
Abstract. Increased neovasculature and resistance to
chemotherapy are hallmarks of aggressive cancer; therefore,
the development of approaches to simultaneously inhibit
these two processes is highly desirable. Previous findings
from our laboratory have demonstrated that cathepsin L
plays a key role in the development of drug resistance in
cancer, and that its inhibition reversed this phenomenon. The
goal of the present study was to determine whether targeting
cathepsin L would inhibit angiogenesis. For this, the effects
of a specific cathepsin L inhibitor, Napsul-Ile-Trp-CHO
(NSITC), were tested in vitro on endothelial cell proliferation
and interaction with the extracellular matrix, and also in
vivo, by measuring its effect on angiogenesis in the chick
chorioallantoic membrane (CAM) and mouse matrigel
models. The results indicated that NSITC readily inhibits the
proliferation of endothelial cells by inducing cell cycle arrest
at the G0/G1 phase, and suppresses cell adhesion to different
substrates. Investigation of the underlying mechanism(s)
indicated that NSITC was able to reduce expression of the
adhesion molecule αVβ3 integrin, inhibit cathepsin L-
mediated degradation of the extracellular matrix, and
disrupt secretion of the pro-angiogenic factors fibroblast
growth factor (FGF) and vascular endothelial growth factor
(VEGF). NSITC demonstrated potent efficacy in inhibiting
growth factor- and tumor mediated-angiogenesis in the CAM
and mouse matrigel models of angiogenesis. The anti-
angiogenic effects of NSITC resulted in inhibition of tumor

growth in the CAM and in nude mouse xenograft models.
Together, these findings provide evidence that cathepsin L
plays an important role in angiogenesis and suggest that
NSITC represents a potential drug for the treatment of
aggressive cancer.

Angiogenesis is the generation of new blood vessels from
preexisting microvasculature (1, 2). Because tumor growth
and metastases depend on new blood vessel formation for
their nutrient supply, angiogenesis has become an attractive
target for cancer therapy (3, 4). Previous investigations
indicated that metalloprotease-mediated degradation of
cancer cell-associated extracellular matrix (ECM) plays a
central role in facilitating microvessel sprouting within the
tumor mass (5, 6). Accordingly, these enzymes were
considered targets of choice for the development of
therapeutics to inhibit angiogenesis (7). However, despite the
fact that metalloproteinase inhibitors showed great promise
in vitro and in preclinical studies, clinical trials using these
agents were unsuccessful, due to poor efficacy and toxicity
(8-10). As a result, research focus was re-directed toward
investigating other ECM-degrading enzymes such as
cathepsins (11-14). In recent years, cathepsin L has been of
particular interest due to the finding that it plays an
important role in cell survival, and thus in carcinogenesis
(13, 15-17). The implication of cathepsin L in malignant
transformation was elegantly demonstrated in a mouse model
of multistage carcinogenesis, where deficiency of this
enzyme was found to suppress tumor growth (18). In
addition, previous findings from our laboratory have
demonstrated that enhanced cathepsin L activity is not
simply associated with cancer resistance to chemotherapy,
but actually plays an active role in it (19, 20). Genetic
approaches using antisense oligonucleotides against
cathepsin L or engineered cancer cells that expressed single
chain variable fragment (scFv) neutralizing antibodies (17)
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were instrumental in validating the concept of targeting
cathepsin L to treat aggressive tumors. The use of chemical
inhibitors of cathepsin L to suppress the development of
cancer resistance to chemotherapy (19, 20) provided further
confirmation of this concept, and suggested that such agents
might hold great promise for cancer treatment. The
underlying mechanism(s) by which cathepsin L inhibition
suppresses tumor growth is not yet fully understood,
however, recent findings indicate that cellular susceptibility
to senescence and/or ‘visibility’ to drugs may be enhanced
(19, 20). 

The discovery that cathepsin L participates in remodeling
of the ECM (21) suggests that this enzyme might play a key
role in angiogenesis. In the present study, we investigated the
ability of NSITC, a specific cathepsin L inhibitor (19, 22),
to inhibit angiogenesis in vitro and in vivo. Putative
molecular mechanisms by which this inhibitor exerts its anti-
angiogenic function were also studied. 

