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(HUVEC). Via a live-cell proteolysis assay, we observed that degradation products of quenched-

Available online 3 February 2009

fluorescent (DQ)-proteins (i.e. gelatin and collagen IV) colocalized intracellularly with caveolin-1
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cathepsins. Biochemical analyses revealed that the distribution of active cathepsin B in caveolar
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fractions increased during in vitro tube formation. Pro-uPA, uPAR, MMP-2 and MMP-14, which
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have been linked with cathepsin B to ECM degradation pathways, were also found to increase in
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caveolar fractions during in vitro tube formation. Our findings are the first to demonstrate
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(cav-1) of HUVEC grown in either monolayer cultures or in vitro tube formation assays. Activity-
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Introduction
Angiogenesis, the formation of new blood vessels from the preexisting vasculature, is a process in which stimulated endothelial
cells remodel extracellular matrix (ECM), migrate through the
ECM, proliferate, differentiate and eventually form endothelial

tubules capable of blood transport [1]. Proteases of at least three
classes (serine, cysteine, and metallo-) [including matrix metalloproteinases (MMPs), members of the urokinase plasmin(ogen)
system and cysteine cathepsins] play crucial roles in angiogenesis
(for review see [2]). Proteases participate in the angiogenic process
by generating both pro- and anti-angiogenic factors from ECM
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proteins [3–5] and by processing growth factors and receptors,
including integrins [6,7]. For example, cleavage of type IV collagen
by endothelial cell MMPs results in the exposure of cryptic αvβ3integrin binding sites, thus promoting angiogenesis [7]. Urokinase
plasminogen activator (uPA) converts plasminogen to plasmin
which can be further processed to generate angiostatin, an antiangiogenic compound [8]. Cathepsin B, a lysosomal cysteine
protease, regulates the “angiogenic switch” [9] by initiating
proteolytic cascades involved in ECM degradation that promote
angiogenesis [10], or conversely, by cleaving collagen XVIII and
generating endostatin, an anti-angiogenic factor [11]. Overall, the
balance of protease activity and the interaction of proteases with
the ECM contribute to regulation of the angiogenic process.
ECM remodeling and degradation by tumor cells are facilitated by
the translocation of proteases to cell surfaces and their secretion into
the extracellular milieu [12–15]. Many proteases implicated in ECM
remodeling and degradation are also associated with caveolae [12], a
lipid-rich region of the plasma membrane involved in endocytosis,
cholesterol transport and cell signaling events (for reviews, see
[16,17]). These proteases include uPA and its receptor uPAR,
cathepsin B and its cell surface binding protein S100A10/p11 (p11)
[the light chain of the annexin II heterotetramer (AIIt)], MMP-2 and
MMP-14 [12]. In colorectal carcinoma cells, downregulation of
caveolin-1 (cav-1), the main structural protein of caveolae, decreases
distribution of cathepsin B and uPA to caveolae and ECM degradation
by these cells [18]. The association of proteases with caveolae of
endothelial cells is intriguing since caveolae are involved in
angiogenesis (for review, see [19]). During endothelial cell migration,
cav-1 localizes to the rear of migrating cells [20–22]. Moreover,
downregulation of cav-1 impedes endothelial cell polarization and
directional movement [20]. Indeed, knockdown of cav-1 suppresses
tube formation by endothelial cells and also reduces vessel formation
in the chicken chorioallantoic membrane assay [23]. Thus, we
hypothesize that compartmentalization of proteases to caveolae in
endothelial cells modulates cell migration, proteolysis of ECM
proteins and tube formation.
In the present study, we identified active cathepsin B as well
as its cell surface-binding partner, S100A10/p11 (p11), in
caveolae of human umbilical vein endothelial cells (HUVEC):
an association that is augmented during in vitro endothelial tube
cell formation. Using a live-cell proteolysis assay in combination
with in vitro tube formation assays and cysteine cathepsin
activity-based probes, we observed extracellular degradation of
ECM proteins (i.e., type IV collagen) by migrating HUVEC and
intracellular colocalization of ECM degradation products with
cav-1 in vesicles containing active cysteine cathepsins. These
data suggest an association of active cathepsin B with caveolae
and degradation and remodeling of the ECM during endothelial
cell migration and tube formation.
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IV were from Invitrogen (Carlsbad, CA); bovine endothelial cell
growth factor (bECGF) was from Roche Applied Science (Indianapolis, IN); polyclonal anti-caveolin (610059), monoclonal antiannexin II (mAb 5) and monoclonal anti-p11 (mAb 148)
antibodies were purchased from BD Biosciences (Bedford, MA);
polyclonal anti-cathepsin B [24] antibodies were produced,
affinity-purified and characterized in our laboratory; polyclonal
anti-β1 integrin antibodies were a kind gift from Dr. Kenneth
Yamada (National Institutes of Health/National Institute of Dental
and Craniofacial Research, Bethesda, MD); polyclonal anti-uPA
(ab20046) and polyclonal anti-uPAR (ab27423) antibodies were
from Abcam (Cambridge, MA); polyclonal anti-MMP-14 (AB815)
antibodies were from Chemicon (Temecula, CA); horseradish
peroxidase-labeled goat anti-rabbit and goat anti-mouse IgG were
from Pierce (Rockford, IL); purified MMP-2 and MMP-9 enzymes
were a kind gift from Dr. Rafael Fridman (Wayne State University,
Detroit, MI); cysteine cathepsin activity-based probes, GB-111-FL
and GB-123, were recently described in references [25] and [26],
respectively; Cultrex was from Trevigen (Gaithersberg, MD);
acrylamide and nitrocellulose membranes were from BioRad
(Hercules, CA); protein markers and chemiluminescent western
blotting detection kits were from Amersham Pharmacia Biotech
(Piscataway, NJ); benzyloxycarbonyl- L -arginyl-L -arginine-4methyl-7-coumarylamide (Z-Arg-Arg-NHMec) was from Bachem
(Torrance, CA); and Amicon Ultra-4 10 K centrifugal filters were
from Millipore (Bedford, CA).

