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A B S T R A C T

In advanced stages of cancer disease, caveolin-1 (CAV1) expression increases and correlates with increased
migratory and invasive capacity of the respective tumor cells. Previous findings from our laboratory revealed
that specific ECM-integrin interactions and tyrosine-14 phosphorylation of CAV1 are required for CAV1-en-
hanced melanoma cell migration, invasion and metastasis in vivo. In this context, CAV1 phosphorylation on
tyrosine-14 mediated by non-receptor Src-family tyrosine kinases seems to be important; however, the effect of
Src-family kinase inhibitors on CAV1-enhanced metastasis in vivo has not been studied. Here, we evaluated the
effect of CAV1 and c-Abl overexpression, as well as the use of the Src-family kinase inhibitors, PP2 and dasatinib
(more specific for Src/Abl) in lung metastasis of B16F10 melanoma cells. Overexpression of CAV1 and c-Abl
enhanced CAV1 phosphorylation and the metastatic potential of the B16F10 murine melanoma cells.
Alternatively, treatment with PP2 or dasatinib for 2 h reduced CAV1 tyrosine-14 phosphorylation and levels
recovered fully within 12 h of removing the inhibitors. Nonetheless, pre-treatment of cells with these inhibitors
for 2 h sufficed to prevent migration, invasion and trans-endothelial migration in vitro. Importantly, the transient
decrease in CAV1 phosphorylation by these kinase inhibitors prevented early steps of CAV1-enhanced lung
metastasis by B16F10 melanoma cells injected into the tail vein of mice. In conclusion, this study underscores the
relevance of CAV1 tyrosine-14 phosphorylation by Src-family kinases during the first steps of the metastatic
sequence promoted by CAV1. These findings open up potential options for treatment of metastatic tumors in
patients in which Src-family kinase activation and CAV1 overexpression favor dissemination of cancer cells to
secondary sites.

1. Introduction

Caveolin-1 (CAV1) is an integral membrane protein with several
functions under physiological conditions, such as caveolae formation
and endocytosis, cholesterol homeostasis and signal transduction [1].
Additionally, the role of this protein in pathological conditions has also
been studied [2–4]. Considerable information concerning the role of
CAV1 in cancer is available [5–10], however, in conjunction these
studies point towards a complex role in the development of the disease
[7]. Initially, during tumor development, reduced expression of CAV1

linked to methylation of the promoter region is observed, consistent
with its function as a tumor suppressor; however, in advanced stages of
the disease, increased levels of the protein correlate with the develop-
ment of metastasis [8].

Cancer cell metastasis requires the coordinated and directional
movement of cells in response to changes in the extracellular micro-
environment [11,12]. Specifically, metastatic colonization involves the
adhesion of tumor cells in the microvasculature and subsequent cell
migration through the endothelium to a secondary site, a process re-
ferred to as trans-endothelial migration (TEM) [13], which appears to
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be comparable to leukocyte diapedesis [14]. CAV1 favors metastasis by
promoting cell migration and invasion [15], and elevated CAV1 levels
are associated with the progression of different types of cancer, such as
breast, prostate [16,17] and colon [6] cancer, as well as melanoma
[18]. In prostate cancer, significantly increased levels of CAV1 in tissue
and plasma are associated with progression of the disease and poor
prognosis of patients [19–21]. Thus, CAV1 can be considered a poten-
tial biomarker that may be useful in the development of therapeutic
strategies for the treatment of prostate cancer [16]. Similarly, in hepatic
carcinoma, elevated levels of CAV1 in patient samples correlate with
progression of the disease and are associated with intra hepatic me-
tastasis, a relevant factor in defining patient prognosis [22].

Two variants of CAV1 have been described, CAV1α (aa 1–174) and
CAV1β (aa 32–174); the latter is suggested to be generated by either
alternative splicing or alternative initiation from the same transcript
[23,24]. Common functions have been ascribed to both variants, al-
though differences during development have been detected [25,26].
However, only CAV1α contains the tyrosine-14 (Y14) residue, a target
site for phosphorylation by the non-receptor tyrosine kinases, including
Src, Fyn, Yes and c-Abl, in response to a large number of stimuli
[8,27–29]. In this context, phosphorylation at this site has been widely
associated with important events during cell migration, both in normal
and tumor cells [9,30–32]. In the latter case, for instance, CAV1 sti-
mulates tumor invasion through Rho activation and FAK stabilization in
focal adhesions in a Src-dependent manner [33].

Previously, our group evaluated the metastatic potential of CAV1 in
murine melanoma B16F10 cells, which are derived from the C57BL/6
mouse. Overexpression of CAV1 in B16F10 cells increased Rac1 acti-
vation and subsequent cell migration in vitro, which then translated into
a 3-fold increase in lung metastasis in vivo [10,31]. The same effects of
CAV1 are observed in the human melanoma A375 cell line. Ad-
ditionally, metastasis in mice is inhibited when the tumor suppressor E-
cadherin is introduced into CAV1 expressing cells [10] and this ability
of E-cadherin is linked to recruitment of the non-receptor tyrosine
phosphatase PTPN14 to the CAV1/E-cadherin complex and CAV1 de-
phosphorylation [34]. Indeed, our results also indicate that CAV1 re-
quires phosphorylation on Y14 to enhance migration specifically on two
abundant ECM substrates in the lung (fibronectin and laminin), as well
as invasion, trans-endothelial cell migration and in vivo metastasis
[31,32]. On the other hand, pharmacological inhibition of Src kinase
reduces migration suggesting the requirement of tyrosine-14 phos-
phorylation for CAV1-enhanced migration [31], however, the effect of
this inhibitor on CAV1-enhanced metastasis is unknown. Interestingly,
neither the CAV1 mutation Y14F (non-phosphorylatable) nor Y14E
(phosphomimetic) affect the ability of the protein to function as a
tumor suppressor [32], even in the absence of E-cadherin [10].
Therefore, reducing phosphorylation of CAV1 on Y14 can be viewed as
an ideal therapeutic target to diminish metastasis without affecting the
beneficial function of the protein as a tumor suppressor.

