatment with paclitaxel, wtCAV forms a complex with
JNK and thereby leads to inactivation of BCL2 and BCLxL, which facilitates apoptosis. B, in resistant cells, where CAV1� is predominant, CAV1� does not
associate with JNK and BCL2, and BCLxL remains active to inhibit apoptosis.
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bind to various signaling molecules (6, 7). Thus, paclitaxel-re-
sistant breast cancer cells may increase CAV1� to dismantle
signaling complexes that favor paclitaxel-mediated apoptosis.
In sensitive cells, wtCAV1 enables the formation of a JNK-
BCL2-BCLxL complex to allow apoptosis. In resistant cells,
overexpression of CAV1�, which is unable to complex with
JNK-BCL2-BCLxL, inhibits apoptosis (Fig. 6). Sensitivity to
paclitaxel in ER� breast cancer cells is regulated by pro-survival
BCL2 proteins (20, 48). Because expression of CAV1� in
MCF-7 cells failed to increase sensitivity to paclitaxel, the pres-
ence of increased levels of CAV1� in paclitaxel-resistant cells
likely competes with the CAV1� to prevent phosphorylation/
inactivation of BCL2 and BCLxL via JNK.
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