Cell culture
HUVEC from the American Type Culture Collection (ATCC) (Rockville, MD) were grown on 1.5% (w/v) gelatin-coated tissue culture
lab-ware in endothelial cell M199 media supplemented with
40 μg/ml bECGF, 100 μg/ml heparin, antibiotics (penicillin/
streptomycin) and 10% (v/v) FBS (as recommended by the ATCC)
in 5% CO2/humidified atmosphere at 37 °C unless otherwise stated.
Transient transfection of HUVEC with cav-1-mRFP expression
vector (a kind gift from Drs. Radu V. Stan and Steve F. Dowdy,
University of California at San Diego, San Diego, CA) was
performed using Lipofectin reagent according to the manufacturer's instructions.

In vitro tube formation assay
In vitro tube formation assays were performed in 35 mm tissue
culture dishes coated with 200 μl of Cultrex [i.e., reconstituted
basement membrane (rBM)] that was allowed to solidify at 37 °C
for 10 min. Thereafter, 2 × 105 cells were seeded onto the Cultrex
in M199 media containing 2% (v/v) FBS and incubated at 37 °C for
16–18 h to allow formation of tubular structures [27,28].

Preparation of caveolae-enriched fractions

Materials and methods
Materials
M199 medium, heparin, N-Octyl β-D-glucopyranoside, 2-[Nmorpholino]ethanesulfonic acid (MES), methyl-β-cyclodextrin
(MβCD), and all other chemicals unless otherwise stated were
from Sigma (St. Louis, MO); fetal bovine serum (FBS), Lipofectin
reagent, dye-quenched fluorescent (DQ)-gelatin and DQ-collagen

Caveolae-enriched fractions were isolated by both non-detergent
and detergent based methods. The non-detergent method was
performed as previously described [18,29]. Briefly, cells from four
100 mm dishes were washed twice with PBS at 4 °C and lysed in
2 ml 500 mM sodium carbonate buffer, pH 11.0. Cell lysates were
homogenized on ice by 10 strokes in a loose-fitting Dounce
homogenizer and then sonicated on ice in a 50 W ultrasonicator
three times for 20 s each. Cell homogenates were adjusted to 45%
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(w/v) sucrose by mixing them with 2 ml of 90% (w/v) sucrose
prepared in MES-buffered saline (25 mM MES, pH 6.5, 0.15 m NaCl)
and then placed on the bottom of a 12 ml ultracentrifuge tube. The
homogenate was then overlaid with a 5–35% sucrose gradient
comprised of 4 ml of 35% (w/v) sucrose (in MES-buffered saline
containing 250 mM sodium carbonate) and 4 ml of 5% (w/v)
sucrose (in MES-buffered saline containing 250 mM sodium
carbonate). Gradients were subjected to ultracentrifugation at
185,000 ×g in a SW41 rotor (Beckman Instruments) for 18–20 h at
4 °C. One ml fractions were collected from the top of the gradient
and equal volume aliquots were analyzed by SDS-PAGE and
immunoblotting. Where indicated, cells were treated overnight
with 1 μM GB111-FL, a quenched activity-based probe for cysteine
cathepsins [25], prior to caveolae isolation. SDS-PAGE gels were
imaged on a Typhoon Imaging Scanner (Amersham Biosciences,
Pittsburgh, PA) to detect bound probe.
Caveolae-enriched fractions could not be isolated from HUVEC
grown on rBM for in vitro tube-formation assays using the nondetergent based method described above because the amount of
rBM (131.2 mg in 8 ml) required for sufficient cells, i.e., four
100 mm dishes, prevented proper preparation of sucrose gradients.
Therefore, we employed a successive detergent based method that
separates Triton X-100-soluble from -insoluble membrane components [30]. Cells were incubated in lysis buffer containing 1%
Triton X-100 in the absence of octylglucoside for 30 min on ice,
collected and centrifuged at 14,000 ×g for 15 min at 4 °C. The
supernatant, hereafter termed the Triton-soluble fraction, was
recovered. The insoluble pellet was resuspended in an equal
volume of lysis buffer containing both 1% Triton X-100 and 60 mM
octylglucoside, incubated on ice for 30 min, passed 10 times
through a syringe with a 20-gauge needle and centrifuged for
10 min at 14,000 ×g at 4 °C. The supernatant, hereafter termed the
Triton-insoluble fraction, was recovered and the final volume
adjusted to that of the Triton-soluble fraction. Caveolae were
enriched in the Triton-insoluble fraction as was verified by treating
cells with 10 mM MβCD, a cholesterol sequestering drug that
disrupts caveolae, at 37 °C for 1 h prior to successive detergent
extraction of membranes.

Preparation of conditioned media
Equal numbers of cells were serum-starved overnight, media were
collected, centrifuged at 800 ×g to remove whole cells, recentrifuged at 2000 ×g to remove cell debris, and concentrated
to equal final volumes.