Materials and Methods

Reagents. The cathepsin L inhibitor NSITC and recombinant
enzyme were purchased from Biomol (Plymouth Meeting, PA,
USA). Antibodies to αVβ3 integrin and β actin were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). FGF2 and
VEGF were obtained from Invitrogen Life Technologies, Inc.
(Carlsbad, CA, USA). Antibodies to FGF2, VEGF, granulocyte
colony-stimulating factor (G-CSF), and monocyte chemotactic
protein (MCP-1) used in the BioPlex assay were obtained from Bio-
RAD (Hercules, CA, USA). Matrigel was purchased from BD
Bioscience (San Jose, CA). Other chemicals and drugs were
purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Cell culture. Human vascular endothelial cells (HUVECs) (Clonetics,
San Diego, CA, USA) were maintained in endothelial growth
medium (EGM) (Invitrogen) that was supplemented with bovine
brain extract (12 μg/ml), recombinant human epidermal growth
factor (10 ng/ml), 10% (v/v) heat-inactivated fetal bovine serum
(FBS), hydrocortisone (1 μg/ml), 100 U/ml penicillin, 100 μg/ml
streptomycin, and 2 mM L-glutamine. All culture additives were
purchased from Invitrogen. Cultures were maintained in a 37˚C
humidified chamber with 5% CO2. Media was changed every 3 days
and the cell lines were passaged at 80% confluence. 

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT)
assay. Cells were subjected to treatment with the cathepsin L
inhibitor NSITC at concentrations ranging from 0 to 40 μM. After
48 hours of exposure to the drug, cell viability was determined by
MTT viability assay, as described previously (23). Briefly, cells were
seeded at a density of 104 cells/well in 96-well plates and then
incubated with NSITC for 96 hours (h). Ten microliters of MTT
solution (5 mg/ml) were added to each well and plates were
incubated for 4 h at 37˚C. The cells were solubilized by the addition
of 100 μl of 10% sodium dodecyl sulfate (SDS)/0.01 M HCl and
incubated for 15 h at 37˚C. The optical density of each well was
determined using an ELISA plate reader at an activation wavelength
of 570 nm and reference wavelength of 650 nm. The percentage of
viable cells was determined by comparison to untreated control cells.

Western blot. Cells were seeded in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FBS. After 24 h, NSITC was
added at concentrations ranging from 0 to 40 μM and the cells were
allowed to incubate for an additional 48 h. The cells were lysed in a
solution of 50 mM HEPES pH 7.4, 150 mM NaCl, 100 mM NaF, 1
mM MgCl2, 1.5 mM EGTA, 10% glycerol, 1% Triton ×100, 1 μg/ml
leupeptin and 1 mM phenylmethylsulfonylfluoride. Equal quantities
of protein were separated by 12% SDS polyacrylamide gel
electrophoresis (PAGE), and then transferred to an Immobilon-P
membrane. Proteins of interest were identified by sequential reaction
of the membrane with anti-αVβ3 primary antibody, followed by
horseradish peroxidase-conjugated anti-rabbit secondary antibody.
Immunoreactive proteins were visualized by chemiluminescence.

Adhesion assay. The adhesion assay was performed as described
previously (24) with some modifications. HUVECs were suspended
in serum-free medium containing 0.1% dimethyl sulfoxide (DMSO)
or different concentrations of NSITC. The cell suspension (2.5×105

cells in 0.5 ml of medium/well) was added to a 24-well plate pre-
coated or not with matrigel or gelatin (0.5%), and cells were
allowed to attach by incubation at 37˚C for 30 minutes (min).
Unattached cells were removed by repeated washing with
phosphate-buffered saline (PBS). Attached cells were stained with
0.5% crystal violet for 10 min. After washing with water, the stained
cells were extracted with 0.25 ml of 10% acetic acid, and the
absorbance of the dye extract was measured at 590 nm. 

Cytokine secretion. The effect of NSITC on cytokine secretion was
carried out using the BioPlex suspension assay system (Bio-Rad),
according to the manufacturer’s instructions. Briefly, beads coated
with specific antibodies (anti-FGF2, -VEGF, -G-CSF or -MCP-1)
were immobilized on a 96-well plate and then allowed to react with
samples containing unknown amounts of cytokine. After a series of
washes to remove unbound protein, a biotinylated detection
antibody specific for a different epitope on the cytokine was added
to the plate. Streptavidin-PE was added to the wells, and the
reaction was quantified based on bead color and fluorescence
intensity. Cytokine concentrations were calculated using BioPlex
Manager software (Bio-Rad). 