Thus, the aim of this study was to evaluate the effect of inhibition of
CAV1 phosphorylation on migration, invasion and metastasis of mela-
noma cells. To that end, we used the pharmacological experimental
inhibitor of Src-family kinase proteins, named PP2 (4-amino-5- (4-
chloro-phenyl) -7- (t-butyl) pyrazolo [1–19,21–79] pyrimidine) [53], as
well as the clinically relevant Src/Abl inhibitor, dasatinib (DST)
[35,41]. Moreover, we used gold nanoparticles as tracking devices to
label B16F10 cells expressing CAV1 [51] and study how treatment of
the cells with the inhibitors affected lung metastasis. Our results un-
derscore the relevance of CAV1 phosphorylation on tyrosine-14 in mi-
gration and invasion, as well as during the initial steps of lung coloni-
zation in mice intravenously injected with B16F10 melanoma cells.

2. Materials and methods

2.1. Antibodies and reagents

Rabbit polyclonal anti-caveolin-1 (Transduction Laboratories,
Lexington, KY, USA) and anti-actin (R&D Systems, MN, USA) anti-
bodies, as well as the goat polyclonal anti-MMP-2/9 (Santa Cruz
Biotechnology, CA, USA), mouse monoclonal anti-pY14-caveolin-1,
anti-Rac1 (Transduction Laboratories) and anti c-Abl (Santa Cruz
Biotechnology) antibodies were used as indicated by the manufacturers.
Goat anti-rabbit and goat anti-mouse IgG antibodies coupled to horse-
radish peroxidase (HRP) were from Merck-Millipore (Billerica, MA,
USA) and KPL Laboratories (Washington DC, USA), respectively. The
ECL chemiluminescent substrate and the BCA protein determination kit
were from Pierce (Rockford, IL, USA). Fetal bovine serum (FBS) was
from Biological Industries (Cromwell, CT, USA). Cell culture media and
antibiotics were from GIBCO (Invitrogen, Carlesbad, CA, USA). PP2 was
from Enzo Life Science International (Plymouth Meeting, PA, USA).
DST was from Jomar Life Research (Selleckchem, TX, USA). All che-
micals were purchased from Sigma-Aldrich (St. Louis, US) unless in-
dicated otherwise.

2.2. Cell culture

Metastatic murine melanoma cells B16F10 (ATCC, #CRL6475,
provided by Laurence Zitvogel, Institut Gustav Roussy, Villejuif,
France) were cultured in RPMI 1640 medium supplemented with 10%
FBS and antibiotics (100 U/mL penicillin and 100 mg/mL strepto-
mycin) and used for all experiments in passage numbers between 9 and
14. EA.hy926 endothelial cells, used in passage numbers between 15
and 25 (ATCC, #CRL2922, kindly donated by Gareth Owen, Pontificia
Universidad Católica de Chile) were maintained in IMEM medium
supplemented with 10% FBS and antibiotics as mentioned above. Cells
were maintained at 37 °C and 5% CO2.

2.3. Transfection of B16F10 melanoma cells

The plasmids pLacIOP (referred to as mock) and pLacIOP-caveolin-1
(referred to as CAV1, containing the full-length dog caveolin-1 se-
quence, NCBI Reference Sequence: NP_001003296.1) were previously
described [6]. B16F10(mock) and B16F10(CAV1) cells were grown to
50–60% confluence in 6 multi-well plates and then transfected with
2 µg of c-Abl-GFP plasmid, c-Abl–KD-GFP (kinase dead dominant-ne-
gative form of c-Abl) plasmid or the empty GFP vector (kindly provided
by Dr. Alejandra Alvarez, Pontificia Universidad Católica de Chile,
Santiago, Chile).

2.4. Western blotting

B16F10 cells grown to 70–80% confluence, were washed with cold
PBS and lysed in 0.2mM HEPES (pH 7.4) buffer containing 0.1% SDS,
phosphatase inhibitors (1 mM Na3VO4) and a protease inhibitor cock-
tail (10mg/mL benzamidine, 2 mg/mL antipain, 1 mg/mL leupeptin,
1 mM PMSF). Protein concentrations were determined using the BCA
method. Total protein extracts (30 µg/lane) were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to
a nitrocellulose membrane. Blots were blocked with 5% milk in 0.1%
Tween-PBS and then probed for actin (1:5000), caveolin-1 (1:5000),
Rac1 (1:3000), c-Abl (1:3000), MMP-2 (1:1000) and MMP-9 (1:1000)
with specific antibodies at the indicated dilutions. Alternatively, blots
were blocked with 5% gelatin in 0.1% Tween-PBS and probed with anti-
pY14-caveolin-1 (1:3000) antibody diluted as indicated in blocking
buffer. Bound antibodies were detected with HRP-conjugated sec-
ondary goat anti-rabbit or goat anti-mouse antibodies (1:3000) and the
ECL system (Thermofisher, MA, USA). To obtain quantitative data,
western blots were analyzed using Image J software (NIH, USA). Values
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shown for protein expression were averaged from results obtained in
three independent experiments.

2.5. Pre-incubation of B16F10 cells with Src-family kinase inhibitors

For all the experiments, B16F10(mock) and B16F10(CAV1) cells
where pre-incubated with 10 µM of PP2 or 100 nM of DST for 2 h. Then,
cells were washed with PBS, resuspended in culture medium for in vitro
experiments or physiological saline solution for in vivo experiments. The
rationale for using these concentrations is based on previous results
from our group showing significant effects of 10 µM PP2 in B16F10
migration and CAV1 phosphorylation [31]. On the other hand, 100 nM
of DST is sufficient to reduce significantly migration and invasion of
human A2058 and 1205-Lu melanoma cells [39] as well as prostate
cancer cells [65].