SDS-PAGE and immunoblot analysis
Samples were equally loaded and separated by SDS-PAGE (10%, 12%
or 15% acrylamide) and transferred onto nitrocellulose membranes
under either reducing or non-reducing conditions. Immunoblotting was performed with primary antibodies against cathepsin B
(1:4000), caveolin (1:5000), annexin II (1:5000), p11 (1:5000),
uPA (5 μg/ml), uPAR (5 μg/ml), β1-integrin (1:3000) and MMP-14
(1:1000) and secondary antibodies conjugated with horseradish
peroxidase (1:10,000) in Tris-buffered saline wash buffer (20 mM
Tris, pH 7.5, 0.5 M NaCl) containing 0.5% Tween 20 and 5% (w/v)
non-fat dry milk. After washing, bound antibodies were detected
by enhanced chemiluminescence according to the manufacturer's
instructions.

Gelatin zymography
Subcellular fractions and conditioned media samples were equally
loaded and applied without heating or reduction to a 10% SDSpolyacrylamide gel containing 1 mg/ml of gelatin [31]. After
electrophoresis, the gel was washed twice for 15 min each time
with 2.5% Triton X-100, followed by a 20 min wash with distilled
water, and incubated overnight at 37 °C in 50 mM Tris buffer, pH
7.8, containing 5 mM CaCl2 and 0.05% Brij35. The gel was stained
with a solution of 0.5% Coomassie brilliant blue R-250 in 50%
methanol and 10% acetic acid and then de-stained in a 50%
methanol and 10% acetic acid solution. Clear bands represent areas
of proteolytic activity. Purified MMP-2 and MMP-9 were loaded
separately as positive controls.

Cathepsin B activity assay
Cathepsin B activity was measured in subcellular fractions and
conditioned media as previously described [32]. Briefly, to measure
intracellular cathepsin B activity 50 μl of sample was incubated
with 300 μl of activator buffer (5 mM EDTA, 10 mM DTT, pH 5.2) for
15 min at 37 °C. In a 96 well flat-bottom black microtiter plate,
100 μl of cell lysate/activator buffer mixture was added to 200 μl of
assay buffer [Hank's balanced-salt solution lacking sodium
bicarbonate and phenol red and containing 0.6 mM CaCl2,
0.6 mM MgCl2 and 25 mM piperazin-N-N′-bis[2-ethanesulfonic
acid] (disodium salt), pH 7.3] containing 150 μM Z-Arg-ArgNHMec substrate. The enzymatic assay was carried out at pH 6.0.
Fluorescence was measured in triplicate at one-minute intervals
for 30 min using a Tecan SpectraFluor Plus plate-reader at an
excitation of 360 nm and an emission of 465 nm. To measure latent
or procathepsin B activity in media samples, autoactivation of
procathepsin B was accelerated in the presence of dextran sulfate
[33]. Briefly, 50 μl of conditioned media was mixed with 300 μl of
citrate buffer (20 mM citrate buffer, pH 4.6, 10 mM DTT and 25 μg/
ml dextran sulfate) and incubated for 45 min at 37 °C. Then 100 μl
of media-citrate buffer solution was mixed in a 96 well flat-bottom
black microtiter plate with 200 μl of 150 μM Z-Arg-Arg-NHMec
substrate prepared in 200 mM sodium phosphate buffer, pH 6.8.
Fluorescence was read in triplicate at one-minute intervals over a
30 min period at an excitation of 360 nm and an emission of
465 nm. Cathepsin B activity was recorded as pmol/min/cell
number. Cells were counted using a hemocytometer prior to
setting up overnight experiments. Statistical significance was
determined by a two-tailed t-test with assumed equal variance.
In the figures, ⁎ represents a p value less than 0.05 and ⁎⁎
represents a p value less than 0.01.

Immunocytochemistry
Cells were grown on coverslips for 16–24 h, permeabilized with
saponin, fixed with cold methanol for 5 min and then blocked for
45 min by incubating with PBS containing 2 mg/ml BSA. Cells were
then washed with PBS and incubated with primary antibody
(rabbit anti-human caveolin or preimmune rabbit IgG) for 2 h at
room temperature according to our published procedures [34].
After washing with PBS, the cells were incubated for 1 h with Texas
red-conjugated affinity-purified donkey anti-rabbit IgG containing
5% normal donkey serum (Jackson ImmunoResearch). Cells were
then washed, mounted upside-down with Slow Fade anti-fade
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reagent (Invitrogen Life Technologies) on glass slides and observed
with a Zeiss 510 LSM confocal microscope.

Live cell proteolysis assay
Proteolysis by live cells was assessed as previously described
[35,36]. Briefly, glass coverslips were coated with either 50 μl of
1.5% (w/v) gelatin containing 25 μg/ml DQ-gelatin and incubated
on ice for 15 min to solidify or 50 μl of 16.4 mg/ml Cultrex
containing 25 μg/ml DQ-collagen IV and incubated for 10 min at
37 °C to solidify. Subsequent steps were carried out at 37 °C. Cells
(2.5 × 104) were seeded onto coated coverslips and incubated for
60 min. Medium containing 2% FBS was added to the cells and
incubated for 16–18 h. Proteolysis of DQ-gelatin and DQ-collagen
IV (green fluorescence) was observed in live cells with a Zeiss LSM
510 META NLO microscope with 10× and 40× water immersion
objectives. Time series analyses of DQ-collagen IV degradation
were performed with a Zeiss LSM 510 META NLO microscope
equipped with a controlled environmental chamber that maintains
a 5% CO2/humidified atmosphere at 37 °C. Where indicated, assays
were conducted in the presence of 1 μM GB-123, a non-quenched
cysteine cathepsin activity-based probe, for 16–18 h. Cells were
washed 3 times with PBS and incubated in complete growth
medium in the absence of the probe immediately prior to imaging.

