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A B S T R A C T

Cancer stem cells (CSCs) are responsible for tumor initiation, metastasis and recurrence. Caveolin-1 (Cav-1) is a
major protein of caveolae, which participates in various cellular functions, such as vesicle trafficking, cholesterol
homeostasis, tumor progression, etc. In the present study, we investigated a role for Cav-1 in regulating the
stemness of human breast cancer (MDA-MB-231) cells. Cav-1 expression was significantly lower in tumorspheres
than in adherent cells. The silencing of Cav-1 enhanced stemness of MDA-MB-231 cells. Mechanistically, Cav-1
silencing was accompanied by enhanced expression of Bmi-1, which is a representative self-renewal regulator,
and promoted epithelial-mesenchymal transition. In a CSC-like state, reduced Cav-1 depends on its destabili-
zation through ubiquitin-proteasome degradation. We further found that Src-mediated phosphorylation of Cav-1
at the Tyr 14 residue is essential for its degradation. Taken together, these findings suggest that Cav-1 desta-
bilization by Src may play a pivotal role in manifestation and maintenance of stemness in breast cancer cells.

1. Introduction

Breast cancer is the most frequently diagnosed cancer and the
leading cause of cancer death in women worldwide. In spite of the di-
verse therapeutic options, chemo-/radioresistance and disease relapse
often develop, which is attributed to the presence of stem-like cancer
cells in the tumor microenvironment [1,2].

Cancer stem cells (CSCs) are defined as a subset of cancer cells
characterized by the property of self-renewal and differentiation, which
drive tumorigenesis and tumor heterogeneity [3–5]. Several lines of
evidence suggest that epithelial-mesenchymal transition (EMT) and
stem cell-like traits are intertwined processes to foster metastatic tumor
microenvironment. As an initial step of tumor cell migration, EMT can
induce differentiation of cancer cells into a CSC-like state [6]. In this
context, CSCs may underlie local and distant metastases by acquiring
mesenchymal features which would greatly facilitate systemic dis-
semination from the primary tumor mass to metastatic tumor [7]. Many
of the signaling molecules including Wnt/β-catenin, Notch, Hedgehog,
STAT3, and TGF-β are involved in generation and maintenance of CSCs
[8–10]. Therefore, therapeutic strategies targeting CSCs by modulating
these signaling molecules have attracted special attention.

Caveolin-1 (Cav-1) is a major protein of caveolae, which is flask-
shaped invagination at cell membranes. Caveolae participate in various

cellular functions, such as vesicle trafficking, cholesterol homeostasis,
tumor progression, and especially modulation of various signal trans-
duction pathways [11,12]. Cav-1 is thought to regulate the activity of
proteins, such as Src family kinases, H-Ras, protein kinase C, epidermal
growth factor tyrosine kinase, extracellular signal-regulated kinase, and
endothelial nitric oxide synthase involved in oncogenic signaling
pathways [13,14]. Src interaction with the plasma membrane is an
important determinant of its activity. For instance, the intrinsic kinase
activity of Src phosphorylates Cav-1. Subsequent binding of the acti-
vated Src to phosphotyrosylated Cav-1 modulates its association with
the membrane [15]. Originally identified as a substrate for v-Src, Cav-1
is phosphorylated on Tyr14 by c-Src [16]. Circumstantial evidence
suggests that phosphorylated Cav-1 also regulates its cellular localiza-
tion and function [17–21]. Collectively, Cav-1 modulates various sig-
naling pathways invloved in breast [22], glioblastoma [23], lung [24],
and other cancer types [25].

The role of Cav-1 in development and progression of cancer is
controversial because it is suggested to exert both tumor-suppressive
and oncogenic effects. In recent studies, Cav-1-mediated signaling has
been correlated with maintenance of stemness to augment various
cancer stem cells expansion [26]. However, the precise function of Cav-
1, particularly in relation to its phosphorylation by Src, in affecting
CSCs is largely unknown. Here we report that Src-mediated
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phosphorylation and subsequent destabilization of Cav-1 contributes to
maintenance of breast CSCs and manifestation of their characteristics.

2. Materials and methods

2.1. Reagent and antibodies

Dulbecco's modified Eagle's medium (DMEM), Rosewell Park
Memorial Institute (RPMI) 1640 medium, Dulbecco's modified Eagle
Medium Nutrient Mixture F-12 (DMEM/F-12), and Fetal Bovine Serum
(FBS) were purchased from Gibco BRL (Grand Island, NY, USA). TRIzol®

was obtained from Invitrogen (Carlsbad, CA, USA). Primary antibodies
for Bmi-1, Notch-1, CD133, Sox-2, Src, p-Src, and Ubiquitin were pur-
chased from Cell Signaling Technology (Danvers, MA, USA). Antibodies
against Cav-1, Oct 3/4, Snail, and β-actin were obtained from Santa
Cruz (Santa Cruz, CA, USA). Antibodies against p-Cav-1, Twist 1, N-
cadherin, E-cadherin, CD24 and CD44 were purchased from BD
Biosciences (Bedford, MA, USA). The bicinchoninic acid (BCA) protein
assay reagent was a product of Pierce Biotechnology (Rockfold, IL,
USA). MG-132 was obtained from Enzo Life Sciences (Exeter, UK). The
Src inhibitor (PP2) was purchased from EMD Milipore Corporation
(Bilierica, MA, USA).