2.6. Transwell migration assay

Migration was assayed in Boyden Chambers (Corning Costar
Transwell, 6.5 mm diameter, 8 μm pore size; Costar, Corning, NY, USA)
according to the manufacturer’s instructions. Briefly, the lower surfaces
of the inserts were coated with fibronectin (2 μg/ml). B16F10 cells
(5× 104) pre-treated for 2 h with PP2 or DST, were re-suspended in
serum-free medium and then plated in the top of each chamber insert.
Serum-free medium was added to the bottom chamber [32]. After 2 h,
inserts were removed, washed and cells that migrated to the lower side
of the insert membranes were stained with 0.1% crystal violet in 2%
ethanol and counted using an inverted microscope. In each independent
experiment, six images per condition were evaluated.

2.7. Invasion assay

Assays were performed in matrigel chambers (BD Matrigel invasion
chambers, 6.5 mm diameter, 8 μm pore size; Beckton-Dickinson,
Franklin Lakes, NJ, USA) according to the manufacturer’s instructions.
B16F10 cells (5× 104) pre-treated for 2 h with PP2 or DST, were re-
suspended in serum-free medium and then added to the upper section
of each chamber insert. Complete medium was added to the bottom
chamber. After 22 h, inserts were removed, washed and cells that mi-
grated to the lower side of the insert membranes were stained with
toluidine blue in 1% methanol and counted using an inverted micro-
scope. In each independent experiment, six images per condition were
evaluated.

2.8. Zymography

B16F10(mock) and B16F10(CAV1) cells induced by IPTG for 48 h
were serum-starved for 16 h and then treated with PP2 or vehicle
(DMSO) for 2 h. Supernatants of three independent experiments were
collected and analyzed by zymography to determine the enzymatic
activity of metalloproteinases (MMPs) MMP-2 and MMP-9 using the
protocol previously described by Goicovich [50]. Samples were re-
solved in 10% polyacrylamide gels co-polymerized with gelatin (1 mg/
ml). Samples (30 µg protein) were incubated for 30min in sample
buffer (0.4M Tris-HCl, pH 6.8, containing 5% SDS, 20% glycerol,
0.03% Bromophenol Blue) under non-reducing conditions, at room
temperature. After electrophoresis, gels were incubated in 2.5% Triton
X-100 for 2 h at room temperature, in order to eliminate residual SDS.
Gels were then incubated by 24 h in metalloproteinase test buffer
(150mM Tris-HCl, pH 7.5, 150mM NaCl, 5 mM CaCl2, 0.02% NaN3) at
37 °C. Gels were fixed and stained with Coomassie Blue R-250. As a
loading control, the same samples were separated on a gel and stained
with Coomassie Blue R-250. Degradation of gelatin due to the gelati-
nase activity of MMP-2 and −9 was quantified by densitometric ana-
lysis of the clear bands in the zymography gels using the Image J
software (NIH, USA) and normalized to the respective loading controls.

2.9. Rac1 pull down assay

First, for fusion protein purification, pGEX GST-PBD proteins were
prepared from lysates of BL21 Escherichia coli induced with 100 μM
isopropyl β-d-thiogalactoside (IPTG) for 3 h at 24 °C. Bacteria were
lysed in 20mM HEPES (pH 7.6), 150mM NaCl, 5 mM MgCl2, 1 mM
dithiothreitol DTT, 1mM PMSF, and 10 μg/ml aprotinin and leupeptin.
Recombinant proteins were isolated with glutathione–Sepharose 4B
beads (GE Healthcare Life Sciences, Pittsburgh, PA, USA) at 4 °C for 2 h.
Beads were sedimented and washed three times in 20mM HEPES (pH
7.5), 150mM NaCl, and 1mM DTT. Then, bound proteins were eluted
from the spin column with GST resin using a buffer containing 100mM
Tris-HCL (pH 8), 120mM NaCl and 20mM Reduced Glutathione (GSH).
Eluted proteins were concentrated using Amicon Ultra-0.5 centrifugal
filter units (Sigma-Aldrich).

Rac1–GTP pull-down assays were performed as described previously
[31,77]. In brief, cells were allowed to attach to culture plates for 24 h
and subsequently lysed in a buffer containing 25mM HEPES (pH 7.4),
100mM NaCl, 5 mM MgCl2, 1% NP40, 10% glycerol, 1 mM dithio-
threitol and protease inhibitors. Extracts were incubated for 5min on
ice and clarified by centrifugation (10,000g, 1 min, 4 °C). Post-nuclear
supernatants were used for pull-down assays with 30 μg of GSH beads
pre-coated with GST- PBD (to bind Rac1-GTP) per condition. Beads
were incubated with extracts for 15min in a rotating shaker at 4 °C.
Thereafter, the beads were collected, washed with lysis buffer con-
taining 0.01% NP40. Bound proteins were solubilized in Laemmli,
boiled and then separated by SDS PAGE for Western blotting analysis as
indicated above. Numerical values for bands visualized by western
blotting were obtained using Image J software (NIH, USA). Results
shown were averaged from three independent experiments.

2.10. Trans-endothelial migration assay

TEM assays were performed as described previously [32]. EA.hy926
cells (2.5× 105were grown to confluency until an endothelial mono-
layer was formed (after 72 h, as evidenced by Dextran Blue imperme-
ability) on the upper side of 8-μm-pore size membranes (Transwells; BD
Biosciences). B16F10 cells (5× 104) were labeled with CellTracker
Green (5 μM; Life Technologies at Thermofisher) and added to the
upper chamber of the transwell inserts containing the EA.hy926
monolayer. After 6 h, transwells were washed with PBS and wiped with
cotton swabs. Inserts were fixed with 4% paraformaldehyde in PBS,
stained with DAPI and mounted onto glass slides. Migrated green la-
beled-B16F10 cells were imaged by epifluorescence microscopy (IX81,
Olympus Latin America Inc., Miami, FL, USA).

