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Abstract

It is estimated that approximately 90% of patients with advanced prostate cancer develop bone
metastases; an occurrence that results in a substantial reduction in the quality of life and a drastic
worsening of prognosis. The development of novel therapeutic strategies that impair the metastatic
process and associated skeletal adversities is therefore critical to improving prostate cancer patient
survival. Recognition of the importance of Cathepsin L (CTSL) to metastatic dissemination of
cancer cells has led to the development of several CTSL inhibition strategies. The present
investigation employed intra-cardiac injection of human PC-3ML prostate cancer cells into nude
mice to examine tumor cell dissemination in a preclinical bone metastasis model. CTSL
knockdown confirmed the validity of targeting this protease and subsequent intervention studies
with the small molecule CTSL inhibitor KGP94 resulted in a significant reduction in metastatic
tumor burden in the bone and an improvement in overall survival. CTSL inhibition by KGP94 also
led to a significant impairment of tumor initiated angiogenesis. Furthermore, KGP94 treatment
decreased osteoclast formation and bone resorptive function, thus, perturbing the reciprocal
interactions between tumor cells and osteoclasts within the bone microenvironment which
typically result in bone loss and aggressive growth of metastases. These functional effects were
accompanied by a significant downregulation of NFxB signaling activity and expression of
osteoclastogenesis related NF«B target genes. Collectively, these data indicate that the CTSL
inhibitor KGP94 has the potential to alleviate metastatic disease progression and associated
skeletal morbidities and hence may have utility in the treatment of advanced prostate cancer
patients.
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Prostate cancer is the most prevalent cancer and the second leading cause of cancer related
death amongst men in the United States. It is estimated that in the year 2015 alone, about
220,800 new cases will be diagnosed and 27,540 men will die of prostate cancer with the
bulk of tumor burden in the bone at the time of death.> While the prognosis for patients with
localized disease is highly favorable, the 1 and 5 year survival rates of prostate cancer
patients with metastatic bone disease drops to 47% and 3% respectively.? Indeed, the extent
of metastatic disease in the bone serves as a strong predictor of disease outcome.3 Once the
primary tumor cells have disseminated to the bones, the patient is no longer considered for a
curative therapy and receives only palliative treatment. In addition to their deleterious
effects on survival, bone metastases severely impinge on the quality of life of these
advanced prostate cancer patients. Skeletal metastases inflict debilitating complications
including intractable bone pain, pathological fractures due to bone deformities, nerve
compression syndromes including paralysis and paresis due to impingement of spinal nerves
and anemia due to bone marrow ablation.* Thus, treatments aimed at inhibiting bone
metastasis and delaying the onset of skeletal complications are critical to improving the
survival and quality of life of prostate cancer patients.

Tumor secreted proteases play a significant role in many stages of tumor cell dissemination
including detachment from the primary site, degradation of interstitial matrices and basal
lamina, intravasation and extravasation across the capillary/lymphatic system and activation
of latent growth factors to promote colonization at the secondary site.>® One such protease,
Cathepsin L (CTSL), a key member of the cathepsin family of cysteine proteases, has
emerged as a promising metastasis promoting target in strategies seeking to impede the
metastatic process.® CTSL upregulation has been reported in a wide range of human cancers
including, ovarian, renal and breast carcinoma.” In most normal cells CTSL is primarily
present within the lysosomes where it is committed to housekeeping functions such as
terminal degradation of intracellular and endocytosed proteins.8 However, cancer cells
possess the ability to shunt this lysosomal enzyme into the secretory pathway via a variety of
mechanisms.?10 Transformation dependent CTSL secretion has been shown to aid
metastatic dissemination of cancer cells through dissolution of cell adhesion molecules and
proteolytic degradation of basal lamina and extracellular matrix barriers.%1! This enzyme
further fuels the proteolytic cascade by activating latent pro-forms of other key metastasis
promoting proteases such as matrix metalloprotease, pro-heparanase, urokinase plasminogen
activator and other members of the cathepsin family.12-14 Studies including our own have
also shown that tumor secreted CTSL plays a pivotal role in hypoxia and acidosis triggered
metastatic aggressiveness of cancer cells.1516 The importance of CTSL upregulation in
tumor progression is further supported by a number of clinical studies reporting a strong
correlation between tumor CTSL levels and metastatic incidence, disease relapse and overall
survival 1718

In addition to promoting cancer cell dissemination, CTSL may also contribute to the
expansion of metastatic cells within the bone matrix and subsequent development of
metastasis associated skeletal morbidities. Although normal bone remodeling is typically
driven by the osteoclast specific protease cathepsin K (CTSK), in the presence of tumor
secreted cytokines, osteoclastic CTSL activity increases several fold and the enzyme begins
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to play a significant, non-redundant role in the process of pathological bone resorption.19:20
Bone resorption not only provides room for the expansion of the neoplastic cell mass but
also leads to the release of active growth factors from the bone matrix that support
aggressive growth of metastases.?! Conceivably, inhibition of CTSL function will disengage
this vicious cycle and cause not only alleviation of bone resorption, but also decrease in the
tumor burden.

Recently, Kumar and colleague tested a library of small molecule inhibitors of CTSL
enzymatic activity. The lead molecule, 3-bromophenyl-3-hydroxyphenyl-ketone
thiosemicarbazone (KGP94) is a reversible, competitive inhibitor with high and comparable
selectivity toward CTSL and CTSK (ICsq <135 nM)22:23 compared with cathepsin B (ICs >
10,000 nM). Our previous findings have shown that KGP94 significantly impedes metastasis
associated cancer cell attributes such as migration and invasion.® The goal of present
studies was to evaluate the anti-metastatic and anti-bone resorptive efficacy of KGP94 in a
prostate cancer bone metastasis model.