Cathepsin L-mediated degradation of matrigel. Cleavage of matrigel
by purified cathepsin L was measured by incubating 10 μg of the
substrate with 50 ng of the enzyme in 50 μl of reaction buffer (100
mM sodium acetate pH 5, 1 mM EDTA, and 4 mM dithiothreitol).
Increasing doses of NSITC were added to the samples, and after
incubation for 20 min at room temperature, proteins were denatured
by the addition of 50 μl of Laemmeli buffer. Samples were boiled
for 2 min, and then proteins were separated by SDS-PAGE. Proteins
were visualized by Coomassie blue staining and photographed. 

Angiogenesis and tumor growth in the CAM model. Ten-day-old
chick embryos were purchased from SPAFAS (Preston, CT, USA)
and maintained at 37˚C and 55% relative humidity. CAM assays
were performed as previously described (25-27). A hypodermic
needle was used to make a small hole in the blunt end of the egg
shell, with a second hole then made on the broad side of the egg
over an avascular portion of the embryonic membrane. Mild suction
was applied to the first hole to displace the air sac so that the CAM
dropped away from the shell. Using a Dremel drill (Racine, WI,
USA), a 1.0-cm2 window was cut in the shell over the false air sac,
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allowing access to the CAM. Sterile disks of no. 1 Whatman filter
paper were immersed in ethanol and air dried under sterile
conditions. NSITC or control solvent was applied to the disks,
which were subsequently dried. The disks were then suspended in
PBS and placed on the prepared CAMs. After incubation for 3 days,
the CAM beneath each filter disk was harvested and rinsed with
PBS. Membranes were placed in a 35-mm Petri dish and examined
under an SV6 stereo microscope at ×50 magnification. Digital
images were captured and analyzed with Image-Pro software
(Media Cybernetics, Silver Spring, MD, USA). The number of
vessel branch points within a circular region corresponding to the
filter disk was counted. One image per CAM preparation was
examined, and the results from 8 CAM preparations were analyzed
for each treatment condition. The angiogenesis index represents the

means±SEM of all results for each condition. The effect of NSITC
(1.0 μg/CAM) on tumor angiogenesis and tumor growth of 1×106

MCF7 doxorubicin resistant (DoxR) cells implanted in matrigel in
7-day-old chick eggs was determined 8 days after implantation.
Data represent the means±SEM of tumor weight (in milligrams) per
treatment group and tumor hemoglobin (mg/dl), n=8 per group. 

Mouse matrigel model of angiogenesis. Matrigel plug assays in mice
were performed in accordance with institutional guidelines for animal
safety and welfare, as previously described by our laboratory (28).
Normal male mice (C57BL/6NCr) 6-8 weeks of age and weighing
approximately 20 g were allowed to acclimate for 5 days prior to the
initiation of treatment. Matrigel was subcutaneously injected (3
injection sites per animal) to achieve a final dose of 100 μl/animal. As
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Figure 1. Determination of endothelial cell response to NSITC. A) HUVECs were exposed to NSITC at the indicated concentrations, and after 3 days
in culture, cell viability was determined by MTT assay, as described in Materials and Methods. The data represent the means±SE of three
determinations. *p<0.05; **p<0.01. B) The effect of NSITC on cell cycle was determined in HUVECs after 24 hours’ exposure to the compound.
The cells were fixed and subjected to flow cytometry analysis. Percentage of cells in each phase of the cell cycle are indicated for each corresponding
peak. C) Morphological analysis of HUVECs subjected to treatment with NSITC. The cells were exposed to the indicated concentrations for 24
hours, and then images were were obtained under light microscopy (×20 magnification). 



negative and positive controls, animals were subcutaneously injected
with matrigel alone (100 μl) and with 0.1 μg FGF2 in 100 μl of
matrigel, respectively. Animals in the NSITC group were
subcutaneously injected with 0.1 μg of FGF2 + 10 μg of NSITC in
100 μl of matrigel. All groups consisted of 5 mice. At day 12 post plug
implant, all animals were scarified and hemoglobin levels were
quantified by spectrophotometry (28).