2.11. MTS viability assay

B16F10(mock) and B16F10(CAV1) cells (1× 103 cells/well) were
plated on 96- well plates and induced with IPTG for 24 h. After an in-
itial 24-hour period in culture, cells were treated with 10 µM of PP2 or
100 nM of DST for 2 h. Then, cells were washed with 1X PBS and left in
complete medium for an additional 2, 4, 24 and 48 h. Cell proliferation
was evaluated by the MTS® assay, according to the manufacturer’s
(Promega, Madison, WI, USA) instructions. As a negative control for cell
viability, cells were treated with 1% SDS. Note that the MTS assay
evaluates mitochondrial activity and as such provides a measure of cell
proliferation and death combined (viability assay).

2.12. Metastasis assays

For metastasis experiments with Src/c-Abl inhibitors,
B16F10(mock) or B16F10(CAV1) cells induced with IPTG for 48 h,
were previously treated with 10 µM PP2 or 100 nM DST for 2 h and
then, suspended in physiological saline solution and injected in-
travenously into the tail vein of C57BL/6 mice (2× 105 cells/500 µL
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per animal). Animals were euthanized at day 21 post-injection. Lungs
were fixed in Fekete’s solution [10] and black metastatic nodules were
removed to determine tumor mass. Metastasis was expressed as black
tissue mass/total lung mass in percent (%) after fixation of the tissue

[10,32].
For early ex vivo detection of metastasis in mouse lungs,

B16F10(mock) and B16F10(CAV1) cells incubated for 24 h in the pre-
sence of 1mM IPTG were exposed for another 24 h to 4 nM of AuNP-

Fig. 1. Caveolin-1-enhanced cell migration and Rac1 activation are blocked by the Src-family kinase inhibitors PP2 and DST. B16F10(mock) and B16F10(CAV1) cells
were pre-treated for 2 h with the inhibitors PP2 (10 µM) or DST (100 nM). After washing in PBS, cells (5×104) were added to the transwell inserts pre-coated on the
lower side with fibronectin (2 μg/ml). Then, cells were allowed to migrate for 2 h and subsequently detected after fixation on the lower side of the membrane by
crystal violet staining. (A) Migration of cells pre-treated with PP2; (B) Migration of cells pre-treated with DST. The graphs show the data averaged from 6 different
fields in three independent experiments and normalized to values for B16F10(mock) cells. Rac1–GTP levels were measured with the GST–protein-binding-domain
(PBD) pull-down assay. Representative images of western blots selected from three independent experiments showing the levels of active Rac1 in B16F10 cells pre-
treated with (C) PP2 or (D) DST. The numbers below the panels indicate the relative levels of Rac1–GTP, obtained by scanning densitometry analysis and nor-
malization to total Rac1. Data shown represent the average of three independent experiments (mean ± S.E.M, ***p < 0.001; **p < 0.01 and *p < 0.05).
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PEG-TAT48-60 gold nanoparticles (38). Then, gold nanoparticle labeled
cells were treated with 10 µM PP2 or 100 nM DST for 2 h and injected
intravenously into the tail vein of C57BL/6 mice (2×105 cells/500 µL
of saline solution per animal). Animals were maintained for 4 h and
then sacrificed. Lungs were fixed in 0.1M phosphate buffer (pH 7.3)/
formaldehyde 10% (v/v) for 48 h at 4 °C. Later, fixed Lungs were de-
hydrated in alcohol, clarified in Xylene, embedded in paraffin, and
sectioned at 5 μm (Leitz 1512 Rotary Microtome, Ontario, Canada).
Tissue slices were deparaffinated and hydrated following standard
procedures. Antigenicity was recovered treating samples with Retrieval
solution (S1699; DACO, Rune Linding, Denmark) at 100 °C for 20min
[57]. Afterwards, tissues were treated with 0.02M PBS for 5min,
50 mM Glycine in 0.02M PBS for 5min and 0,1% Gelatin-0,05% Tween
20 in 0,02M PBS for 5min. Slices were rinsed in water for 10min and
then stained for 15min in 200mL of Gold Enhanced™LM (Nanoprobes,
NY, USA) per slice. To finalize gold nucleation, sections were rinsed
with water according to the landmark protocol [52]. In a final step,
slices were counterstained with Hematoxylin (Contrast BLUE Solution)
and mounted with Clearmount™ (Invitrogen) [47]. Using identical mi-
croscope and camera settings, five digital images per sample were taken
to quantify gold nucleation in tissue sections.

This study was performed using male and female C56BL/6 mice
housed by the Animal Facility of the Center for studies on Exercise,
Metabolism and Cancer (CEMC) according to the rules and standards
established by the Bioethics Committee on Animal Research at the
Facultad de Medicina, Universidad de Chile (Protocol number CBA #
0416 FMUCH).

2.13. Statistical analysis

Results were statistically compared using the Kruskal-Wallis
ANOVA test followed by multiple comparison post-tests (Dunn’s mul-
tiple comparison test). For paired groups, the Mann-Whitney test was
employed. Data analyzed in this manner are specifically indicated in the
respective Figure legends. All groups were obtained from three or more
independent experiments. *p < 0.05 was considered significant.

