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Abstract A significant proportion of breast cancer
patients harbor clinically undetectable micrometastases at
the time of diagnosis. If left untreated, these micro-
metastases may lead to disease relapse and possibly death.
Hence, there is significant interest in the development of
novel anti-metastatic agents that could also curb the growth
of pre-established micrometastases. Like primary tumor,
the growth of metastases also is driven by angiogenesis.
Although the role of cysteine protease Cathepsin L (CTSL)
in metastasis associated tumor cell functions such as
migration and invasion is well recognized, its role in tumor
angiogenesis remains less explored. The present study
examines the contribution of CTSL to breast cancer
angiogenesis and evaluates the anti-angiogenic efficacy of
CTSL inhibitor KGP94. CTSL semi-quantitative RT-PCR
analysis on breast tissue panels revealed significant
upregulation of CTSL in breast cancer patients which
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strongly correlated with increased relapse and metastatic
incidence and poor overall survival. Preclinically, CTSL
ablation using shRNA or KGP9%4 treatment led to a sig-
nificant reduction in MDA-MB-231 tumor cell induced
angiogenesis in vivo. In-vitro assessments demonstrated a
significant decrease in various angiogenic properties such
as endothelial cell sprouting, migration, invasion, tube
formation and proliferation in the presence of KGP94.
Microarray analyses revealed a significant upregulation of
cell cycle related genes by CTSL. Western blot analyses
further confirmed upregulation of members of the cyclin
family by CTSL. Collectively, these data indicate that
CTSL is an important contributor to tumor angiogenesis
and that the CTSL inhibition may have therapeutic utility
in the treatment of breast cancer patients.

Keywords Cathepsin L - Breast cancer - Angiogenesis -
KGP94
Introduction

Breast cancer is the most prevalent cancer and the second
leading cause of cancer deaths in women [1]. Metastatic
disease continues to be the primary cause of treatment
failure, high mortality and poor quality of life in breast
cancer patients. This realization has led to significant
interest in the development of agents that impair metasta-
sis. While it is critical to disrupt tumor cell dissemination,
it is equally important to retard the expansion of estab-
lished micro-metastases.

Angiogenesis, the process of forming new blood vessels
from pre-existing vasculature is an important hallmark of
tumor progression [2]. To grow beyond a certain critical
size, both primary tumors and distant metastases have to
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induce new vascular supply in order to meet their growing
oxygen and nutrient demands. Moreover, tumor vascula-
ture is immature and highly permeable due to inefficient
mural cell coverage, discontinuous endothelial cell lining
and the lack of a durable basement membrane [3]. These
vascular anomalies provide an easy exit route to metastatic
tumor cells attempting to escape from the primary tumor.
In fact, Weidner et al., have demonstrated that tumor
microvessel density strongly correlates with metastatic
incidence in breast cancer patients [4]. Thus an effective
anti-angiogenic agent would not only retard the growth of
the primary tumor but could also exert significant anti-
metastatic activity by impairing tumor cell dissemination
and growth of metastatic lesions.

Recognition of the dependence of angiogenesis on pro-
teolytic enzymes has raised interest in the evaluation of
proteases as potential targets to disrupt tumor angiogenesis
[5, 6]. While the role of cysteine proteases in tumor
metastasis is well understood, their contribution to tumor
angiogenesis remains less explored. Cysteine cathepsins, in
particular cathepsin L (CTSL) is upregulated in a wide
range of human cancers [7, 8]. In most normal cells, CTSL
is mainly present within the lysosomes where it participates
in degradative proteolysis of intracellular and endocytosed
proteins [9]. However, transformation dependent CTSL
overexpression and alterations in trafficking mechanism
shunt this lysosomal protease into the secretory pathway
[10-12]. Upon secretion, CTSL interacts with gly-
cosaminoglycan component of proteoglycans present on
the cell surface and extracellular matrix where it undergoes
an activating conformational change [13, 14]. Secreted
CTSL promotes tumor metastasis by degrading several
components of the basement membrane and extracellular
matrix and further amplifies the proteolytic cascade by
activating latent pro-forms of key metastasis promoting
proteases [15—-19]. In fact, CTSL overexpression has been
shown to switch poorly tumorigenic and non-metastatic
human melanoma cells to a highly tumorigenic and
aggressively metastatic phenotype [20]. Conversely, tumor
progression studies in CTSL ™'~ mice revealed that CTSL
deficiency significantly hampered the progression of
benign encapsulated pancreatic tumors into highly invasive
carcinomas [21]. Further, our previous findings have
reported that pharmacological inhibition of CTSL using
3-bromophenyl-3-hydroxyphenyl-ketone thiosemicar-
bazone (KGP94) significantly impairs the invasive and
metastatic capacities of human breast and prostate cancer
cells [22-24]. While these studies are clearly indicative of
the importance of CTSL in metastatic progression, they
shed little light on the involvement of CTSL in the
angiogenic process. Thus, the goal of the present studies
was to assess the contribution of CTSL in breast cancer
angiogenesis and to evaluate the anti-angiogenic efficacy
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of KGP94, a thiosemicarbazone based small molecule
inhibitor that disrupts CTSL activity by blocking its active
site [25].