Results
Gelatin and collagen IV degradation products localize to
vesicles containing cav-1 in HUVEC
Remodeling of the ECM is a process critical to the formation of
tubular structures by endothelial cells. To analyze this process, we
employed a well-established live-cell proteolysis assay [35] and
compared HUVEC grown on coverslips coated with gelatin
containing DQ-gelatin with HUVEC grown on coverslips coated
with rBM containing DQ-collagen IV. Following 16 h of incubation,
live cells were imaged by confocal microscopy for degradation
products (green fluorescence) of the two DQ-protein substrates.
On gelatin, HUVEC grew as a monolayer of individual cells (Fig. 1A)
and degradation products of DQ-gelatin were observed primarily
intracellularly in the perinuclear region (Fig. 1B). In comparison,
HUVEC grown on rBM were stimulated to migrate and form large
multicellular structures often referred to as “cord-like”, “tube-like”
or “tubular” structures (Fig. 1C), thus mimicking angiogenesis in
vitro, a process hereafter referred to as tube formation [27,28].
Degradation products of DQ-collagen IV were localized both
intracellularly and pericellularly (i.e., on the cell membrane and
immediately outside the cell) (Fig. 1D).
To assess whether cav-1, the main structural protein for
caveolae, is associated with ECM degradation, we first immunostained HUVEC grown in monolayer versus tube-like structures for
endogenous cav-1. Under both conditions, endogenous cav-1
(green fluorescence) was localized both within intracellular
perinuclear vesicles and along the surface of HUVEC cells (Figs.
1E–H). We were unable to determine whether endogenous cav-1
colocalized with degradation products of DQ-substrates as the
fixation required for immunostaining interferes with the fluorescence emitted by the DQ-substrate degradation products. Therefore, we performed a live-cell proteolysis assay with cav-1-mRFP
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transfected HUVEC cells. The images in Figs. 2A and B illustrate that
cav-1-mRFP (red fluorescence) and DQ-substrate degradation
products (green fluorescence) colocalized in a perinuclear punctate pattern, a pattern similar to that observed for the DQ-substrate
degradation products in Fig. 1, suggesting that ECM degradation in
HUVEC grown as a 2D monolayer and as 3D tube-like structures
occurs within vesicles containing caveolin-1, or that ECM degradation products are internalized via caveolae.

Cathepsin B and its cell surface binding partner partially
co-localize to caveolae of HUVEC
We have previously established that cathepsin B is present in
caveolae of human colorectal carcinoma cells [34]. Here, we
examined the colocalization of cathepsin B with cav-1 in caveolae
of HUVEC. Isolation of caveolae from HUVEC in monolayer culture
was performed using a well-established protocol that is based on
the insolubility of caveolae to carbonate extraction and their
specific buoyant density in equilibrium sucrose gradients [29].
Cav-1, a marker protein for caveolae, was distributed in fractions
4–5, hereafter denoted as the caveolae fractions (Fig. 3A). Mature
and thus active forms of cathepsin B were also present in the
caveolae fractions: 31 kDa single chain cathepsin B and 25/26 kDa
heavy chain of double chain cathepsin B. The majority of
cathepsin B was isolated in dense fractions 8–11, which contain
lysosomes as identified using the lysosomal marker proteins
LAMP-1 and β-galactosidase [34] (data not shown). To confirm
that cathepsin B in the caveolae fractions was active, prior to
subcellular fractionation, we pretreated HUVEC with a FITClabeled activity-based probe (GB111-FL) that selectively and
covalently binds the active sites of two cysteine cathepsins,
cathepsin B and cathepsin L [25]. SDS-PAGE analysis and laser
scanning imaging of subcellular fractions revealed only active
cathepsin B (31 kDa) in the caveolae fractions (fractions 4 and 5)
of HUVEC (Fig. 3B). Active cathepsin B [25] and active cathepsin L
(28 kDa) were present in the dense or lysosomal fractions
(fractions 9 and 10). The presence of active cathepsin B in
caveolae of HUVEC would be consistent with a functional
significance for cathepsin B in these membrane microdomains
as has been shown in human colon carcinoma cells [34]. We have
previously identified the light chain of AIIt, p11, as a cell surface
binding partner for procathepsin B in human breast carcinoma
and glioma cells [37] and determined that cathepsin B and p11
cosediment in caveolae fractions of HCT116 human colon
carcinoma cells [34]. Here, we found p11 along with annexin II,
the heavy chain of AIIt, localized to the caveolae of HUVEC (Fig.
3A). This suggests that the association of cathepsin B with
caveolae may be mediated by its binding partner p11.