2.2. Cell culture

The human breast cancer cell lines MCF-7, T47D, SKBR3, MDA-MB-
453, MDA-MB-231, and MDA-MB-468 were obtained from the
American Type Culture Collection (Manassas, VA, USA). MDA-MB-453,
MDA-MB-231 and MDA-MB-468 cells were maintained in DMEM,
whereas MCF-7, T47D, and SKBR3 cells were maintained in RPMI
1640 cell culture media. All culture media were supplemented with
10% FBS and 1% antibiotics and cultures were grown at 37 °C with 5%
CO2/95% air.

2.3. Tumorsphere culture

For tumorsphere formation from the adherent cells, single cells were
cultured in a serum free DMEM/F12 medium supplemented with B27
(GIBCO), 20 ng/mL epidermal growth factor (EGF; Sigma-Aldrich, St.
Louis, MO, USA), 20 ng/mL basic fibroblast growth factor (b-FGF;
PeproTech, Rocky Hill, NJ, USA) and 4 ng/mL heparin (Sigma-Aldrich).
Primary tumorspheres were seeded at a density of 1×104 cells/mL in
100mm ultralow attachment plates (Corning, NY, USA) for 5 con-
secutive days, and 2mL of medium was added every 3 days. To culture
secondary tumorspheres, primary tumorspheres were gently collected
and dissociated into a single-cell suspension using 40 μm strainer.
Single cells were counted and then seeded again for another 5 days with
addition of 2mL medium every 3 days. Using the same experimental
method, tertiary mammospheres were generated from secondary
mammospheres. The number of mammospheres formed (> 100 μm)
was counted at indicated times under a microscope. Images were ana-
lyzed by using the ImageJ software (http://rsb.info.nih.gov/ij/docs/
index.html). 3D picture analysis and quantification were carried out
using the ReViSP software (https://sourceforge.net/projects/revisp/).

2.4. Flow cytometry analysis

Cells were collected, washed with phosphate-buffered saline (PBS),
and dissociated with Accutase solution (Sigma-Aldrich). Cells were then
counted and washed with PBS containing 2% FBS and 0.1% Tween-20.
Cells were stained with CD24-PE and CD44-APC for 30min at 4 °C.
After incubation, cells were collected and washed with PBS again. Cells
were dissociated into single cells by using 40 μm strainer, and then the
population of CD44high/CD24low cells was measured using BD
FACSCalibur (Becton Dickinson Biosciences, San Jose, USA).

2.5. ALDEFLUOR assay

The ALDEFLUOR™ kit (StemCell Technologies, Durham, NC, USA)
was used to identify the cells that express high levels of the enzyme
aldehyde dehydrogenase (ALDH). MDA-MB-231 mammospheres were
obtained and suspended in the ALDEFLUOR Assay Buffer containing
ALDH substrate at a density of 1× 105 cells/mL and incubated for
30min at 37 °C. For negative control, each sample was treated with an
ALDH specific inhibitor, diethylaminobenzaldehyde (DEAB), for back-
ground fluorescence. The sorting gates were established by eliminating
the cells stained positive with ALDH in negative control group. Data
were analyzed by the BD FACSCalibur (Becton Dickinson Biosciences).

2.6. Western blot analysis

Whole cell lysate was prepared by scapping the cells in RIPA lysis
buffer (150mM NaCl, 0.5% Triton x 100, 50mM Tri-HCl (pH 7.4),
25mM NaF, 20mM EGTA, 1mM dithiothreitol, 1 mM Na3VO4, 0.1 mM
phenylmethane sulfonyl fluoride or phenylmethylsulfonyl fluoride
(PMSF), protease inhibitor cocktail tablets) for 15min on ice followed
by centrifugation at 13,000g for 15min. The supernatant containing
proteins was collected and stored at −70 °C. For Western blot analysis,
the protein concentration of whole cell lysates was measured by using
the BCA protein assay kit (Pierce, Rockford, IL, USA). Protein was se-
parated by running through 8–12% SDS-PAGE gel and transferred to
the PVDF membrane (Gelman Laboratory, Ann Arbor, MI, USA). The
blots were blocked with 5% non-fat dry milk/TBST (Tris-buffered saline
buffer containing 0.1% Tween-20) for 1 h at room temperature. The
membranes were incubated with the respective primary antibody di-
luted in TBST overnight 4 °C. Blots were rinsed three times with TBST at
10-min intervals followed by incubation with respective horseradish
peroxidase conjugated secondary antibodies (rabbit, mouse or goat) in
TBST for 1 h at room temperature. The blots were washed again three
times with TBST. The band intensities in Western blotting were visua-
lized with an enhanced chemiluminescent (ECL) detection kit
(Amersham Pharmacia Biotech, Buckinghamshire, UK) and quantified
with the LAS-4000 Image Analyzer (Fujifilm, Tokyo, Japan).