Materials and methods
Cell culture

Human lung microvascular endothelial cells (HMVEC-L)
and Human umbilical vein endothelial cells (HUVEC)
were cultured in EGM2 MV media supplied by Lonza (CC-
3202) and Ham’s F12 nutrient mixture (Kaighn’s modifi-
cation) supplemented with 10 % fetal bovine serum, hep-
arin (100 mg/L) and endothelial cell growth supplement
(E2759, Sigma) respectively. All human and murine breast
cancer cell lines were cultured in appropriate medium
(MDA-MB-231 and 4T-07 in DMEM; 4T1 in RPMI,
EMT6 in Waymouth medium) supplemented with 10 %
fetal bovine serum. All cells were maintained at 37 °C in a
humidified atmosphere of 5 % CO, in air.

Breast qPCR array

CTSL expression levels in breast cancer patients were
determined by performing semiquantitative RT-PCR anal-
ysis on TissueScan Breast cancer panel (Origene
BCRT102) as per manufacturer’s instructions. CTSL
mRNA levels were normalized to -actin and are shown as
relative levels normalized to normal tissue pools.

Clinical data analysis

For survival analyses on clinical datasets, KM plotter
database was used. The program integrates gene expression
information from TCGA, EGA and GEO microarray
databases with clinical outcome [26]. For progression free,
distant metastases free and overall survival analyses,
patients were stratified into below median and above
median expression groups and tested for statistical signif-
icance using log-rank test.

CTSL secretion analysis

Breast cancer cells and endothelial cells were cultured in
10 cm dishes. When the cells reached ~60 % confluency,
cell culture media was replaced with serum free media.
Cell conditioned media were harvested 24 h later, cen-
trifuged at 1000 rpm for 10 min to remove cell debris and
stored at —20 °C until analysis. Secreted CTSL levels were
determined by performing enzyme linked immune sorbent
assay on cell conditioned media using Cathepsin L kit
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(human—R&D systems, DY952; mouse—My Biosource,
MBS280424) as per manufacturers’ instructions.

CTSL knockdown

6.25 x 10> MDA-MB-231 cells were seeded in a 6 well
dish. At 70-80 % confluency, cells were transfected with
CTSL shRNA plasmids (Origene TG305172) using Lipo-
fectamine LTX plus reagent (Invitrogen) as per manufac-
turer’s instructions. Transfected clones were selected in the
presence of puromycin and expanded. CTSL knockdown
efficiency was tested by performing western blot on whole
cell lysates and ELISA on cell culture supernatants. Clones
exhibiting >80 % knockdown efficiency were used for
in vivo and in vitro studies.

Reagent

KGP9%4 was kindly provided by Dr. Kevin Pinney (Baylor
University). For in vitro evaluations, KGP94 was dissolved
in sterile DMSO to obtain a stock concentration of 25 mM
and stored at —20 °C. The stock was then diluted in cell
culture media to achieve a working concentration of
25 pM. For in vivo assays, KGP94 was sonicated in 10 %
tween 80 solution for 30 min and then diluted in 1 M
HEPES buffer to desired concentrations. The drug was then
filter sterilized and stored at 4 °C.