3. Results

3.1. Caveolin-1-enhanced cell migration is prevented by Src/c-Abl inhibitors
in B16F10 melanoma cells

CAV1 phosphorylation on tyrosine-14 by Src family kinases is re-
quired to promote migration of non-tumor [37,66,68] and tumor cells
[30,31,33,66,73,76]. Our data show that CAV1-enhanced B16F10
melanoma migration and invasion are not enhanced by the non-phos-
phorylatable Y14F protein, while the phosphomimetic Y14E mutation
behaves similar to the wild-type protein [32]. Also, the treatment of
B16F10 melanoma and MDA-MB-231 breast cell lines with PP2, a se-
lective pharmacological inhibitor of the Src family kinases, prevents
CAV1-enhanced wound closure [31]. Note that the effect is not due to a
reduction in total Src levels, because they are comparable in
B16F10(mock) and B16F10(CAV1) cells (data not shown). Here we
evaluated the effect of pharmacological inhibition of the phosphoryla-
tion of CAV1 on tyrosine 14 in vitro in migration/invasion assays. To do
so, we employed two well-established inhibitors of Src [36,53] and c-
Abl [38,74]. To impart clinical relevance to the in vitro results, the
ability of these inhibitors to prevent CAV1-enhanced metastasis was
also tested.

First, we tested the effect of PP2 and DST (selective/reversible in-
hibitors of Src and c-Abl) on migration of melanoma cells. B16F10 cells
were pre-treated with 10 µM PP2 or 100 nM DST for 2 h. As we de-
scribed previously [31,32], transwell migration increased significantly
with the expression of CAV1 in B16F10 cells (2,5 times over control,
third bars, Fig. 1A and 1B). Alternatively, pre-treatment of CAV1 ex-
pressing cells with PP2 or DST prevented the increase in migration

(fourth bars, Fig. 1A and 1B). Note that proliferation was not affected
by PP2 or DST in B16F10(mock) and B16F10(CAV1) cells (data not
shown). To assess the relevance of tyrosine 14 phosphorylation in
downstream signaling events related to migration, we determined the
extent of Rac1 activation by pull down assays in B16F10(mock) and
B16F10(CAV1) cells pre-treated with the inhibitors. CAV1 expression
increased Rac1 activity compared to B16F10(mock) cells, while PP2
prevented this effect (Fig. 1C and 1D). A similar result was obtained
with the c-Abl inhibitor, DST (Fig. 1E and F).

These results underscore the relevance of CAV1 tyrosine-14 phos-
phorylation by Src/c-Abl-kinases in promoting the migration of B16F10
cells in vitro through Rac1 activation.

3.2. Caveolin-1-enhanced invasion and gelatinase activity of MMP-2 and
MMP-9 are blocked by Src-family kinase inhibitors

Migration of cancer cells through basement membranes and extra-
cellular matrices that contain fibronectin and laminin is an essential
step during tumor invasion [69,70,80]. Here, we evaluated the ability
of Src/c-Abl-inhibitors to prevent CAV1-enhanced cell invasion using
the Matrigel assay. Invasion of B16F10 (CAV1) cells was about 1.5-fold
higher than for B16F10(mock) cells (Fig. 2A and 2B), as we previously
described [31,32]. Interestingly, pre-incubation of these CAV1 expres-
sing cells with PP2 reduced invasion even below the levels observed for
B16F10(mock) cells (Fig. 2A). Also, pre-incubation with DST prevented
invasion enhanced by CAV1 in B16F10 cells (Fig. 2B). Expression of
MMP-2 and MMP-9 was not affected by treatment of cells with PP2
(Fig. 2C and 2D, respectively); however, the reduction in invasion ob-
served in the presence of PP2 correlated with a statistically significant
reduction (*p < 0.05) in the gelatinase activity of these proteins
(Fig. 2E).

3.3. Caveolin-1-enhanced trans-endothelial migration is blocked by Src-
family kinase inhibitors PP2 and DST

Trans-endothelial migration (TEM) is an important step in meta-
static colonization of a target tissue. Here, in in vitro experiments, CAV1
expression in B16F10 cells augmented migration across an endothelial
cell monolayer around 1.5-fold compared with B16F10(mock) cells
(Fig. 3A and 3C). Importantly, CAV1-enhanced TEM was prevented by
pre-treatment of B16F10 cells with either PP2 or DST (Fig. 3A, 3B and
3C, 3D, respectively).

3.4. c-Abl overexpression in B16F10(CAV1) increases CAV1 protein levels
and cell migration

Phosphorylation of CAV1 on tyrosine 14 is implicated in regulation
of proteins that promote migration of normal [37,68] and transformed
cells [31,32,66,73,76]. Src, Fyn and c-Abl kinases phosphorylate CAV1
in response to several stimuli, including insulin, angiotensin II, osmotic
shock, oxidative stress [59,60,78] and also these proteins are associated
with focal adhesions [40]. Importantly, CAV1 is a preferred substrate
for these tyrosine kinases in cells [49,54,58,67].