Distribution of cathepsin B to caveolae of HUVEC increases
during endothelial cell tube formation
We further examined the translocation of cathepsin B to caveolae
in HUVEC cells during endothelial cell tube formation. Due to the
large volume of rBM required to generate sufficient HUVEC tubelike structures for isolation of caveolae, we were not able to use
sodium carbonate extraction and subcellular fractionation on a
sucrose gradient to isolate caveolae. Therefore, we used an
alternative approach of successive detergent extractions [30] that
is based on the insolubility of caveolae in 1% Triton X-100. Cells
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Fig. 1 – Gelatin and collagen IV degradation by and localization of endogenous cav-1 in HUVEC grown as a monolayer versus tube-like
structures. Equal numbers of HUVEC were grown for 16 h on glass coverslips coated with gelatin alone (A), gelatin containing 25 μg/
ml DQ-gelatin (B), rBM (Cultrex) alone (C), or rBM containing 25 μg/ml DQ-collagen IV (D). After 16 h, confocal images were taken of
live cells [differential interference contrast (DIC)] and DQ-substrate degradation products (green), which are present intracellularly
(arrow) in HUVEC grown on gelatin (B) and both intracellularly (arrow) and pericellularly (arrowhead) in HUVEC grown on rBM (D).
Immunostaining for endogenous cav-1 using rabbit anti-human caveolin antibodies was performed on fixed and permeabilized
HUVEC cells grown on gelatin (E and F; two different fields of view) or rBM (G and H; two different fields of view). The morphology of
HUVEC in monolayer culture is apparent from the immunostaining for tubulin (red) using mouse anti-human tubulin antibodies (E
and F). Staining for caveolin is observed in the perinuclear region (arrow) and at the cell surface (arrowhead). N, nucleus. Bar, 20 μm.

grown as 2D monolayers and 3D tube-like structures were
fractionated into Triton-soluble (TS) and Triton-insoluble (TI)
fractions; lipid rich microdomains including caveolae are localized

to TI fractions whereas proteins resident to other cellular
organelles including lysosomes are found in the TS fraction [30].
The advantage of this method of caveolae isolation over the
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Fig. 2 – Intracellular colocalization of cav-1 with gelatin and collagen IV degradation products in HUVEC. Equal numbers of HUVEC
transfected with cav-1-mRFP construct were grown for 16 h on glass coverslips coated with either gelatin containing 25 μg/ml
DQ-gelatin (A) or rBM (Cultrex) containing 25 μg/ml DQ-collagen IV (B). After 16 h, confocal images were taken of live cells (DIC),
cav-1-mRFP (red) and DQ-substrate degradation products (green). DQ-substrate degradation products (green) are present
intracellularly in HUVEC grown on gelatin and both intracellularly and pericellularly in HUVEC grown on rBM (see inserts). Colocalization
of cav-1-mRFP and DQ-substrate degradation products appears yellow in the merged images. N, nucleus. Bar, 20 μm.

carbonate extraction method described above is that it preserves
the stability and thus activity of proteases allowing us to measure
enzymatic activity following fractionation. Cav-1 served as a
positive control for the presence of caveolae in the TI-fraction
(Fig. 3C): however, it was also present in the TS-fraction since it is