Intradermal assay

All in vivo experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of the
University of Florida. Induction of angiogenesis by breast
cancer MDA-MB-231 cells and the ability of KGP9%4 to
inhibit tumor angiogenesis in vivo was measured by per-
forming intradermal assay as described previously [27].
5 x 10° parental or CTSL knockdown MDA-MB-231 cells
were injected intradermally on the ventral surface of
athymic NCR female nu/nu mice at four sites. To facilitate
easy location of the site of tumor cell inoculation, one drop
of trypan blue solution was added to impart a light blue
color to the cell suspension. 10 or 20 mg/kg KGP94 was
administered intra-peritoneally on a daily basis. 3 days
later, the mice were euthanized and their skin flaps were
removed and promptly analyzed. Tumor angiogenesis was
evaluated by counting the number of blood vessels growing
into the tumor nodule using a Zeiss Stemi SV 6 dissecting
microscope. Tumor nodule images were captured using a
Leica MZ 16 F camera and Leica Application Suite
software.

Migration assay

Migration assays were performed using BD falcon cell
culture inserts (353097).The bottom of these inserts is a
polyethylene terephthalate membrane with 8 pm pores.
1 x 10> HMVEC-L cells were seeded into cell culture
inserts in the presence of desired concentrations of purified
human CTSL (Calbiochem 219402) and allowed to migrate
through the pores in the membrane. 24 h later, non-mi-
grated cells in the top chamber were scraped off using
cotton swabs. Cells that had migrated to the other side of
the membrane were stained with crystal violet and quan-
tified under a light microscope.

Invasion assay

For invasion assays, BD falcon cell culture inserts
(353097) were coated with matrigel as per manufacturer’s
instructions and seeded with 5 x 10> HMVEC-L cells in
serum free media. Cells were incubated in the presence of
indicated concentrations of purified CTSL or KGP9%4 or
tumor conditioned media. 24 h later, non-invaded cells
were scraped off; invaded cells were stained with crystal
violet and counted.

Sprouting assay

750 HMVEC-L cells suspended in 4.2 % methylcellulose
solution (Sigma, viscosity 4000 cP) were seeded per well
of a 96 well plate to form endothelial spheres. 24 h later the
spheres were harvested using a wide bore pipette and
centrifuged at 1300 rpm for 3 min. Approximately 48
spheres were suspended in a 2 mg/mL collagen solution
and added to each well of a 24 well plate pre-coated with
4.2 % methylcellulose-and 2 mg/mL collagen mixture.
The spheres were incubated at 37 °C for 30 min to solidify
and embed the spheres within the collagen methyl cellulose
matrix. 30 min later, 200 pL. media containing desired
concentrations of purified CTSL or KGP94 or tumor con-
ditioned media was added. The spheres were visualized and
imaged 8 h later using a Zeiss Axioplan 2 microscope.

Tube formation assay

200 pL matrigel was added to each well of a 24 well plate
and solidified at 37 °C for 30 min. 4 x 10* HMVEC-L or
1 x 10° HUVEC cells were seeded on solidified matrigel
and in the presence of desired concentrations of purified
CTSL or KGP94 or tumor conditioned media and incu-
bated at 37 °C for 8 h. Endothelial tubes were quantified
and imaged using Zeiss Axioplan 2 microscope.
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Proliferation assays

2.5 x 10> HMVEC-L or HUVEC cells were seeded in a 24
well dish. 48 h later, the cells were treated with desired
concentrations of purified CTSL or KGP94. At each time
point, cell culture media was replaced with WST-1 reagent
(Dojindo) in phenol red free media. 4 h later viability was
determined by measuring the amount of formazan dye
formation at 450 nm using the Spectramax M5 (Molecular
Devices) spectrophotometer.

BrdU incorporation assay was performed using BrdU
cell proliferation assay kit (Cell Signaling, 6813) as per
manufacturer’s instructions. Briefly, 1 X 10> HMVEC-L
cells were seeded in a 96 well plate. 48 h later, the cells
were treated with desired concentrations of purified CTSL
and 1X BrdU. 24 h later, the cells were fixed, incubated
with detection antibody for 1 h, washed followed by
incubation with HRP conjugated secondary antibody for
1 h. 3,3',5,5-Tetramethylbenzidine substrate was added
and the amount of BrdU incorporation was measured
spectrophotometrically at 450 nm using a Spectramax M5
plate reader.

Microarray analysis

HMVEC-L cells were stimulated with 10 ng/mL purified
CTSL. 4 h later, total RNA was extracted using RNeasy
plus kit (Qiagen) as per manufacturer’s instructions and
assessed using Agilent Bioanalyzer 2000. All samples had
a RNA integrity number of 9.9 or higher. 200 ng of total
RNA was labeled using Affymetrix Whole Transcriptome
Plus Expression kit, following manufacturer’s instructions
and 5.5 pg cDNA was hybridized onto HTA 2.0 Tran-
scriptome Array (Affymetrix).