Here, we analyzed the expression of c-Abl in B16F10 cells by wes-
tern blotting (Fig. 4A) and how the kinase modulated the migration of
B16F10(mock) and B16F10(CAV1). To that end, cells were transfected
with either c-Abl WT or a kinase dead (KD, dominant negative) version
of the kinase. Unexpectedly, overexpression of c-Abl WT in
B16F10(CAV1) cells significantly increased the levels of total CAV1 as
compared to cells transfected with the empty plasmid or a plasmid
encoding the dominant negative form of the kinase (Fig. 4B). The in-
crease in pY14-CAV1 levels observed on western blots correlated with
the increased levels of total CAV1 in cells transfected with c-Abl WT. As
a consequence, the ratio pY14-CAV1/CAV1 did not change compared
with the empty plasmid or c-Abl KD conditions (Fig. 4C); however, the
total amount of pY14-CAV1 also increased compared to the other
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Fig. 2. Caveolin-1-enhanced invasion and gelatinase activity of MMP-2 and MMP-9 are blocked by the Src-family kinase inhibitors. B16F10(mock) and
B16F10(CAV1) cells were pre-treated for 2 h with PP2 (10 µM) or DST (100 nM). For invasion assays, cells (5×104) were added to matrigel inserts, allowed to
invade for 22 h and then detected as described. (A) Invasion of cells pre-treated with PP2; (B) Invasion of cells pre-treated with DST. The graphs show the data
averaged from 6 different fields in three independent experiments and normalized to values for B16F10(mock) cells (mean ± S.E.M, ***p < 0.001 and
**p < 0.01). B16F10(mock) and B16F10(CAV1) cells induced with IPTG for 48 h were serum-starved for 16 h and then treated with PP2 for 2 h. Total protein
extracts were obtained for analysis of metalloproteinase expression in cells. Representative images of western blots selected from three independent experiments
showing levels of total MMP-2 (C) and total MMP-9 (D). The relative expression of proteins was evaluated by scanning densitometry using Image J software. The
graphs show the values of the densitometric analysis, normalized to the B16F10(mock) (DMSO) control. Supernatants were collected and analyzed by zymography to
determine the enzymatic activity of MMP-2 and MMP-9. (E) Degradation of gelatin due to the gelatinase activity of MMPs was evaluated by densitometric analysis of
the clear bands in the gels using the Image J software (NIH, USA). The image is representative of results obtained in three independent experiments. Numbers below
each lane indicate the relative activity for MMP-2 and MMP-9, normalized to the loading control (see Materials and Methods). Values were normalized with respect to
the control condition [B16F10(mock)/DMSO]. Data shown are the averages of three independent experiments.
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conditions (Fig. 4D). Moreover, in cells transfected with c-Abl WT,
migration increased even in B16F10(mock) cells but the increase was
substantially greater in CAV1 expressing cells (Fig. 4E; third and fourth
bars). On the other hand, migration of B16F10(CAV1) cells was sig-
nificantly reduced by the transfection with the c-Abl KD plasmid
(Fig. 4E, fifth and sixth bars).

3.5. Caveolin-1-enhanced lung metastasis in C57BL/6 mice is reduced by
PP2 or DST

We have previously reported on the importance of tyrosine 14 for
CAV1-enhanced migration, invasion and metastasis [31,32]. To de-
termine the relevance of phosphorylation at this site for CAV1 function
in metastasis, we injected mice with B16F10(mock) and B16F10(CAV1)
previously treated with PP2 or DST. As expected, expression of CAV1
significantly increased lung metastasis of B16F10 cells injected in-
travenously into syngeneic C57BL/6 mice, as compared to

B16F10(mock) cells. However, when B16F10(CAV1) cells were pre-
viously treated with PP2, lung metastasis was prevented (Fig. 5A).
Likewise, metastasis was prevented by pre-treatment of cells with DST
(Fig. 5B).

To determine the extent to which phosphorylation of CAV1 might
be relevant to the initial steps of metastasis, B16F10 cells were pre-
treated with PP2 or DST for 2 h, then the culture medium was changed
and pY14-CAV1 levels were evaluated at different time points. Levels of
pY14-CAV1 in cells pre-treated with PP2 or DST were significantly re-
duced compared with control (DMSO) after 2 h (Fig. 5C and 5D, re-
spectively). Then, phosphorylation of CAV1 on tyrosine 14 increased up
to the initial levels 12 h after eliminating the inhibitors (Fig. 5C and
5D). These results show that, even after removal of either inhibitor,
pY14 levels were maintained low for at least 2–4 h in B16F10 cells and
this was sufficient to reduce significantly lung metastasis in mice after
21 days (Fig. 5A and 5B), suggesting that Y14 phosphorylation of CAV1
was relevant for very early steps of metastasis.

Fig. 3. Caveolin-1-enhanced trans-endothelial migration is blocked by the Src-family kinase inhibitors PP2 and DST. EA.hy926 cells (2,5×105) were seeded on the
Transwell inserts and impermeable cell monolayers were allowed to form for 72 h. B16F10(mock) and B16F10(CAV1) cells (5×104), previously stained with
CellTracker Green and pre-treated with PP2 or DST for 2 h, were added to the confluent EA.hy926 monolayer. Then, B16F10 cells were allowed to penetrate the
EA.hy926 monolayer for 6 h. Cells were observed and quantified by epifluorescence microscopy with a 40X objective on the lower side of the Transwell membranes
(scale bar, 50 μm). Values in the graphs represent the average values for TEM (cells per field) following incubation of the B16F10 cells with (A) PP2 or (C) DST. Data
were normalized to values obtained for control B16F10(mock) cells. Images of B16F10(mock) and B16F10(CAV1) cells pre-treated with (B) PP2 or (D) DST. TEM was
quantified as cells per field from 10 different fields in three independent experiments (mean ± S.E.M, ***p < 0.001 and **p < 0.01). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.6. Caveolin-1-enhanced lung metastasis detected after 4 h is prevented by
pre-treatment of B16F10 cells with Src-family kinase inhibitors

To corroborate that Y14 phosphorylation was essential during early
steps of metastasis, B16F10(mock) and B16F10(CAV1) cells were la-
beled with AuNP-PEG-TAT48-60 gold nanoparticles (38), pre-treated
with PP2, DST or vehicle (DMSO) and then injected into the tail vein of
mice. Animals were maintained for 4 h and then sacrificed. Lungs were
fixed and stained with Gold Enhanced™LM to detect gold nucleation.
The results of Fig. 6 show positive gold (Au) nuclei detected in lung
parenchyma after 4 h (see digital zoom of the gold (Au) positive cells).
As anticipated, CAV1 expression in B16F10 cells significantly increased
the number of gold (Au) positive nuclei in lungs 4 h post injection
compared to B16F10(mock) cells (Fig. 6A, red arrows; Fig. 6B). How-
ever, when B16F10(CAV1) cells were pre-treated with PP2, gold (Au)
positive nuclei did not increase significantly. A similar effect was ob-
served with DST, albeit to a lesser extent (Fig. 6C).