Tumor xenografts. Nude mice 6-8 weeks of age and weighing
approximately 20 g (Charles River) were allowed to acclimate for 5
days prior to the start of treatment. The animals were injected with
MCF7-DoxR cells (106 cells) subcutaneously, and after the tumors
became palpable (at day 12), mice were divided into 2 groups of
seven. One group received an injection of NSITC (15 mg/kg) once
per day for three consecutive days, and the control group was
injected similarly with vehicle alone. Tumors were measured with a
caliper every day, and converted to tumor volume using the formula
W×L2/2 to generate tumor growth curves. 

Statistical analysis. Statistical analysis was performed by one-way
ANOVA, using Statview software (Adept Scientific, Acton, MA,
USA). Comparisons were made between the means±SD of branch
points from each experimental group and its respective control
group. Statistical significance was defined as p<0.05. In the CAM
studies, the angiogenesis index for each treatment group was
compared to that of the corresponding control group.

Results 

Effect of NSITC on endothelial cell proliferation and death.
The effect of NSITC on proliferation of endothelial cells was
determined by subjecting HUVECs to treatment with

increasing concentrations of NSITC for 72 h. As shown in
Figure 1A, NSITC inhibited cellular proliferation in a dose-
dependent manner, with a maximum effect at 40 μM. We
previously observed that complete inhibition of cancer cell
proliferation generally requires 80 μM NSITC (29). Thus,
NSITC might exert anti-angiogenic effects before anticancer
effects. To determine which phase of the cell cycle was
affected by NSITC, HUVECs were treated with 10 μM
NSITC for 24 h, then fixed and subjected to analysis by flow
cytometry. As shown in Figure 1B, endothelial cell exposure
to NSITC resulted in cell cycle arrest in G0/G1. The fraction
of cells arrested in this phase increased from 72% to 86%,
while the number of cells in S and G2/M decreased
respectively from 13% to 5% and from 14% to 9%.
Morphologically, the cells became flattened after exposure
to 1 to 10 μM NSITC, and displayed cytoplasmic vacuoles,
particularly in the presence of 10 and 20 μM NSITC, which
was indicative of autophagic death (29) (Figure 1C).
Together, the findings suggested that NSITC is likely to have
anti-angiogenic functions, as it inhibited the proliferation of
endothelial cells and induced cell death by autophagy at
higher concentrations.

Effect of NSITC on endothelial cell adhesion. Angiogenesis
depends not only on the proliferation of endothelial cells, but
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Figure 2. Effect of NSITC on endothelial cell adhesion. HUVECs were pre-
incubated for 24 hours in the absence or presence of NSITC at the
indicated concentrations. Equal numbers of cells were allowed to attach to
plastic gelatin or matrigel for 30 min. The attached cells were stained with
0.5% crystal violet and the percentage of adherent cells was calculated.
Data represent the means±SE of three determinations. *p<0.01.

Figure 3. Effect of NSITC on the expression of integrin αVβ3 and
cathepsin L-mediated degradation of matrigel. A) HUVECs were
incubated for 48 hours in the absence or presence of the indicated
concentrations of NSITC. Equal amounts of protein were analyzed by
Western blot using an anti-integrin αVβ3 antibody, and an antiβ-actin
antibody as a control. B) Cathepsin L was incubated for 20 min at 37˚C
with matrigel, in the absence or presence of increasing concentrations
of NSITC. The reaction was terminated by the addition of Laemmeli
buffer followed by boiling for 2 min. Proteins were separated by SDS-
PAGE, and then stained with Coomassie blue. Photographs of the gel
are presented.



also on their ability to adhere to and migrate through the
ECM. Here we tested the effect of NSITC on endothelial cell
adhesion to different substrates, including plastic, gelatin and
matrigel. The results (Figure 2) indicated that NSITC readily
inhibits cell adhesion to all three substrata tested, although
with different potencies. Thus, in addition to cellular
proliferation, the anti-angiogenic effects of NSITC might
also be mediated through the inhibition of endothelial cell
adhesion to the ECM. 