Data were normalized using RMA as implemented in
Partek and later analyzed with the R software (http://www.
r-project.org). Microarray data have been deposited in the
NCBI Gene Expression Omnibus under accession number
GSE75744.

Limma package was employed to perform statistical
analysis applying the empirical Bayes method proposed by
Smyth [28], which produces stable estimates when the
number of replicates is small. Genes were considered dif-
ferentially expressed with p-values of <0.05. For the sig-
nificant genes, correlations between samples were
evaluated by hierarchical clustering using the open soft-
ware Cluster 3.0 [29]. Data were adjusted by centering the
gene expressions by the median. Gene expression and
microarray samples were clustered according to centroid
linkage after similarity measurement by centered correla-
tion. Gene ontology analysis was performed with the Gene
Set Enrichment Analysis (GSEA) software. This method
first considers the gene expression profiles from two classes
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to rank genes according to the strength of the correlation
with a class. Then, given a priori defined sets of genes, the
software determine if genes (belonging to the same set) are
randomly distributed throughout the ranked list or signifi-
cantly overexpressed in one or other class [30]. We defined
the gene sets as genes sharing the same biological process.
A significant biological process was defined by a nominal
p value <0.05, after 1000 permutations. If enriched bio-
logical processes were redundant, a leading edge analysis
was performed. This analysis determines common genes in
the leading-edge subsets between similar biological pro-
cesses. Cytoscape software [31] and the GeneMania plugin
[32] were used to infer a network between common sig-
nificant genes. In the network, genes (nodes) were con-
nected if they had physical interaction (protein—protein
interaction, red edges), genetic interaction (green edges),
participate in the same reaction within a pathway (light
blue edges), shared protein domains (brown edges) or they
were predicted to have functional relationship (orange
edges). The thicker the edge between two genes, the higher
was the Pearson’s correlation coefficient across multiple
conditions in an experiment.

Quantitative polymerase chain reaction

Gene expression analysis was performed at 1, 2,4 and 12 h
after CTSL addition to HMVEC-L cells. Cells were then
rinsed with PBS, lysed with TRIzol reagent (ThermoFisher
Scientific) and processed for RNA extraction. Briefly,
chloroform was added to the cell homogenate to separate
out DNA and proteins, and RNA was eluted using 100 %
isopropyl alcohol. Following RNA quantification using a
ND-1000 spectrophotometer, samples were reverse tran-
scribed using Tagqman reverse transcription reagents
(ThermoFisher Scientific) as per manufacturer’s instruc-
tions. The list of primers used to amplify cDNA of interest
is shown in Supplementary Table 1. Relative gene
expression was determined by performing quantitative
PCR using StepOne Real-Time PCR system (Ther-
moFisher Scientific).

Results

CTSL expression level serves as a prognosticator
of clinical outcome of breast cancer patients

A significant upregulation in CTSL expression levels was
observed in breast cancer patients compared to normal
individuals (Fig. 1a). In order to determine the significance
of CTSL upregulation in disease progression and survival
of breast cancer patients, CTSL expression profiles were
examined in a microarray compendium of primary tumors
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Fig. 1 CTSL upregulation in breast cancer. a CTSL semiquantitative
PCR testing CTSL expression in breast cancer patients using Tissues
can breast tissue panels. CTSL mRNA levels were normalized to -
actin. Line, median; whiskers, values at 25th and 75th percentiles;
Mann—Whitney test. b—d Kaplan—Meier plots of relapse free, distant
metastases free and overall survival using the KM plotter meta-

from 1809 breast cancer patients with known clinical out-
come [26]. We observed that patients that expressed high
levels of CTSL were at a significantly higher risk of
relapse, developing metastatic disease, and death (Fig. 1b—d).
CTSL upregulation results in an increase in its secretion as
demonstrated by the increased serum and urinary CTSL
levels in various cancer settings [33-36]. In order to
examine the role of CTSL in tumor angiogenesis, CTSL
secretion by endothelial cells was evaluated. Compared to
the level of CTSL secreted by breast cancer cells, CTSL
secretion by human microvascular endothelial cells
(HMVEC-L) was undetectable (Fig. le).
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analysis database. Breast cancer patients were stratified on the basis of
CTSL expression level. Statistical significance was determined using
log rank test. e Quantification of CTSL secretion by ELISA on 24 h
conditioned media. Bars represent mean and s.e.m. from three
independent experiments