4. Discussion

Caveolin-1 expression is reduced in the early stages of cell trans-
formation and tumor development, consistent with a role as a tumor
suppressor. At later stages of cancer progression, re-expression of the
protein is associated with enhanced malignancy (multidrug resistance

and metastasis). Interestingly, studies from our group have shown in a
preclinical experimental model that expression of the protein in mela-
noma cells reduces subcutaneous tumor growth while promoting me-
tastasis to the lung following surgical removal of an existing tumor.
Thus, elevated CAV1 expression need not necessarily be bad [10].
However, phosphorylation of CAV1 on tyrosine-14 promotes tumor cell
migration, invasion and metastasis [46]. CAV1(Y14) is a substrate for
the tyrosine kinases Src and c-Abl [56], and induces migration by
modulating Rac1 activity in cancer cells [31,44]. Thus, potentially
beneficial effects associated with elevated CAV1 expression may be
preserved as long as phosphorylation is prevented. Here we evaluated
the ability of two tyrosine kinase inhibitors (PP2 and DST) to block the
metastatic potential of melanoma cells. The findings show that ex-
posure of B16F10 cells to these tyrosine kinase inhibitors reduces Rac1
activation, migration, MMP activity, invasion and TEM in vitro, as well
as metastasis in vivo by reducing CAV1 phosphorylation.

Src and c-Abl are cytoplasmatic tyrosine kinases implicated in many
cellular processes and cancer development. Because of their similarity,
several compounds originally synthesized as Src inhibitors are also c-
Abl inhibitors. Consistent with this, DST and PP2 are reportedly dual
Src and c-Abl inhibitors [64]. DST is an ATP-binding inhibitor of c-Abl
and Src-family kinases, as well as c-KIT, PDGFR-alpha and beta, and
ephrin receptor kinase, and has been approved by the United States
Food and Drug Administration (FDA) for the treatment of leukemia.

Fig. 4. c-Abl overexpression in B16F10(CAV1) increases CAV1 protein levels and cell migration. B16F10(mock) and B16F10(CAV1) cells were transfected with c-Abl-
GFP, c-Abl– KD-GFP (kinase death dominant-negative form of c-Abl) or the GFP empty plasmids and then induced by IPTG for 48 h. Protein extracts were analyzed by
western blotting for c-Abl, CAV1 and pY14-CAV1 levels. (A) Western blot representative of results obtained in three independent experiments shows total levels of
pY14-CAV1, CAV1 and c-Abl. β-Actin is included as a loading control. The relative expression of proteins was evaluated by scanning densitometry using Image J
software. Values in the graphs show the levels of total CAV1 relative to β-Actin (B), of pY14-CAV1 relative to total CAV1 (C), and of pY14-CAV1 relative to β-Actin
(D). Data in the graphs were normalized to the respective mock/empty vector (control) value. (E) Migration of B16F10(mock) and B16F10(CAV1) cells transfected
with c-Abl-GFP, c-Abl–KD-GFP or the GFP empty plasmids. The graph shows the data averaged from 6 different fields in three independent experiments and
normalized to values for B16F10(mock) cells. Data shown represent the average of three independent experiments (mean ± S.E.M, **p < 0.01 and *p < 0.05).
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However, the potential utility of DST in treating solid tumors remains to
be established. While some studies did not observe beneficial effects of
DST in the treatment of solid tumors, others found evidence indicating
that this inhibitor may be useful. For instance, the clinical activity of
DST in pancreatic refractory tumors is modest [63] and did not sig-
nificantly prolong survival in clinical trials with prostate cancer pa-
tients [45].

On the other hand, DST displayed anti-tumor activity with a subset
of colorectal cancer cells in a mouse explant model. In doing so, Src
inhibition has become an attractive target for treatment of colorectal
cancer [75]. In addition, lung cancers overexpressing Yes, a Src-family

kinase, are highly sensitive to DST in patient-derived xenograft models
[48]. Moreover, bosutinib, a Src/c-Abl inhibitor, is effective in human
pancreatic cancer-derived xenograft models expressing high levels of
CAV1 [62]. These observations provide support for the clinical eva-
luation of DST treatment in selected subsets of patients with altered Src
family kinase and/or CAV1 status as predictive biomarkers for therapy.

CAV1 has been implicated in oncogenic cell transformation, tumor
progression, resistance to therapy and metastasis [5–8,43]. In parti-
cular, CAV1 activates a Rab5/Rac1 signaling pathway and thereby
enhances tumor cell migration and invasion [44]. In addition, other
authors have reported that Y14-CAV1 phosphorylation promotes focal