2.7. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from each cells by using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's pro-
tocol. To generate the cDNA from RNA, 1 μg of total RNA was reverse
transcribed with murine leukemia virus reverse transcriptase (Promega,
Madison, WI, USA) for 50min at 42 °C and again for 15min at 72 °C.
About 1 μL of cDNA was amplified with a PCR mixture (HS Prime Taq
2X Premix, Daejeon, South Korea) in sequential reactions. The primers
used for each RT-PCR reactions are as follows: Cav-1, 5′-ATG TCT GGG
GGC AAA TAC GTA-3′ and 5′–TTG GAA CTT GAA ATT GGC ACC A-3’;
Bmi-1, 5′-CCA GGG CTT TTC AAA AAT-3′ and 5′-GCA TCA CAG TCA
TTG CTG CT-3’; Notch1, 5′-GGG TCC ACC AGT TTG AAT GG-3′ and 5′-
GTT TGC TGG CTG CAG GTT CT-3’; Gapdh, 5′-AAG GTC GGA GTC AAC
GGA TTT-3′ and 5′-GCA GTG AGG GTC TCT CTC T-3’; Twist1, 5′-GGA
GTC CGC AGT CTT ACG AG-3 and 5′-TCT GGA GGA CCT GGT AGA GG-
3’; Snail1, 5′-CCT GCT GGC AGC CAT CCC AC-3′ and 5′-GGC ACG GTG
TGG CTT CGG AT-3’; Slug, 5′-ACG CCC AGC TAC CCA ATG GC-3′ and
5′–AGG GCG CCC AGG CTC ACA TA-3’; Zeb1, 5′-AGT GAT CCA GCC
AAA TGG AA-3′ and 5′-TTT TTG GGC GGT GTA GAA TC-3’ (forward
and reverse, respectively). Amplification products were analyzed by
1.5–2% agarose gel electrophoresis, followed by staining with SYBR
Green (Invitrogen, Carlsbad, CA, USA) and photographed using fluor-
escence in LAS-4000 (Fujifilm, Tokyo, Japan).

2.8. Transient transfection of siRNA

MDA-MB-231 cells were seeded at a density of 1×105 cell/mL in
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100mm dish in complete growth media. Cav-1 siRNA (25 nM) was
transfected into MDA-MB-231 cells with lipofectamine RNAiMAX
(Invitrogen) reagent according to the manufacturer's instructions. The
target sequence for human Cav-1 siRNA was 5’ -AGA CGA GCU GAG
CGA GAA GCA UU3’ (forward) and 5’ -UGC UUC UCG CUC AGC UCG
UCU UU-3’ (reverse). siRNA oligonucleotide targeting for Cav-1 was
purchased from Genolution Pharmaceuticals (Seoul, South Korea).

2.9. Transient transfection of plasmid

Transient transfection of plasmid encoding native or mutant Cav-1
in which tyrosine 14 is replaced by phenylalanine (Y14F-Cav-1) was
performed by Lipofectamine® 2000 reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer's instructions. After 36-h trans-
fection, cells were harvested or cultured to generate according to pur-
pose of the experiment.

2.10. Immunofluorescent analysis

Human paraffin-embedded breast cancer tissue array (US Biomax,
Inc., cat. no. BR1201a; Rockville, MD, USA) was subjected to depar-
affinization with xylene. Following antigen retrieval by heated citrate
buffer, sections were permeabilized and blocked according to the
standard protocol. After overnight incubation at 4 °C with anti-Cav-1,
the tissue sections were washed with PBS and then labeled with TRITC-
conjugated anti-mouse IgG secondary antibody for 1 h at room tem-
perature. The slides were then analyzed under a fluorescent micro-
scope.

2.11. Immunocytochemical analysis

MDA-MB-231 cells were plated on the 8-well chamber slide (0.5 ×
cells/well) and transfected with control or Cav-1 specific siRNA. Cells
were fixed in 95% methanol for 10min at −20 °C. After rinse with PBS
containing 0.1% Tween 20 (PBST), cells were incubated in 0.2% Triton
X-100 in PBS for 5min. After three washing steps with PBST, cells were
blocked for 2 h in fresh blocking buffer [PBST, pH 7.4, containing 5%
bovine serum albumin (BSA)]. Dilution (1:100) of primary antibody
was made in PBST with 1% BSA, and cells were incubated overnight at
4 °C. After three washing steps with PBST, the cells were incubated with
a diluted (1:1000) TRITC-conjugated anti-mouse or FITC-conjugated
anti-rabbit IgG secondary antibody in PBST with 1% BSA at room
temperature for 1 h. Cells were also stained with 4′,6-diamidino-2-
phenylindole (DAPI) and rinsed with PBST. Stained cells were analyzed
under a confocal microscope (Leica Microsystems, Heidelberg,
Germany) and photographed. The accumulation effects area was
quantified using the Image J software.

2.12. Immunoprecipitation

Cells were lysed in 250mM sucrose, 50mM Tris-HCl (pH 8.0),
25mM KCl, 5mM MgCl2, 1 mM EDTA, 2 μM NaF, 2 μM sodium ortho-
vanadate, 1 mM PMSF and 10mM N-ethylmaleimide. Total protein
(500 μg) was subjected to immunoprecipitation by shaking with Cav-1
primary antibody at 4 °C for 24 h followed by the addition of 20 μL of
25% protein G-agarose bead slurry (Santa Cruz Biotechnology, Inc.;
Santa Cruz, CA, USA) and additional shaking for 2 h at 4 °C. After
centrifugation at 10,000 g for 1min, immunoprecipitated beads were
collected by discarding the supernatant and washed with cell lysis
buffer. After final wash, immunoprecipitate was resuspended in 50 μL
of 2X SDS electrophoresis sample buffer and boiled for 5min. 45 μL of
supernatant from each sample was loaded on SDS-PAGE. The expres-
sion of phosphorylated or ubiquitinated Cav-1 and phosphorylated Src
was visualized by antibody against p-Src, p-Cav-1 or ubiquitin.