CTSL ablation suppresses tumor angiogenesis
in vivo

To test whether CTSL plays a role in tumor angiogenesis,
CTSL knockdown MDA-MB-231 cells were generated and
clone exhibiting >80 % knockdown efficiency (Supple-
mentary Fig. la, b) was selected for testing the effect of
CTSL deficiency on angiogenesis. Empty vector trans-
fected as well as CTSL knockdown MDA-MB-231 breast
cancer cells were intradermally inoculated into the ventral
skin flaps of female nude mice (Fig. 2a, b). Compared to
the empty vector control, tumor nodules in mice inoculated
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Fig. 2 CTSL inhibition suppresses tumor angiogenesis in vivo.
a Intradermal assay testing the effect of genetic or pharmacological
ablation of CTSL on MDA-MB-231 tumor angiogenesis; n = 16. EV

with CTSL knockdown tumor cells showed a significant
decrease in their angiogenic capacity thus suggesting that
CTSL is a major contributor to breast tumor cell initiated
angiogenesis. Viability assay confirmed that the decrease in
blood vessel formation was not due to an effect on cell
proliferation (Supplementary Fig. 1c). Similarly, compared
to untreated controls, tumor nodules in mice that were
treated with 10 or 20 mg/kg KGP94 showed a significant
reduction in their ability to induce blood vessel formation.

CTSL promotes in vitro angiogenic properties
of endothelial cells

Even though endothelial cells do not secrete CTSL, they
are exposed to tumor cell secreted CTSL within the tumor
microenvironment. In order to elucidate whether tumor cell
secreted CTSL can act upon endothelial cells in a paracrine
manner to elicit an angiogenic response, we tested the
effect of purified CTSL on various angiogenesis associated
endothelial cell functions. In the presence of CTSL,
endothelial cells exhibited a dose dependent increase in
their ability to migrate and invade through matrigel
(Fig. 3a, b). While KGP94 had no effect on the invasive
capacity of naive endothelial cells, it reduced CTSL stim-
ulated endothelial cell invasion to near baseline levels. In
an attempt to closely mimic the tumor microenvironmental
conditions, endothelial cell invasiveness in the presence of
tumor conditioned media was evaluated. While conditioned
media harvested from parental MDA-MB-231 cells led a
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empty vector, KD-1, CTSL knockdown MDA-MB-231 tumor nod-
ules; line, median; Mann—Whitney test. b Representative images of
tumor nodules from a

marked increase in endothelial cell invasion, endothelial
cells that were incubated either with KGP94 or with con-
ditioned media derived from CTSL knockdown MDA-MB-
231 cells showed a significant reduction in their invasive
capacity (Fig. 3c). These results collectively indicate that
tumor derived CTSL could significantly enhance endothe-
lial cell migratory and invasive capacities. Certain pro-
teases have been shown to facilitate sprouting by degrading
the obstructive extracellular matrix as these sprouts pene-
trate into the interstitium to form new vessels [37]. Hence,
we tested the effect of CTSL on the sprouting of
endothelial spheres embedded within a collagen matrix.
Both purified CTSL and tumor conditioned media led to a
marked increase in endothelial sphere sprouting in a dose
dependent fashion (Fig. 3d). In order to determine the
contribution of CTSL to tumor conditioned media stimu-
lated sprouting, endothelial spheres were incubated in
presence of conditioned media harvested from CTSL
knockdown MDA-MB-231 cells. Both CTSL deficiency
and KGP94 treatment led to a significant reduction in
tumor conditioned media or purified CTSL stimulated
endothelial sprouting.