not exclusive to caveolae, but is found in the ER and Golgi prior to
its association with lipids and formation of caveolae at the cell
surface [38]. To confirm that caveolae were present in the TIfraction, we treated HUVEC for 1 h prior to successive detergent
extraction with 10 mM MβCD, a cholesterol sequestering drug that
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Fig. 3 – Increased distribution of active cathepsin B and p11 to caveolae of HUVEC cells during tube formation. HUVEC grown as a
monolayer were subjected to subcellular fractionation on a sucrose gradient following homogenization in sodium carbonate buffer,
pH 11.0. One ml fractions were collected from the top of the gradient and equal volume aliquots of fractions 2–11 were analyzed by
SDS-PAGE and immunoblotted with anti-caveolin, anti-cathepsin B, anti-annexin II and anti-p11 antibodies (A). Aliquots from
caveolae fractions 4 and 5 (Cav) and non-caveolae fractions 9 and 10 (non-Cav) isolated from HUVEC treated with 1 μM GB111-FL were
analyzed by SDS-PAGE and imaged using a Typhoon laser scanner. Cathepsin B (31 kDa) and cathepsin L (28 kDa) were labeled (B).
Equal numbers of HUVEC were grown on gelatin (mono) or rBM (tube) for 18 h and caveolae were isolated by successive detergent
extraction as described in Materials and methods. Triton-soluble (TS) represents non-caveolae fractions and Triton-insoluble (TI)
represents caveolae fractions. Equal volume aliquots of each fraction were analyzed by SDS-PAGE and immunoblotted with anticaveolin, anti-cathepsin B, anti-annexin II and anti-p11 antibodies (C). To verify distribution of caveolae to TI fractions, HUVEC grown
for 18 h on rBM were treated with 10 mM MβCD for 1 h at 37 °C prior to caveolae isolation (D). TS (closed bars) and TI (open bars)
fractions of HUVEC monolayers (mono) and tube-like structures (tube) were assayed for cathepsin B (CTSB) activity against Z-ArgArg-NHMec substrate and activity was recorded as pmol/min/cell number. The specific activity for caveolae-associated cathepsin B
activity is expressed as a percentage of cathepsin B activity in the non-caveolar fraction (TS) (E). Overnight conditioned media of
HUVEC grown as a monolayer on gelatin (mono) and during tube formation (tube) were also analyzed for cathepsin B activity and
expressed as a percentage of secreted activatable cathepsin B activity from monolayer HUVEC (F). Immunoblots and graphs,
presented as mean ± standard deviation, are representative of at least three experiments. ⁎P < 0.05 and ⁎⁎P < 0.01.
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disrupts the structure of caveolae. As a result, there was a loss in
cav-1 distribution to the TI-fraction of treated cells (Fig. 3D).
Analysis of cathepsin B revealed an increase in the distribution of
the mature 31 kDa and 25/26 kDa forms and the 38 kDa
intermediate form to caveolae of HUVEC tube-like structures as
compared to caveolae of monolayer HUVEC (Fig. 3C); this
association is lost following 10 mM MβCD treatment (Fig. 3D),
thus verifying that distribution of cathepsin B to caveolae is not an
artifact of the fractionation procedure. Quantitation of the
immunoblotting data in Fig. 3C revealed a 15% increase in the
distribution of cathepsin B to the TI fraction as compared to the TS
fraction during HUVEC tube formation (data not shown). Similarly,
the distribution of p11 to the TI fractions was increased during tube
formation [90% increase (data not shown)] while the distribution
of annexin II remained unchanged (Fig. 3C). Enzymatic assays also
detected increased cathepsin B activity in the caveolae fraction of
HUVEC tube-like structures as compared to HUVEC monolayer,
consistent with a functional role for this protease within these
membrane domains (Fig. 3E). Cathepsin B activity was also
detected in the media conditioned during HUVEC tube formation
at levels greater than that observed in the media conditioned by
HUVEC grown as a monolayer on gelatin (Fig. 3F). These data along
with the pericellular degradation observed during tube formation
suggest that association of cathepsin B with caveolae may increase
cathepsin B secretion and ECM degradation during endothelial cell
tube formation.
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Collagen IV degradation products colocalize intracellularly
with active cysteine cathepsins and cav-1
We performed live cell proteolysis assays with HUVEC transfected
with cav-1-mRFP in the presence of GB-123, a non-quenched
activity-based probe for cysteine cathepsins B and L [26]. Note that
we used GB-123 (a Cy5 labeled probe) rather than GB111-FL in
these live-cell proteolysis assays because the FITC-labeled GB111-FL
cannot be differentiated from the degradation products of DQcollagen IV. Cells grown in rBM containing DQ-collagen IV for 18 h
in the presence of GB-123 were washed to remove unbound GB-123
and incubated 1–2 h in probe-free medium prior to imaging for DQcollagen IV degradation, cav-1 and cysteine cathepsin activity (Fig.
4). Our results revealed that DQ-collagen IV degradation products
(green) partially colocalized intracellularly with cav-1-mRFP (red)
and GB-123 (blue), thus providing further support for the
functional significance of cathepsin B localizing to caveolae.

Redistribution of other ECM degrading proteases to HUVEC
caveolae during tube formation
Cathepsin B has been previously described as a potential initiator
of ECM proteolytic pathways that include proteases of the plasmin
(ogen) cascade and MMPs. For that reason, we examined the
distribution of pro-uPA, a cathepsin B substrate [10], and its
receptor uPAR to caveolae of HUVEC during tube formation and

Fig. 4 – Active cathepsin B partially localizes to caveolae of HUVEC during tube formation. HUVEC were transiently transfected with a
cav-1-mRFP construct and grown on glass coverslips coated with rBM containing 25 μg/ml DQ-collagen IV in the presence of 1 μM
GB-123 for 18 h. Thereafter, unbound GB-123 was washed away and cells incubated 1–2 h in probe-free medium. Confocal images
were then taken of live cells (DIC), cav-1-mRFP (red), DQ-collagen IV degradation products (green) and GB-123 bound to cysteine
cathepsins (pseudocolored blue). Colocalization of cav-1-mRFP and DQ-collagen IV degradation products appears yellow,
colocalization of DQ-collagen IV degradation products and GB-123 appears pale blue, and colocalization of cav-1-mRFP, DQ-collagen
IV degradation products and GB-123 appears white (arrows; see insert) in the merged image. Bar, 10 μm.
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found an increased association of both pro-uPA and uPAR to the TI
fractions of HUVEC tube-like structures as compared to TI fractions
of HUVEC monolayers (Fig. 5A). β1-integrin, a protein that forms a
trimeric complex with uPAR and cav-1 on cell surfaces, also cocolocalized to these caveolae fractions during tube formation (Fig.
5A). These results are consistent with caveolae being the site for
the initiation of a network of proteases involved in ECM
degradation on the surface of endothelial cells.
MMP-2 and MMP-14 have both been identified in caveolae of
glioblastomas, fibrosarcomas and endothelial cells [39,40]. We
therefore examined the association of these MMPs with caveolae
of HUVEC. MMP-14, also known as MT1-MMP, had previously been
shown to localize to caveolae and to internalize and traffic through
endothelial cells via a caveolae-mediated pathway [39–41]. In our
studies, we detected an increased distribution of MMP-14 to
caveolae (TI-fraction) of HUVEC during tube formation (Fig. 5A).
We performed gelatin-zymography to compare the intracellular distribution of gelatinases MMP-2 and -9 in HUVEC grown as
a monolayer versus tube-like structures. Our results revealed an
association of MMP-2 with caveolae (TI) fractions of HUVEC
following tube formation (Fig. 5B). Although MMP-9 was detected