2.13. Site-directed mutagenesis

Point mutation of tyrosine to phenylalanine at the residue 14 (Y14F)
in Cav-1 was induced by using a QuikChange® site-directed mutagenesis
kit (Stratagene; Cedar Creek, TX, USA) according to the manufacturer's
protocol. Mutant strand synthesis reaction was performed by dena-
turation at 96 °C for 45 s, annealing at 60 °C for 45 s and extension at
72 °C for 8min with 30 cycles using the 5.4 kb plasmid template en-
coding Myc-Cav1. Generally, extension time of 1min/kb is re-
commended depending on the length of plasmid template and extension
time of 8min was set as an optimal condition. The following com-
plementary primer pairs were used: sense, 5′-GAC TCG GAG GGA CAT
CTC TTC ACC GTT CCC ATC CGG G-3′; antisense, 5′-CCC GGA TGG
GAA CGG TGA AGA GAT GTC CCT CCG AGT C-3′. The DNA sequences
of all plasmids were verified by sequencing (Cosmo Genetech, Seoul,
South Korea).

2.14. Tumorigenesis assay

All animal experiment were approved by the Institutional Animal
Care and Use Committee (IACUC) of Seoul National University (au-
thorization number: SNU-160912-1). Six-week-old female BALB/c nude
mice (total 12) were purchased from Central Lab Animal, Inc. (Seoul,
South Korea) and were maintained under specific pathogen-free (SPF)
conditions with 12-h light/12-h dark cycle. After one week of accli-
mation period, 1×104 mock, native (WT-Cav-1) or mutant (Y14F-Cav-
1) transfected MDA-MB-231 tumorspheres re-suspended in equal vo-
lumes of PBS and matrigel (total volume of 100 μL) were injected into
the fourth mammary fat pads of mice. Four mice were included in each
group. The tumor incidence was identified by palpation every 3 days.
Tumor volume was regularly measured with digital calipers and cal-
culated according to the formula; V=0.5 ab2, where ‘a’ is the longest
and ‘b’ is the shortest perpendicular diameters. After mice were killed,
xenograft tumors were excised and fixed in formalin for further ana-
lysis.

2.15. Statistical analysis

Data were represented as means of± standard deviation (SD) at
least three independent experiments. Statistical significance was de-
termined by Student's t-test and a p-value of less than 0.05 was con-
sidered to be statistically significant.

3. Results

3.1. Cav-1 is down-regulated in tumorspheres derived from highly
invasiveness breast cancer cells

We initially investigated the correlation between Cav-1 expression
and clinical progress of breast cancer patients. For this purpose, im-
munofluorescent analysis was performed to detect the expression of
Cav-1 in 120 patients tissues with different clinical stages, including
stage 1 (n=6), stage 2 (n=94), and stage 3 (n=20). As shown in
Fig. 1A, Cav-1 expression was strongly correlated with clinical stages in
breast cancer patients. This finding is corroborated by the microarray
data retrieved from the Cancer Genome Atlas analyzed through the
oncomine web portal (www.oncomine.org) (Fig. 1B). Likewise, higher
expression of Cav-1 was found in MDA-MB-231 and MDA-MB-468 cells,
highly invasive breast cancer cell lines (Fig. 1C). Next, we examined
whether Cav-1 could be involved in modulating the stemness of breast
cancer cells. We enriched for stemness characteristics of breast cancer
cells (MCF-7, MDA-MB-453, MDA-MB-231 and MDA-MB-468), by cul-
turing them as spheroids (Fig. 1D and Supplementary Fig. 1A). As
shown in Fig. 1E, the expression of CD133, Oct 3/4, and Sox2, well-
known stemness markers, was increased in MDA-MB-231 and MDA-MB-
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468 tumorspheres. We also observed that tumorspheres derived from
MDA-MB-231 and MDA-MB-468 breast cancer cells exhibited much
lower levels of Cav-1, compared with adherent cells (Fig. 1F), whereas
the protein level of Cav-1 in MCF-7 and MDA-MB-453 cells showed no
differences (Supplementary Fig. 1B). Furthermore, immunofluorescent
analysis reveals that Cav-1 expression is associated with a stemness
marker, Sox2 (Fig. 1G). Based on these observations, Cav-1 is likely to
play a crucial role in the stemness of breast cancer cells.

3.2. Silencing of Cav-1 enhances the stemness phenotype of MDA-MB-
231 cells

As Cav-1 expression is down-regulated in MDA-MB-231 tumor-
spheres compared to adherent cells, we carried out an experiment using
siRNA to examine the impact of Cav-1 on manifestation of stemness. As
shown in Fig. 2A, the silencing of Cav-1 resulted in the elevated ex-
pression of the well-known stemness-related proteins, Nanog, Oct 3/4,
and Sox2. Consistently, the Cav-1 knockdown increased the size and the
number of spheres in MDA-MB-231 (Fig. 2B) and MDA-MB 468
(Supplementary Fig. 2A) cells. Conversely, the tumorsphere-forming

capacity in less invasive MCF-7 cells was reduced after overexpression
of Cav-1 (Supplementary Fig. 2B). In addition, the proportion of
CD44high and CD24low cells was increased when Cav-1 was knocked
down in MDA-MB-231 (Fig. 2C) and MDA-MB-468 (Supplementary
Fig. 2C) cells. The ALDH activity, which also accounts for major
stemness property, was increased by transfection with the Cav-1 siRNA
(Fig. 2D). These findings, taken all together, suggest that Cav-1 plays an
important role in maintaining a stemness of breast cancer cells.