Putative mechanisms by which NSITC inhibits endothelial cell
adhesion and motility. Cell adhesion and motility are known to
be controlled by many factors, including adhesion molecules,
the composition of the ECM, and the availability of pro-
angiogenic factors such as VEGF and FGF. We analyzed the
role of some of these factors in mediating the action of NSITC.
As shown in Figure 3A, expression of the adhesion molecule

αVβ3 integrin was reduced in endothelial cells treated with 10
and 20 μM NSITC. The effect of this compound on the ability
of cathepsin L to degrade matrigel was also assessed in vitro
under optimum reaction conditions for the enzyme. As shown
in Figure 3B, cathepsin L was effective in degrading matrigel
(band corresponding to 300 kDa), however, this activity was
inhibited by the addition of NSITC. These results suggested
that the anti-angiogenic effects of NSITC might be mediated
in part by its ability to inhibit cathepsin L-mediated
degradation of the ECM. 

The effect of NSITC on endothelial cell-mediated
secretion of pro-angiogenic growth factors was also
analyzed. Cells were treated with increasing concentrations
of inhibitor, and then allowed to incubate for 48 h. The
concentrations of VEGF, FGF, G-CSF and MCP-1 were
measured in culture media from treated and untreated cells
using the BioPlex assay. NSITC induced a dose-dependent
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Figure 4. Effect of NSITC on secretion of pro-angiogenic factors. HUVECs were incubated for 48 hours in the absence or presence of NSITC at the
indicated concentrations (μM). The levels of FGF, VGEF, G-CSF and MCP-1 (in pg/ml) in the culture media were determined using the Bioplex
assay, as described in Materials and Methods. Data represent the means±SE of four determinations. 



decrease in secreted FGF, and to a lesser extent VEGF
(Figure 4). In contrast, there was no significant change in the
levels of secreted G-CSF or MCP-1. Taken together, the data
presented in Figures 3 and 4 suggested that NSITC may act
on more than one pathway to inhibit angiogenesis. 

Anti-angiogenic effects of NSITC in vivo. The effect of NSITC
on microvessel formation in vivo was studied in the CAM
model. The number of vessel branch points was determined in
the absence and in the presence of inhibitor. As shown in
Figure 5A, FGF2-mediated angiogenesis was completely
abolished by NSITC at a concentration of 1 μg/ml, with values

decreasing from 123 in the absence to 59 in the presence of
compound. The proliferation of MCF7-DoxR cells in the
CAM model was inhibited by NSITC (Figure 5B), and the
hemoglobin content of tumors was also reduced (Figure 5C).
These results provided evidence that the anti-angiogenic
effects of NSITC play an important role in its anticancer
activity.

Translation of these observations to the mouse model
indicated that NSITC exerts a strong antitumor effect and is
capable of inhibiting growth of tumors derived from MCF7-
DoxR cells (Figure 6A). NSITC was also capable of
inhibiting angiogenesis in the mouse model, as the
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Figure 5. Effect of NSITC on angiogenesis in FGF2- and cancer-mediated angiogenesis in the CAM model. A) An FGF-impregnated filter disk was
placed over the branch point of a selected vessel in the CAM, and then NSITC was administered topically for 3 days. CAM tissue directly beneath
the growth factor filter disk was removed, examined microscopically, and then images were analyzed using Image-Pro Plus software. The number
of vessel branch points contained in a circular region equal to the area of the filter disk was counted for each section. The number of branch points
is presented above each representative photograph. Data represent the means±SE of 8 determinations. B and C) MCF7-DoxR cells were implanted
in the CAM (106 cells/CAM) and allowed to grow for 1 week, at which point tumor weight and hemoglobin content were determined. Data represent
the means±SE of four determinations. *p<0.01.



hemoglobin levels of treated mice were much lower than
those of untreated animals (Figure 6B).

Overall, the findings presented in this study provide
evidence that NSITC exerts anti-angiogenic effects in vitro
and in vivo, most likely by targeting both endothelial cell
proliferation and interaction with the ECM. In addition to the
previously described anticancer and drug-sensitizing
functions of this inhibitor (19, 20, 29), these results indicate
that NSITC holds great promise for the treatment of
aggressive cancer. 