Newly formed vascular sprouts elongate, branch out and
connect with neighboring sprouts to form an extensive
capillary network. This step of the angiogenesis process
can be evaluated in vitro using the tube forming assay [38].
In the presence of extracellular matrix such as Matrigel,
endothelial cells form a capillary like network that
resembles the capillary bed in vivo (Fig.3e, f
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Fig. 3 CTSL promotes endothelial cell pro-angiogenic functions.
a and b Human microvascular endothelial cell (HMVEC-L) transwell
migration and invasion assays in presence of indicated concentrations
of purified CTSL. Means and s.e.m. from three independent
experiments are shown. ¢ CTSL or tumor conditioned media
stimulated HMVEC-L invasion assay with or without KGP9%4. Bars
represent means and s.e.m from three independent experiments.
*p < 0.05; **p < 0.005; ***p < 0.0005; Student’s ¢ test. d Images of
endothelial sphere sprouts upon incubation with indicated doses of
purified CTSL or tumor conditioned media with or without KGP9%4.
x20 magnification. e Images of tubes formed by CTSL or tumor
conditioned media stimulated endothelial cells treated with or without

Supplementary Fig. 2a, b). Endothelial cells that were
incubated with either purified CTSL or tumor conditioned
media showed a striking increase in their tube forming

KGP94. x5 magnification. f Quantification of total number of tubes
formed. *p < 0.05; ***p < 0.0001; Student’s ¢ test. g Measurement
of proliferation of endothelial cells exposed to increasing concentra-
tions of purified CTSL. Results are mean + s.e.m; analysis of
variance. h Representative images of endothelial cells stimulated with
indicated concentrations of CTSL taken 24 h after initial exposure,
x5 magnification. i BrdU incorporation assay to quantify DNA
synthesis upon 24 h exposure to various concentrations of purified
CTSL. j Measurement of the effect of KGP94 on CTSL stimulated
endothelial cell proliferation. Results are mean =+ s.e.m; Student’s
t test

capacity. Both pharmacological and genetic ablation of
CTSL led to a dramatic decrease in the extent of tube
formation.
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Increased endothelial cell proliferation comprises an
important pro-angiogenic response. Thus, endothelial cells
were exposed to various concentrations of purified CTSL
and their proliferation was assessed over a period of 96 h
(Fig. 3g, h; Supplementary Fig. 2c). Endothelial cells that
were incubated in the presence of CTSL showed a marked
increase in viability in a dose dependent fashion. In order
to confirm that the increase in viability was indeed due to
increased cell proliferation, we quantified the extent of
DNA synthesis. Endothelial cells incubated in the presence
of CTSL showed a significant increase in bromo-deox-
yuridine uptake indicating an increase in DNA synthesis
and thus, cell proliferation (Fig. 3i). These results collec-
tively suggest that CTSL facilitates various aspects of the
angiogenic process including endothelial cell sprouting,
migration and invasion through extracellular matrix, cap-
illary like tube formation and proliferation.

CTSL promotes expression of cell cycle genes
in endothelial cells

Transcriptome profiling of HMVEC-L cells exposed to
purified CTSL revealed significant alteration in the gene
expression pattern of cells exposed to purified CTSL
(upregulated—1636; downregulated—1323 genes). The
heat map of significantly altered genes showed a strong
correlation between HMVEC-L cell samples (Fig. 4a).
Gene set enrichment analysis of the 2959 genes that were
differentially expressed in response to CTSL stimula-
tion, revealed strong activation of cell cycle processes
(Fig. 4b-d).

Since several enriched biological processes were related
to cell cycle, a leading edge analysis was performed
(Table 1). Relatedness between common genes in those
leading edges was confirmed by inferring a network,
visualized with Cytoscape (Fig. 5a). Quantitative PCR
validation of select common genes from those leading
edges showed significant upregulation of mitotic genes
such as centrosome associated protein E (CENPE), kinesin
like protein 15 (KIF15) and cyclin A (Fig. 5b—d). Increased
protein levels of cyclin D and cyclins involved in G, to
mitotic phase transition such as cyclins A and B further
confirmed stimulation of cell cycle in response to CTSL
exposure (Fig. Se).