Fig. 5 – Increased distribution of pro-uPA, uPAR, β1-integrin,
MMP-2 and MMP-14 to HUVEC caveolae during tube formation.
Equal numbers of HUVEC were grown on gelatin (mono) or rBM
(tubes) for 18 h and caveolae were isolated by successive
detergent extraction as described in Materials and methods.
Triton-soluble (TS) represents non-caveolae fractions and
Triton-insoluble (TI) represents caveolae fractions. Equal
volume aliquots of each fraction were analyzed by SDS-PAGE
and immunoblotted with anti-uPA, anti-uPAR, anti-β1-integrin
and anti-MMP-14 antibodies (A). Equal volume aliquots of each
fraction were also analyzed by gelatin zymography for MMP-2
and MMP-9 activities (B). Purified MMP-2 (10 ng) and MMP-9
(5 ng) were used as positive controls. Immunoblots and
zymograms are representative of at least three experiments.

in both the TS- and TI-fractions of HUVEC tube-like structures, we
detected MMP-9 in the rBM (i.e., in the Cultrex used in the in vitro
tube formation assays) in the absence of cells as well as in media
conditioned by Cultrex in the absence of cells (data not shown).
MMP-2, in contrast, was not detected in Cultrex in the absence of
cells or in media conditioned by Cultrex in the absence of cells
(data not shown).

Pericellular proteolysis of collagen IV by migrating HUVEC
during tube formation
We performed live cell proteolysis assays in 4D (i.e., threedimensional space + time) during endothelial tube formation. To
conduct these assays, we seeded HUVEC onto rBM containing DQcollagen IV and imaged the cells every 10 min over 16 h with a
Zeiss LSM 510 META NLO microscope equipped with a controlled
environmental chamber. Images taken at six time points over the
course of the 16 h incubation period are illustrated in Fig. 6A. A
movie of proteolysis by the migrating and differentiating HUVEC is
available online (Supplementary materials, movie SM1). After 2 h
of incubation, HUVEC were still single cells with some cells
exhibiting sprouting (arrowheads). By 4 h the cells had started to
align and form small tubular networks with degradation products
of DQ-collagen IV (green) present pericellularly. At 6 h and 12 h,
the smaller networks had begun to coalesce into larger networks.
By 14 h and 16 h, larger tubular structures had formed from the
smaller tubes produced earlier during the assay (4 h) and
degradation products were observed immediately adjacent to the
tubes. We also observed pericellular degradation products of DQcollagen IV at the rear of one cell (arrow) that was migrating
towards the developing tubular structure. When we performed
live cell proteolysis assays using HUVEC transfected with cav-1mRFP, we found that DQ-collagen IV degradation products
colocalized intracellularly with cav-1-mRFP in the perinuclear
region. Degradation products were also found pericellularly at
both the front and at the rear of a migrating endothelial cells
(arrows) [Fig. 6B and movie available online (Supplementary
materials, movie SM2)]. These data are quite intriguing since
polarization of cav-1 to either the front or the rear of migrating
cells including endothelial cells has been reported [20,22,42–44]
and we detected cav-1 colocalized with DQ-collagen IV degradation products at the rear of migrating endothelial cells (see
arrowhead in insert). These data are consistent with a role for
caveolae-associated proteases in endothelial cell migration
through ECM during tube formation.