3.3. Loss of Cav-1 increases the expression of a self-renewal marker, Bmi-1
and EMT markers

As described above, silencing of Cav-1 results in enhancement of
stemness in MDA-MB-231 breast cancer cells. Self-renewal is one of the
important properties employed by the CSCs to maintain the pro-
liferating capacities. Notch1 and Bmi-1 are known as the key regulators
of self-renewal activity in mammary stem cells [27]. In this study, Cav-1
knockdown up-regulated Bmi-1 expression at both mRNA and protein
levels, but there was no change in the expression levels of Notch-1
(Fig. 3A and B). Conversely, the Bmi-1 expression was significantly

Fig. 1. Repression of Cav-1 expression in the spheroids of basal-like breast cancer cells. (A) Immunofluorescent analysis for Cav-1 expression was classified as
absent/weak, moderate, or strong in human breast cancer tissues with different clinical stages. The expression of Cav-1 at different levels in each stages was assessed
by immunofluorescence staining, and the relative fluorescence intensity was calculated using Image J, an open platform for Java-based scientific image analysis.
Hematoxylin and Eosin (H&E) images were provided by US Biomax Inc. (Rockville, MD, USA). Scale bar= 200 μm. (B) The expression level of Cav-1 in human breast
cancer tissues grouped by invasive stage was assessed by Oncomine database analysis. (C) The mRNA and protein levels of Cav-1 in various subtypes of breast cancer
cells were measured by reverse transcription-PCR and Western blot analyses, respectively. (D) Tertiary tumorspheres derived from MDA-MB-231 and MDA-MB-
468 cells were cultured under sphere-forming conditions. For sphere-forming culture, breast cancer cells were exposed to cancer stem cell medium for 24 h. Cells
were cultured in an ultra-low attachment plate to generate primary tumorspheres. After 5 days, primary tumorspheres were counted, collected and replated under the
same conditions to form secondary tumorspheres. Using the same experimental method, tertiary mammospheres were generated from secondary mammospheres.
The number of mammospheres formed (> 100 μm) was counted under a microscope. Scale bar= 100 μm. (E) Expression of stem cell-related marker proteins was
analyzed by Western blotting in adherent and sphere cells. (F) The expression level of Cav-1 was measured by Western blotting in adherent and sphere cells. The
values are expressed as means ± SD (n= 3). (G) Immunofluorescent analysis was performed for measuring Cav-1 and Sox2 expression in human breast cancer
tissues. The scatter plot demonstrates correlation between Cav-1 and Sox2. Scale bar= 200 μm.
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decreased after overexpression of Cav-1 in MCF-7 cells (Supplementary
Figs. 3A and 3B). Since acquisition of stem-like traits has been linked to
EMT properties [28,29], we also investigated the role of Cav-1 in the
induction of EMT in MDA-MB-231 cells. The induction of EMT leads to
the loss of epithelial characteristics (such as E-cadherin, desmoplakin
and claudins) and an acquisition of mesenchymal phenotype (vimentin,
α5β1integrin and fibronectin) [30,31]. Cav-1 inhibition increased the
expression of EMT marker genes, such as Snail, Twist1, and N-Cadherin
(Fig. 3C) and their protein products (Fig. 3D). An im-
munocytochemistry assay verified the upregulation of N-cadherin and
snail in Cav-1 knockdown cells (Fig. 3E). Although loss of E-cadherin is
a key feature of EMT, it was difficult to identify the tendency of E-
cadherin decrease as the cells used in this study express a relatively low
level of this protein (Supplementary Fig. 4). We next determined
whether Bmi-1 could affect EMT signaling. siRNA-mediated silencing of

Bmi-1 markedly reduced the mRNA and protein expression of EMT
markers in MDA-MB-231 cell (Fig. 3F and G). These results suggest that
Bmi-1 induced by the Cav-1 downregulation plays a role in stimulating
EMT in a MDA-MB-231 breast cancer cells.

3.4. Expression of the Cav-1 protein, but not its mRNA transcript, is reduced
as a consequence of proteasomal degradation in MDA-MB-231
tumorspheres

In contrast to no significant difference in Cav-1 mRNA expression
levels between the adherent and the tumorsphere cells, MDA-MB-231
derived tumorspheres exhibited marked reduction in the steady state
level of the Cav-1 protein (Fig. 4A). To determine whether acquisition
of stemness is a consequence of Cav-1 protein destabilization, we
monitored the degradation of Cav-1 in tumorsphere as well as adherent

Fig. 2. Enhancement of the stemness
of MDA-MB-231 by Cav-1 knock-
down. (A) The protein levels of Nanog,
Oct 3/4 and SOX2 were assessed by
Western blot analysis in the MDA-MB-
231 cells transfected with control siRNA
or specific Cav-1 siRNA for 36 h. The
values are expressed as means ± SD
(n=3). (B) After control siRNA or Cav-
1 siRNA treatment, MDA-MB-231 cells
were cultured under sphere-forming
condition. Tumorsphere frequencies of
Cav-1 knockdown MDA-MB-231 cells
were calculated and representative
sphere images were visualized under a
microscope. The volume of each
spheroid was computed by using
ReViSP, a software specifically designed
to accurately estimate the volume of
spheroids and to render an image of
their 3D surface. The values are ex-
pressed as means ± SD (n=3). (C)
Proportions of CD44 high and CD24low