Discussion

During the course of tumor progression, expression profiles
of several genes are altered significantly. While some of
these alterations are key to malignant progression, a
majority of them represent bystander effect and thus do not
contribute to tumorigenicity. Hence, we first evaluated the
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relationship between CTSL expression status and survival
and metastatic incidence in breast cancer patients. The
strong association between CTSL upregulation and disease
relapse, metastatic incidence and overall survival (Fig. 1)
suggested that CTSL over-expression is not a bystander
effect but a key factor driving breast cancer progression
and metastatic aggressiveness. While several genetic and
pharmacological CTSL intervention approaches have
demonstrated that CTSL targeting holds significant anti-
metastatic potential, it remains unknown whether CTSL
targeting would also yield anti-tumor effects in a breast
cancer setting. Although the role of CTSL in tumor
angiogenesis remains less explored, several clinical and
experimental findings are strongly suggestive of its
involvement in the angiogenic process. In patients with
coronary heart diseases, the formation of collateral coro-
nary vessels as an alternative source of blood supply aids
the recovery of the heart from ischemic insult. In these
patients, plasma CTSL level serves as an important bio-
marker for rich collateral vessel formation [39]. CTSL is
also highly expressed in human abdominal aortic aneurysm
lesions and gene knockout studies have revealed that CTSL
plays an important role in aneurysm development by pro-
moting pathological angiogenesis, inflammatory cells
recruitment, and aortic wall matrix degradation [40]. Fur-
ther, key proangiogenic factors such as vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF)
have been shown to induce CTSL expression. Keerthivasan
et al. identified a 47 base pair VEGF responsive element in
CTSL promoter region and demonstrated that VEGF
stimulation induces CTSL transcription in glioblastoma
cells [41]. A strong positive correlation between VEGF and
CTSL expression status has been reported in adult chronic
myeloid leukemia and pediatric acute myeloid leukemia
patients [42, 43]. In fact, CTSL upregulation was associ-
ated with inferior event free and overall survival of these
AML patients [42]. Similarly, bFGF has been reported to
promote cysteine cathepsin expression in various patho-
logical conditions involving angiogenesis such as intraoc-
ular angiogenesis and ischemic diseases [44, 45].
Development and progression of glomerulosclerosis is
characterized by podocyte detachment from the glomerular
basement membrane. Both bFGF and PDGF have been
shown to promote podocyte secretion of CTSL to facilitate
degradation of glomerular basement membrane [46].
Angiogenesis is a complex and dynamic process that
progresses through several tightly controlled events
including vascular sprouting, endothelial cell migration and
invasion through the extracellular matrix, tube formation
and proliferation. Quiescent endothelial cells are held
together through tight homotypic vascular E-cadherin
interactions. However, in the presence of proangiogenic
factors, endothelial cells dissolve their VE-cadherin
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contacts to form new vascular sprouts in the direction of
the pro-angiogenic stimulus [47]. Certain proteases have
been shown to facilitate sprouting by degrading the

LI FBX0S
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CDC27
SMC1A
CDKN1A
EREG

b Main enriched gene sets sharing same biological process activated in
response to CTSL stimulation of endothelial cells. ¢ and d, Enrichment
plot and heat map for the gene set related with cell cycle process

obstructive extracellular matrix as these sprouts penetrate
into the interstitium to form new vessels [37]. In agreement
with these observations, endothelial cells exhibited a
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Table 1 Common genes in the

cell cycle leading edges Symbol Gene name
RAD54B NA
KIF15 Kinesin family member 15
CENPF Centromere protein F, 350/400 kDa (mitosin)
TTK TTK protein kinase
ANAPCI10 Anaphase promoting complex subunit 10
TIPIN TIMELESS interacting protein
XRCC2 X-ray repair complementing defective repair in Chinese hamster cells 2
MAD2L1 MAD?2 mitotic arrest deficient-like 1 (yeast)
DBF4 DBF4 homolog (S. cerevisiae)
KIF11 Kinesin family member 11
CENPE Centromere protein E, 312 kDa
MREI11A MREI11 meiotic recombination 11 homolog A (S. cerevisiae)
ANLN Anillin, actin binding protein
CDC6 Cell division cycle 6 homolog (S. cerevisiae)
NDC80 NDCB80 kinetochore complex component homolog (S. cerevisiae)
SPO11 SPO11 meiotic protein covalently bound to DSB homolog (S. cerevisiae)
CCNA2 Cyclin A2
KNTC1 Kinetochore associated 1
NEK2 NIMA (never in mitosis gene a)-related kinase 2
RADS1 RADS51 homolog (S. cerevisiae)
BUBI Budding uninhibited by benzimidazoles 1 homolog (yeast)
CULS Cullin 5
MPHOSPH9 M-phase phosphoprotein 9
POLA1 Polymerase (DNA directed), alpha 1, catalytic subunit