Discussion
Differentiation of endothelial cells during angiogenesis is a process
that involves proteolytic enzymes, which degrade basement
membrane and thereby facilitate cell migration, invasion and
capillary tube formation. The accessibility of proteases to the ECM
is enhanced by their localization on the cell membrane. Here, we
explored one possible mechanism for cell surface association, i.e.,
the distribution of cathepsin B and other proteases associated with
ECM degradation to caveolae on the cell surface of endothelial
cells. Our results are the first to show through live-cell imaging
ECM degradation in association with active cathepsin B in caveolae
of endothelial cells during tube formation.
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Fig. 6 – Time courses for collagen IV proteolysis and colocalization of collagen IV degradation products with cav-1 during HUVEC
tube formation. HUVEC were grown on glass coverslips coated with rBM containing 25 μg/ml DQ-collagen IV. (A) Confocal images
were taken of live cells between 2 and 16 h. DQ-collagen IV degradation products (green) are seen surrounding tubular structures
and at the rear of a migrating endothelial cell (arrow). Cell sprouting is observed at 2 h (arrowheads). Bar, 100 μm. (B) Confocal
images were taken between 1 and 4 h of live HUVEC transfected with cav-1-mRFP. DQ-collagen IV degradation products (green) and
cav-1 (red) are seen colocalized (yellow) intracellularly (arrowheads) and pericellular degradation of DQ-collagen IV is observed at
the rear of a migrating endothelial cell (arrows). Black arrows represent the original location of a migrating HUVEC cell (in box) at
1 h. Bar, 20 μm.
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Caveolae are abundant in endothelial cells [45] and during an
angiogenic response caveolae appear to coalesce and form larger,
vesicular structures [46]. Previous studies have shown a correlation
between cav-1 expression and angiogenesis. Overexpression of
cav-1 in endothelial cells enhances caveolae formation and
accelerates capillary tube development [47] and, conversely,
downregulation of cav-1 reduces the number of capillary tubes
[23,47]. Moreover, caveolae are hypothesized to be sites for the
compartmentalization of cell surface proteases [12], including
proteases linked to angiogenesis. In the present study, we identified
active cathepsin B and its cell surface receptor, p11, along with other
ECM degrading proteases (i.e., pro-uPA, MMP-2 and -14), in
caveolar fractions of human endothelial cells, an association that
was enhanced during tube formation.
Cathepsin B regulates both pro- and anti-angiogenic factors
suggesting that this enzyme may be a contributor to the
“angiogenic switch” of endothelial cells [9]. Lack of cathepsin B
reduces angiogenesis in a mouse model of pancreatic islet cell
carcinogenesis (RIP1-Tag2) crossed with cathepsin B-null mice; in
contrast, a lack of cathepsin L does not affect angiogenesis in this
mouse model [48]. Cathepsin B also has been shown to exert antiangiogenic affects through its ability to cleave collagen XVIII to
generate endostatin, an anti-angiogenic factor that has been
identified in caveolae of endothelial cells [11,49].
uPA also has variable roles in angiogenesis. Binding of uPA to its
receptor, uPAR, enhances organization of endothelial cells into
tubular structures [50]. Conversely, uPA, along with tissue
plasminogen activator (tPA), mediates the generation of angiostatin, an anti-angiogenic factor, from plasminogen [51]. The
increased levels of β1-integrin in caveolae of HUVEC may reflect
intersections between proteolytic and signaling pathways
observed in human chondrocytes in which uPAR complexes with
cav-1 via β1-integrin [52] and disruption of this complex results in
the loss of uPAR-dependent adhesion and β1-integrin-induced
signal transduction [53]. Our findings of increased localization of
p11, pro-uPA, uPAR and β1-integrin to caveolae of endothelial cells
during tube formation would be consistent with a functional role
for caveolae as a site for the compartmentalization and regulation
of proteolytic events associated with angiogenesis.
Colocalization of cathepsin B and pro-uPA to caveolae of
endothelial cells is interesting since cathepsin B can activate prouPA to uPA, thereby initiating a network of cell surface proteolytic
events that includes activation of plasminogen and MMPs [10,54].
The associations of MMP-2 and -14 with endothelial caveolae,
when the cells formed tubular structures, are in concert with an
increase in secretion of MMP-2. MMP-14 and MMP-2 have
previously been localized to caveolae of endothelial cells along
with αvβ3 and TIMP-2, a receptor and an inhibitor of MMP-2,
respectively [39,40]. The colocalization of these proteins to
caveolae may be of functional significance since MMP-14 activates
MMP-2, a process that also involves TIMP-2 [55]. In endothelial
cells, the cytoplasmic tail of MMP-14 binds phosphorylated cav-1
[56], and the enzyme is internalized and trafficked by caveolaemediated endocytosis [41].
Although the mechanism(s) for translocation of proteases to
caveolae remains unclear, we hypothesize that their localization to
these specialized membrane domains influences their activities at
the cell surface. Our previous studies in human colorectal
carcinoma cells revealed that downregulation of cav-1 decreases
distribution of cathepsin B and uPA to caveolae and secretion of

these enzymes [18]. Consequentially, these cav-1 knockdown cells
are less invasive and degrade less ECM than their parental
counterparts [18]. In the present study, we show intracellular
colocalization of cav-1 with ECM degradation products in
endothelial cells. In particular, intracellular colocalization of ECM
degradation products and cav-1 was observed at the rear of some
endothelial cells migrating on rBM. Other studies have shown that
cav-1 translocates to the rear of migrating endothelial cells [22].
Here we propose that a possible function for caveolae and their
associated proteases at the rear of migrating endothelial cells is in
the uptake and intracellular degradation of ECM proteins, a
prerequisite for cell detachment and one that also has been observed
for cathepsin B in migrating tumor cells [14]. An involvement of
proteases in the intracellular degradation of ECM proteins has been
reported [35,57–59]. In breast carcinoma cells, intracellular cysteine
cathepsins degrade collagen IV [59], a process suppressed by
CA074Me, a cell-permeable, selective inhibitor of cathepsins B and
L [60]. Degradation of collagen IV by fibroblasts is also linked to
cysteine cathepsins following endocytosis of collagen IV via a
mechanism mediated by the uPAR-associated protein (uPARAP)/
Endo180 [61], a member of the macrophage mannose receptor
family of endocytic transmembrane glycoproteins [62]. uPARAP

Fig. 7 – Potential protease network in endothelial cell caveolae
during ECM degradation. In endothelial cells, proteases
(i.e., cathepsin B, pro-uPA and MMPs) and their associated
proteins/receptors (i.e., AIIt, uPAR and β1-integrin) are
translocated to cell surface caveolae via intracellular
vesicles (i.e., multivesicular bodies and exosomes) [14].
Caveolae-associated proteases are activated and degrade ECM
proteins both pericellularly and intracellularly via
caveolae-mediated endocytosis.
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forms a trimeric complex with uPA and uPAR on the cell surface and
binds several types of collagens including collagen I, IV and V [63]. In
mice deficient in uPARAP, fibroblasts show an almost complete
abrogation of collagen endocytosis and diminished cell adhesion and
migration on various collagens [61]. Although there are no known
reports on the expression of uPARAP in endothelial cells, its
association with uPA/uPAR in other cell types leads us to speculate
that uPARAP associates with caveolae and participates in ECM
endocytosis and degradation. In Fig. 7, we have illustrated a potential
pathway for the association of proteases (i.e., cathepsin B, uPA and
MMPs) with caveolae and caveolae-associated ECM degradation in
endothelial cells. Further dissection of the mechanisms of ECM
endocytosis and degradation via caveolae and their associated
proteases in endothelial cell differentiation remains for future
studies.
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