Fig. 5. Caveolin-1-enhanced lung metastasis in C57BL/6 mice is prevented by the Src-family kinase inhibitors PP2 and DST. C57BL/6 mice were intravenously
injected with B16F10(mock) or B16F10(CAV1) cells (5× 105) previously grown for 48 h in the presence of IPTG (1mM) and then pre-treated for 2 h with either
10 µM PP2 or 100 nM DST. (A) Graph summarizing the values observed for the metastatic lung mass of animals at day 21 after the inoculation with B16F10 cells pre-
incubated with either DMSO or PP2 (44 mice in total, 11 per group). (B) Graph summarizing the values observed for the metastatic lung mass of animals at day 21
after the inoculation with B16F10 cells pre-incubated with either DMSO or DST (24 mice in total, 6 per group). Statistically significant differences are indicated
(**p < 0.01 and *p < 0.05). Levels of pY14-CAV1 in three different experiments before pre-treatment with the inhibitors were analyzed. B16F10(CAV1) cells were
incubated with PP2, DST or vehicle (DMSO), washed and total protein extracts were obtained for western blot analysis. A control (Ctrl) without inhibitor or vehicle
was also included. (C) Total levels of pY14-CAV1 at 2, 4 and 12 h after PP2 removal. (D) Total levels of pY14-CAV1 at 2, 4 and 12 h after DST pre-incubation. The
graphs show the densitometric analysis of pY14-CAV1 normalized to total CAV1. Images are representative of three independent experiments (mean ± S.E.M,
**p < 0.01 and *p < 0.05).
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adhesion turnover and, thereby, cancer cell motility [32,33,56,61]. This
phosphorylation is mediated by Src family tyrosine kinases, including c-
Abl [28,40]. Consistent with these reports, we observed here that the
overexpression of c-Abl increases CAV1 phosphorylated on tyrosine-14
and, as a consequence, cell migration. However, somewhat surprisingly,
the increase in Y14 phosphorylation was paralleled by an increase in
CAV1 protein levels. The mechanistical underpinnings responsible for
this increase in protein expression remain to be determined, but as a
consequence there was more phospho Y14-CAV1 in c-Abl expressing
B16F10 cells. In addition, Y14-CAV1 phosphorylation is prevented
transiently by the pre-incubation with PP2 and DST for 2 h, which
consequently reduced active Rac1 levels and cell migration, as well as
MMP2/9 activity, invasion, and TEM. In vivo, these effects translate
into a reduction in early attachment of B16F10 cells to the lung par-
enchyma, as well as significant inhibition of the colonization and the
development of metastases in this tissue (Fig. 7).

As our group previously demonstrated, B16F10 cells can be detected
in mouse lungs as early as 5min after intravenous injection into the tail
vein [42]. On the other hand, our in vitro experiments have shown that

fibronectin and laminin, two abundant components of ECM in lung
stimulate phosphorylation of CAV1 on tyrosine 14 [32]. Of note, both
inhibitors (PP2 and DST) are reversible and phosphorylation of CAV1
on tyrosine-14 in cells starts recovering 2–4 h after inhibitor removal.
Despite this being the case, pre-incubation of cells with either inhibitor
sufficed to reduce CAV1-enhanced metastasis, suggesting that Y14-
CAV1 phosphorylation is required during the first steps of the meta-
static process.

Data from the literature in cancer models show a positive correla-
tion between CAV1 expression and the activity of MMP-2 and MMP-9
[72]. In human breast cancer cell lines, lipid rafts and CAV1 are re-
quired for invadopodia formation. There, the transmembrane metallo-
protease MT1-MMP, the main activator of MMP-2 [71] co-localizes
with CAV1, which is important for further ECM degradation during
invasion [79]. Others have shown in non-tumor cells that phosphor-
ylation of CAV1 on Y14 mediated by Src is necessary for its interaction
with MT1-MMP in caveolae [55], suggesting an important role for
CAV1 phosphorylation during cell invasion by promoting ECM de-
gradation [41]. Our results show that Src/Abl inhibitors significantly

Fig. 6. Caveolin-1 enhanced metastasis, detected in lungs of recipient mice as early as 4 h after intravenous injection of cells, is prevented by pre-treatment with Src-
family kinase inhibitors. B16F10(mock) and B16F10(CAV1) cells (2×105) labeled with AuNP-PEG-TAT48-60, were pre-treated with PP2, DST or vehicle (DMSO)
and resuspended in 500 μL of physiological saline for injection into the tail vein of mice. Animals were maintained for 4 h and then sacrificed. Lungs were fixed and
stained with Gold Enhanced™LM to detect gold nucleation. Slices were counterstained with hematoxylin and mounted. Using identical microscope and camera
settings, five digital images per condition were taken to quantify gold nucleation in tissue sections. (A) Images are representative of four animals per group. Gold
nuclei are indicated with red arrows. Scale bar of 100 µm. (B) Images of gold Au(+) nuclei in lungs of recipient mice intravenously injected with B16F10(CAV1) cells.
Gold (Au) nuclei are highlighted in red rectangles (1 and 2). Magnification bar 100 µm. 1́ and 2́ show digital zooms of the aforementioned gold nuclei that correspond
to metastatic mass in the lung parenchyma. (C) The graph shows the number of gold (Au) positive nuclei in histological sections of the mouse lungs. Data are
representative of three independent experiments (mean ± S.E.M, ***p < 0.001 and **p < 0.01). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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reduce MMP-2 and MMP-9 activity, which, based on the aforemen-
tioned data available in the literature, is likely attributable to the de-
crease in pY14-CAV1.

In a previous study, we established a protocol that permits labeling
of the B16F10 with gold nanoparticles prior to injection into mice and
then following how the cells colonize the lung at different time inter-
vals, as determined ex-vivo by fluorescence and optical microscopy
using gold enhancement technology [51]. According to those studies,
CAV1 presence promotes very early steps of lung colonization. How-
ever, whether CAV1 phosphorylation is relevant in this context was not
clear. Our studies here identify CAV1 phosphorylation as the driving
force for enhanced lung colonization due to the presence of the protein
during the first 2–4 h. This insight provides a window of therapeutic
opportunity for those patients where enhanced CAV1 expression is as-
sociated with poor prognosis. In those cases, surgical procedures to
remove solid tumors could be complemented with local treatments
using these inhibitors to prevent post-surgery metastasis.

In conclusion, our study reveals that CAV1 phosphorylation by Src-
family kinases is crucial to the initial steps of lung metastasis in a pre-
clinical animal model. In doing so, we provide evidence that supports
the use of these Src-family kinase inhibitors in clinical trials as ther-
apeutics to prevent metastasis of solid tumors expressing high CAV1
levels.
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