dramatic increase in their sprouting and tube forming
capacity in the presence of purified or tumor derived CTSL
(Fig. 3d—f). Once activated, endothelial cells depend on
proteases to degrade the basement membrane and extra-
cellular matrix as they migrate and invade through the
interstitium. Our present study shows that both purified and
tumor derived CTSL results in a significant enhancement
of endothelial cell migration and invasion (Fig. 3a—c).
Conversely, CTSL ablation using KGP94 or knockdown
approach resulted in a significant impairment of tumor
angiogenic properties such as endothelial cell sprouting,
invasion, tube formation and proliferation. These results
are in agreement with observations made in previous
melanoma studies in which intra-tumoral gene delivery of
single chain variable fragment CTSL neutralizing antibody
resulted in a marked reduction in tumorigenicity, growth
and angiogenesis of human melanoma xenografts [48]. In
contrast to these findings, CTSL deficiency had no effect
on microvascular density in different mouse models of
pancreatic endocrine tumors [21]. Similarly, contrary to its
pro-tumorigenic function in various tumor types including
prostate, breast, pancreatic, ovarian, gastric and colorectal
cancers, CTSL has been shown to suppress tumor pro-
gression in mouse epidermis [8, 49]. These discrepancies in

@ Springer

certain models suggest that its tumorigenic function may
vary with certain tumor types.

In addition to angiogenesis, CTSL has also been
implicated to participate in alternative mechanisms of
vascularization such as vasculogenesis. During the process
of vasculogenesis, bone marrow derived endothelial pro-
genitor cells are recruited to the hypoxic tissue to form de-
novo blood vessels. Gene expression analysis of endothe-
lial progenitor cells in ischemic disease models revealed
that their pro-angiogenic effects are primarily mediated by
CTSL [50]. CTSL was critical for the integration of cir-
culating endothelial progenitor cells into hypoxic tissues
and both pharmacological and genetic ablation of CTSL
impaired neovascularization of ischemic tissues.

Previous studies with CTSL and matrix metalloprotease
(MMP) inhibitors have shown that inactivation of CTSL
and MMP proteolytic function severely impairs the extra-
cellular matrix degradative capacity of endothelial cells
[51, 52]. CTSL mediated augmentation of endothelial cell
sprouting, tube formation and invasion through collagen or
matrigel may therefore be attributed to its proteolytic
effects on extracellular matrix components. While our
studies clearly demonstrate upregulation of cell cycle genes
in response to CTSL (Figs. 4 and 5), the mechanism behind
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CTSL stimulated endothelial cell proliferation remains
obscure. A recent study in ischemic disease model may
perhaps shed some light on this unanticipated CTSL
function. Proteomic analysis identified CTSL to be the
most significant mediator of bFGF stimulated angiogenesis
[45]. bFGF over-expression in skeletal muscle cells
enhanced CTSL secretion which in turn triggered
endothelial cell migration by activating JNK signaling
pathway. MMPs have also been reported to activate
transforming growth factor [ pathway and epidermal
growth factor receptor signaling to promote tumor angio-
genesis [53, 54]. CTSL stimulated endothelial cell prolif-
eration could thus potentially be a downstream effect of
activation of cell signaling pathways.

While peptide based CTSL inhibitor NSITC demon-
strated similar anti-angiogenic effects, it is cell permeable
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and exerts serious cytotoxic effects on endothelial cells
[52]. On the contrary, due to its cell impermeable nature
KGP9%4 may exert its anti-angiogenic property by targeting
tumor secreted CTSL without having any deleterious side
effects on normal lysosomal CTSL function.

In conclusion, CTSL upregulation is associated with
poor clinical outcomes of breast cancer patients. Our study
has demonstrated that CTSL plays a key role in tumor
angiogenesis by activating various angiogenesis associated
endothelial cell functions such as migration, invasion,
sprouting, tube formation and proliferation. Treatment with
KGP9%4, a small molecule CTSL inhibitor previously
shown to impair tumor cell metastasis, led to a significant
suppression of CTSL stimulated angiogenic properties of
endothelial cells and also inhibited tumor angiogenesis
in vivo. While there exists a concern that impairment of
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angiogenesis might increase metastasis [55] based on the
possibility that such anti-angiogenic agent therapy may
induce tumor hypoxia, a known enhancer of tumor cell
dissemination [56, 57], the generality of this conclusion is
controversial in light of studies showing that the impact of
such therapy on the tumor microenvironment is highly
variable, leading to improvements, reductions, or no
change in tumor oxygenation (reviewed in [58, 59]). Taken
together the present results demonstrate that targeting
CTSL to suppress both the invasive and pro-angiogenic
functions of tumor cells could be of significant benefit in
the treatment of metastatic cancer patients.
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