Discussion

Cathepsins are a family of lysosomal proteases that, until
recently, were considered housekeeping molecules. However,
with the aid of knock-out technology, specific functions have
been attributed to each one of these proteases (18).
Transgenic mice lacking cathepsin L suffer from dilated
cardiomyopathy (30), suggesting a critical role of this
enzyme in cardiac morphogenesis and function. Neural loss
and brain atrophy accompanied by early death were reported
in double-knockout mice lacking both cathepsin B and L
(31). Electron microscopic analysis showed that
cardiomyocytes and neurons from these mice had multiple
large and apparently fused lysosomes containing electron-
dense non-degraded material indicative of autophagy.
Cathepsin L deficiency is also associated with hair loss in
mice, suggesting a role in the regulation of epithelial cell
proliferation and differentiation in the skin (32). In
Caenorhabditis elegans, cathepsin L deficiency causes
embryonic lethality (15). Together, these results suggest that
cathepsin L is a key determinant of cell survival. 

When applied to cancer however, this function of
cathepsin L would theoretically be associated with cancer
progression and poor prognosis. In fact, previous work from
our laboratory identified cathepsin L as a compelling target
for the suppression of cancer cell resistance to chemotherapy
(19, 20, 29). To date, a role for cathepsin L in cancer
angiogenesis has not yet been elucidated. Here we report that
NSITC, a specific cathepsin L inhibitor, acts as a potent
suppressor of tumor angiogenesis in vitro and in vivo. This
novel function was found to be mediated at least in part
through the inhibition of proliferation and survival of
endothelial cells (Figure 1A). The relatively high sensitivity
of endothelial cells to NSITC (Figure 1) as compared to
cancer cells (29) suggests that at low doses, this compound
may act primarily to prevent angiogenesis, and consequently
nutrient supply to tumors. In the current study, at low
concentrations, NSITC suppressed endothelial cell
proliferation through cell cycle arrest at the G0/G1 phase
(Figure 1B). In contrast, high concentrations (20 to 40 μM)
of NSITC induced cell death reminiscent of autophagy
(Figure 1C). Thus, while NSITC may be effective in
suppressing tumor progression at low concentrations, at
higher doses, it may cause tumors to shrink. 

NSITC effectively reduced cell attachment to plastic,
gelatin and matrigel (Figure 2), indicating that it can disrupt
endothelial cell adhesion. Thus, the possibility exists that the
anti-angiogenic effects of NSITC are mediated either by
direct action on endothelial cells (for example, by inhibiting
the expression of adhesion molecules), or indirectly, by
preventing cathepsin L-mediated degradation of the ECM.
Our results do not rule out either of these mechanisms, in that
the expression of αVβ3 integrin was reduced in endothelial
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Figure 6. Effect of NSITC on tumor growth and hemoglobin levels in
mice. A) Nude mice harboring xenografts of MCF7- DoxR cells received
three injections of either NSITC (15 mg/kg) or vehicle. Tumor volumes
were measured starting 11 days post injection (dpi) of MCF7-DoxR cells,
and continued for two weeks. The data represent the means±SE (n=7).
*p<0.01. B) Mice were subcutaneously injected with Matrigel containing
FGF, with or without NSITC. After 12 days, the matrigel plugs were
removed and digested. Hemoglobin levels were assayed as described in
Material and Methods. Data represent the means±SE (n=15). *p<0.01.



cells treated with NSITC (Figure 3A), and cathepsin L-
mediated degradation of matrigel was reduced in the presence
of inhibitor (Figure 3B). NSITC also inhibited the secretion
of the pro-angiogenic factors FGF and VEGF (Figure 4A and
4C), providing support for a direct mechanism of action of
NSITC on endothelial cells. While the molecular details of
the mechanism of action of NSITC remain to be fully
elucidated, our findings indicate that NSITC acts on more
than one pathway implicated in angiogenesis, and mostly
likely because of this, dramatically suppressed angiogenesis
in the CAM and mouse models (Figures 5 and 6). Along with
our previous findings that NSITC acts directly on cancer cells
to enhance their sensitivity to chemotherapeutic agents (19,
20), the current results implicate NSTIC as a compelling drug
candidate for the treatment of aggressive cancer.
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