cells were determined by flow cyto-
metry in the MDA-MB 231 cells trans-
fected with control siRNA or specific
Cav-1 siRNA for 36 h. The cells were
stained with anti-CD44-APC and anti-
CD24-PE antibodies. (D) Proportions of
ALDH+ MDA-MB-231 cells were de-
termined by flow cytometry. After cells
were treated with control siRNA or
specific Cav-1 siRNA for 36 h, the pro-
portions of ALDH+ cells were de-
termined by FACS analysis. Lower part:
negative control obtained by treating
cells with DEAB, an irreversible in-
hibitor or ALDH activity. Levels of a
specific fluorescence were set as back-
ground. Upper part: specific ALDH-de-
pendent fluorescence levels in control
siRNA or Cav-1 siRNA treated cells. y-
axis: side scatter distribution of the
tested cell populations. x-axis: distribu-
tion of fluorescent cells in the tested cell
populations. The values are expressed as
means ± SD (n=3).
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cells after inhibition of de novo protein synthesis by cycloheximide. As
illustrated in Fig. 4B, Cav-1 in the MDA-MB-231 tumorspheres under-
went degradation rapidly as compared with adherent cells after addi-
tion of cycloheximide. Many labile proteins are commonly degraded via
the ubiquitin-proteasomal pathway. As shown in Fig. 4C, treatment of
MDA-MB-231 tumorspheres with the proteasome inhibitor, MG-132
resulted in restoration of Cav-1. Generally, proteins subjected to pro-
teasomal degradation are marked by prior attachment of ubiquitin to
their lysine residue. As illustrated in Fig. 4D, MDA-MB-231 tumor-
spheres exhibited enhanced ubiquitiation of Cav-1 with a concomitant
acquisition of stem-like properties compared to adherent cells (Fig. 4D).

3.5. Role of Src in phosphorylation and stability of Cav-1 in MDA-MB-231
tumorspheres

Src has a kinase activity which contributes to its association with
Cav-1. Thus, binding of Src to phosphotyrosylated Cav-1 affects Cav-1-
regulated signaling [12,32]. This prompted us to examine whether Cav-
1-Src interaction was involved in the maintenance of stemness in breast
cancer cells. As shown in Fig. 5A, the expression of p-Cav-1 (Tyr14) and
p-Src (Tyr416) was much higher in tumorsphere cells, compared to ad-
herent cells. In line with the notion that Src-dependent phosphorylation
targets Cav-1 for degradation, PP2, a specific Src inhibitor, abrogated
Cav-1 phosphorylation in MDA-MB-231 tumorspheres (Fig. 5B). These
findings suggest that sustained phosphorylation of Cav-1 (Tyr14) by
active Src accounts for Cav-1 degradation. Moreover, PP2 treatment

attenuated Cav-1 ubiquitination (Fig. 5C), the characteristic signature
of proteasomal targeting. Consistently, the Cav-1 expression repressed
in MDA-MB-231 tumorspheres was restored after addition of PP2,
whereas the expression levels of Cav-1 in the adherent cells had no
differences (Fig. 5D). In addition, treatment of MDA-MB-231 tumor-
spheres with PP2 decreased the size and the number of spheres
(Fig. 5E). Thus, it is likely that destabilization of Cav-1 in tumorsphere
occurs by Src-dependent phosphorylation of Cav-1 (Tyr14).

3.6. Tyrosine 14 of Cav-1 is a key amino acid in maintaining stemness of
breast cancer

The tyrosine 14 residue of Cav-1 is thought to be the principal site
for recognition by c-Src kinase. To ensure this tyrosine residue is im-
plicated in the regulation of Cav-1, we mutated the tyrosine 14 to
phenylalanine, which eliminated the phosphorylation site. The mutant
construct (Y14F Cav-1) was then transfected into MDA-MB-231 cells.
Analysis of each of the transfected lines revealed that the Y14F Cav-1
mutation was sufficient to abolish phosphorylation and ubiquitination
of Cav-1 expression (Fig. 6A and B). To verify that Cav-1 suppresses the
breast cancer cell stemness, we overexpressed Cav-1 in MDA-MB-231
tumorspheres. As a result, the MDA-MB-231 tumorspheres over-
expressing WT-Cav-1 reduced the ability of spheroid formation com-
pared with MOCK cells. Additionally, the tumorsphere-forming ability
of cells expressing Y14F mutant Cav-1 was weaker than that of cells
expressing WT-Cav-1 (Fig. 6C). Consistent with this finding, the Y14F

Fig. 3. Up-regulation of Bmi-1 and EMT markers in Cav-1 knockdown MDA-MB-231 cells. MDA-MB-231 cells were transfected with control siRNA or specific
Cav-1 siRNA for 36 h. (A, B) RT-PCR and Western blot analysis were performed to detect expression of self-renewal marker genes, Bmi-1 and Notch-1 and their protein
products, respectively. N.S., not significant (C, D) The mRNA and protein levels of EMT markers were determined by RT-PCR and Western blot analysis, respectively.
(E) Immunocytochemical analysis was performed using antibodies against N-cadherin and Snail. Conditions for Cav-1 knockdown MDA-MB-231 cells are same as
described in (A). Cells stained with DAPI were visualized by fluorescent microscopy. Relative mean fluorescence intensity was calculated using Image J. (F, G) RT-
PCR and Western blot analysis of EMT markers in MDA-MB-231 cells that were transfected with non-specific or Bmi-1 specific siRNA for 36 h. GAPDH and β-actin
were used as a loading control.
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Cav-1 mutation significantly mitigated the retarding effects of Cav-1 on
the expression of Bmi-1 and EMT markers (Fig. 6D and E). Similar re-
sults were observed in MDA-MB-468 cells (Supplementary Fig. 5). Thus,
tyrosine 14 is considered a key amino acid within Cav-1 that regulates
stemness capacity in breast cancer cells.

3.7. Tyrosine 14 of Cav-1 is essential for the tumorigenicity of MDA-MB-
231 tumorspheres

After finding that phosphorylation of tyrosine 14 of Cav-1 is pivotal to
the stem-like properties of breast cancer cells in vitro, we assessed whe-
ther this amino acid residue would affect the oncogenicity of MDA-MB-
231 tumorspheres. The tumorigenic ability was measured for MDA-MB-
231 tumorspheres, which were transfected with mock, WT-Cav-1 or
Y14F-Cav-1 mutant construct and inoculated into the mammary pads of
BALB/c nude mice. The representative image of the excised tumors at the
day 40 after inoculation is presented in Fig. 7A. As shown in Fig. 7B, the
tumors derived from tumorspheres harbouring Y14F-Cav-1 appeared to
have longer latency than those from mock and WT-Cav-1 tumorsphere
groups. After 40 days, the volume and the weight formed in the Y14F-
Cav-1 tumorsphere group were markedly reduced compared with those
in mock and WT-Cav-1 tumorsphere groups (Fig. 7C and D).

Hematoxylin-eosin (H&E) staining showed the presence of

prominent apoptotic figures in MOCK tumorsphere groups, in contrast
to tumors isolated from tumorsphere groups and Y14F-Cav-1 tumor-
sphere groups containing less apoptotic cells. Immunohistochemical
analysis also showed a relatively weaker nuclear staining of pCav-1 in
the tumor tissues of mice transplanted with Y14F-Cav-1 spheres
(Fig. 7E).

4. Discussion

Chemo-resistance and disease relapse in cancer are attributed to a
small subset of cancer stem cells (CSCs) with the capability of self-re-
newal and differentiation [33,34]. Cancer cells, after invading into the
extracellular matrix, enter the microvasculature of the lymph and
blood, survive and translocate through the bloodstream. Circulating
tumor cells exit from the bloodstream, colonize distant organs and
become disseminated tumor cells. Several studies have demonstrated
association between stemness and the metastatic potential of dis-
seminated tumor cells [28,35–37]. In the tumor progression, dis-
seminated cancer cells may display a more mesenchymal phenotype,
bestowing these cells with stem-like traits. The transformed cells with
stem-like traits can migrate from the primary tumor to the bone
marrow, due to their capacity to perform the EMT. CSCs localize in the
pre-metastatic niche, a distinct region responsible for metastatic

Fig. 4. Enhanced ubiquitination and protea-
somal degradation of Cav-1 protein in MDA-MB-
231 tumorspheres. (A) MDA-MB-231 cells were
cultured on ultra-low attachment plates for 5 days to
generate primary tumorspheres, and then were dis-
sociated into single cell suspension to generate sec-
ondary tumorspheres for 5 days. Using the same
experimental method, tertiary tumorspheres were
generated from secondary tumorspheres. The ex-
pression of Cav-1 and its mRNA transcript was de-
termined by Western blot and RT-PCR analyses, re-
spectively in adherent and MDA-MB-231
tumorspheres. β-Actin and gapdh were used as a
loading or internal control. N.S., not significant (B)
To monitor the protein stability, adherent and MDA-
MB-231 tumorspheres were treated with 70.07 μM
of cycloheximide (CHX), and the expression levels of
Cav-1 was measured at indicated time points. (C)
Tertiary tumorsphere cells were treated with or
without 20 μM of MG-132, and expression levels of
Cav-1 were determined by Western blot analysis as
compared to adherent cells. The values are pre-
sented means ± SD (n= 3). (D) To assess the ubi-
quitination of Cav-1, adherent and MDA-MB-231
tumorspheres were immunoprecipitated with anti-
Cav-1 antibody, followed by Western blot analysis
with anti-ubiquitin antibody.

H.-J. Yoon, et al. Cancer Letters 449 (2019) 8–19

14



progression [38–41]. According to the model of CSCs, a small sub-
population of cancer cells is endowed with stem like traits with the
potential to promote cancer progression [42]. CSCs are also primarily
responsible for the recurrence of cancer. Therefore, eradication of CSCs
in tumors may represent an effective anticancer therapeutic strategy. So
far, substantial efforts have been made to explore the signaling path-
ways modulating self-renewal and differentiation of CSCs, in an attempt
to develop regimens or therapeutic strategies targeting CSCs [43,44].

Several lines of evidence suggest that Cav-1 may function as a
regulator of self-renewal signaling pathways in stem cells [45,46]. In
various cancer types, Cav-1 levels vary during the course of tumor
progression. It has been speculated that Cav-1 acts both as a tumor
suppressor and an oncogene, depending on the stage of neoplastic
transformation and extent of tumor progression [47,48]. Cav-1 is down-
regulated in early stages facilitating oncogenic transformation, while
restoration of Cav-1 in later stages possibly contributes to the devel-
opment of invasiveness and drug resistance [47]. However, the precise
function of Cav-1 on acquisition of stem cell-like properties in cancer
progression is largely unknown.

The tumorsphere culture system has been widely used to identify
and enrich for putative CSCs from cancer cell lines or primary tumors
[49]. In this study, four human breast cancer cell lines representing the

major molecular subtypes of breast cancer (Luminal; MCF-7, HER2;
MDA-MB-453, Basal-like; MDA-MB-231 and MDA-MB-468) were
exploited to generate tumorspheres. We observed that tumorspheres
derived from breast cancer cells exhibited much lower levels of Cav-1,
compared with adherent cells. Silencing of Cav-1 with siRNA induced
stemness properties as evidenced by increased CD44high/CD24low cell
population, ALDH activity, expression of stemness-related genes and
tumorsphere formation. Recently, the CD44high/CD24low and ALDH+

phenotypes are less frequently utilized to identify of CSCs, because their
expression is not consistent even in the same molecular subtype of
breast cancer. Systematic comparison of their functions is also still in-
sufficient [50,51]. Nevertheless, their expression is still used to identify
breast CSCs. Another frequently used stem cell marker is Oct4 (octamer-
binding transcription factor 4). According to a hierarchy of breast
cancer cells proposed by Patel et al. [52], there is a subset of cells with
the least maturity that express a high level of Oct4. This most immature
subset of Oct4high breast cancer cells exhibits chemoresistance, dor-
mancy, and stem cell properties, such as self-renewal, serial passaging
ability, cycling quiescence, long doubling time, asymmetric division,
high metastatic and invasive capability.

Several studies highlighted the role of cadherins and integrins, not
only in the regulation of EMT but also in maintaining CSC [53–55].

Fig. 5. Effect of Src on phosphorylation and sta-
bility of Cav-1 in MDA-MB-231 tumorspheres. (A)
The expression levels of total and Tyr416 phos-
phorylated Src and Cav-1 phosphorylated at Tyr14
were measured by Western blot analysis in adherent
and MDA-MB-231 tumorspheres. The values are
presented means ± SD (n= 3). (B) Tertiary tumor-
spheres were treated with PP2 (10 μM) or DMSO for
24 h before the sample collection. Src and Cav-1
phosphorylated at Tyr416 and Tyr14, respectively as
well as their total forms in adherent and MDA-MB-
231 tumorspheres were measured by im-
munoprecipitation with anti-Cav-1 antibody, fol-
lowed by immunoblot analysis with antibodies
against corresponding antibodies. (C) The ubiquiti-
nation of Cav-1 was measured by immunoprecipita-
tion as described in the legend to Fig. 4D. (D) Fol-
lowing treatment of adherent and tertiary
tumorsphere cells with PP2 (10 μM) or DMSO, the
protein level of Cav-1 was examined by Western blot
analysis. (E) The effects of PP2 on tumorsphere for-
mation was confirmed by the tumorsphere assay.
Alterations in the shape of tumorspheres were ex-
amined by phase-contrast microscopy. The histo-
gram represents the number of spheres that were
bigger than 100 μm. The values are indicated as
means ± S.D. (n= 3).
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Consistent with these findings, we noticed that the expression of α5β1
integrin was increased in tumorspheres (Supplementary Fig. 6). Fur-
thermore, Cav-1 expression has been found to be significantly asso-
ciated with α5β1 integrin [56]. Results from our present study suggest
that Cav-1 knockdown led to EMT which endows breast cancer cells
with stem-like features. Similar effects of Cav-1 on stemness were also
observed in other cancer cell lines [57], further confirming that Cav-1
plays a role in the cancer progression.

Decreased protein expression of Cav-1 in tumorspheres is not attribu-
table to reduced expression of its mRNA transcript, but rather due to
lowered protein stability. It has been reported that phosphorylation of Cav-

1 at tyrosine 14 reduces Cav-1 protein stability by facilitating the ubiqui-
tination and proteasomal degradation [58]. Cav-1 is mainly phosphory-
lated on tyrosine 14 by Src kinase [15,19,59]. Phosphorylation on Tyr 14
by Src is clearly relevant to Cav-1 functions in a number of settings, such as
EGF-induced caveolae formation [60], integrin-regulated membrane mi-
crodomain internalization [61], and association with the membrane type-Ⅰ
matrix metalloproteinase [19]. Our finding reveals that the tyrosine residue
at position 14 of Cav-1 is required for its modulating spheroid formation,
and acquiring EMT and stem-like traits. Cav-1 mutation by replacing the
Tyr14 with phenylalanine significantly impaired tumorigenic ability of
tumorspheres derived from human breast cancer cells.

Fig. 6. Essential role of tyrosine 14 of Cav-1 in
maintaining stemness of breast cancer cells in
vitro. MDA-MB-231 cells were transiently transfected
with Myc-tagged wild-type (WT-Cav-1) or mutant-
Cav1 (Y14F-Cav-1). (A) The tyrosine phosphoryla-
tion of Cav-1 was detected by immunoprecipitation
followed by immunoblot analysis. The expression
levels of Cav-1 and myc-tagged Cav-1 in clones ex-
pressing MOCK (vector alone) or WT-Cav-1/Y14F-
Cav-1 (vector containing myc-tagged Cav-1) were
measured by Western blot analysis. (B) The ubiqui-
tination of Cav-1 was measured by im-
munoprecipitation. (C) Tumorsphere-forming ability
was calculated, and representative sphere images
were visualized under a microscope. The volume of
each spheroid was computed by using ReViSP, a
software specifically designed to accurately estimate
the volume of spheroids and to render an image of
their 3D surface. The values are expressed as
means ± SD (n=3). The expression level of self-
renewal (D) and EMT markers (E) were analyzed by
Western blotting.
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In summary, the down-regulation of Cav-1 is detected in breast CSC-
like cells, which is associated with upregulation of Bmi-1 and EMT
markers. Cav-1 negatively regulates CSC markers, including CD133, Oct
3/4, and Sox2 and tumor spheroid formation, a key feature of CSCs.
Down-regulation of Cav-1 is attributed to its destabilization through the
Src-mediated phosphorylation at the Tyr14 and subsequent degradation
via the ubiquitin-proteasome pathway. Cav-1 destabilized cells exhibit
stem-like characteristics which facilitate the formation of tumorspheres
and enhance the tumorigenicity (Fig. 7F). Together, our results unveil a
novel mechanism of CSC regulation, which could be crucial in

understanding the aggressive behaviors of cancer cells and in identi-
fying potential targets for CSC therapy.
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