Material and Methods

Cell culture

PC-3ML is a metastatic subline isolated from prostate cancer PC-3 cells through in-vivo
selection of bone metastases?4 and thus exhibits a high propensity to metastasize to the
bones. PC-3ML, DU145, LNCaP, LNCaP derived C4-2B, and mouse pre-osteoclastic
RAW264.7 cells were cultured in HAM’s F12 nutrient mixture, Eagle’s MEM, RPMI, T-
media and DMEM media, respectively, supplemented with 10% FBS. Human lung
microvascular endothelial cells (HMVEC-L) were cultured in EGM2 MV media supplied by
Lonza (CC-3202).Cells were maintained at 37°C in a humidified atmosphere of 5% CO, in
air.

Prostate gPCR array

CTSL expression levels in prostate cancer patients were determined by performing
semiquantitative RT-PCR analysis on a TissueScan Prostate cancer panel (Origene
HPRT0824) as per manufacturer’s instructions. CTSL mRNA levels were normalized to -
actin and are shown as relative levels normalized to normal tissue pools.

CTSL knockdown

1.25 x 10° PC-3ML cells were seeded in a six well dish. Forty-eight hr later, the cells were
transfected with CTSL shRNA plasmids (OriGene TG305172) using Lipofectamine LTX
plus reagent (Invitrogen) as per manufacturer’s instructions. Transfected clones were
isolated through puromycin selection and expanded. CTSL knockdown efficiency was tested
by performing western blot on whole cell lysates and ELISA on cell culture supernatants.
Clones exhibiting greater than 80% knockdown efficiency were used for in-vivo and in-vitro
studies.
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KGP94 was kindly provided by Dr. Kevin Pinney of Baylor University. For in-vitro assays,
KGP94 was dissolved in sterile DMSO to obtain a stock concentration of 25 mM and stored
at —20°C. For treatment, the stock was further diluted in cell culture medium to achieve a
working concentration of 25 uM. for in-vivo assays, KGP94 was sonicated in a 10% Tween
80 solution in 1 M HEPES buffer until completely dissolved. The drug was then filter
sterilized and stored at 4°C.

Bone metastasis assay

All in vivo experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Florida. 1 x 10° luciferase and GFP labeled PC-3ML cells
were inoculated into the left ventricle of the heart of anesthetized athymic NCR nu/nu male
mice. Mice received daily treatment of 20 mg/kg KGP94 (at 10 uL/g) via intraperitoneal (IP)
injections. Bone metastasis was monitored on a weekly basis using the Xenogen IVIS
imaging system by measuring photon flux 30 min after IP administration of D-Luciferin. For
survival analysis, animals were euthanized when their meta-static burden reached an
experimental endpoint of 1 x 109 photons/sec bioluminescence.

Histomorphometric analysis

Mice were arranged in the order of their bioluminescence intensity from highest to lowest
signal intensity and those with the median bioluminescence intensity values from each group
were selected for histological evaluation. Mice were euthanized and metastases bearing
bones (determined based on bioluminescence signal) were harvested and fixed in 10%
neutral buffered formalin solution for 24 hr. The bones were then washed with phosphate
buffered saline (PBS) and decalcified in 10% EDTA solution for a week at 4°C. After
complete decalcification, the bones were kept in a 30% sucrose solution overnight followed
by OCT embedding. GFP positive areas were imaged using a Leica MZ 16 F camera.

Intradermal assay

1 x 10° PC-3ML cells were injected intradermally at four sites on the ventral surface of
athymic NCR nu/nu male mice. One drop of trypan blue solution was added to impart a light
blue color to the cell suspension and thus allow easy location of the site of cancer cell
inoculation. A dose of 10 or 20 mg/kg KGP94 was administered IP on a daily basis. Three
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.2> Tumor
nodule images were captured using a Leica MZ 16 F camera and Leica Application Suite
software.

Invasion assay

PC-3ML (4 x 10%), C42B (1 x 10%), LNCaP (1.5 x 10%), DU145 (1 x 10%) or HMVEC-L (1
x 10%) cells were suspended in serum free media and seeded into matrigel coated invasion
inserts (BD Biosciences, 354480). For experiments testing the effect of pharmacological
inhibition of CTSL, equal concentrations of KGP94 were added to the top and the bottom
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chamber. Twenty-four hr later, non-invaded cells in the top chamber were scraped off using
cotton tips. Invaded cells were fixed stained with crystal violet and enumerated under a
microscope.

Tube formation assay

HMVEC-L cells (5 x 10%) were seeded in a 24 well dish pre-coated with matrigel. The cells
were incubated at 37°C in the presence of indicated concentrations of purified CTSL,
KGP94 or tumor cell conditioned media. Ten hours later, tube structures were quantified and
imaged using a Leica DMI 4000 B microscope.

Osteoclast formation and tartarate resistant acid phosphatase staining

For tartarate resistant acid phosphatase (TRAP) staining, 2.85 x 10° RAW 264.7 cells were
seeded in a 24 well plate in the presence of indicated concentrations of RANKL (R&D
systems) and KGP94 or purified CTSL (Calbiochem). Four days later, the cells were fixed
and stained for TRAP using the acid phosphatase, leukocyte kit (Sigma Aldrich) as per
manufacturer’s instructions. TRAP positive multinucleate osteoclasts were quantified under
a Zeiss Stemi SV 6 dissecting microscope and imaged using a Leica DMI 4000 B
microscope.

For osteoclastogenesis gene expression analysis, 1.425 x 108 RAW 264.7 cells were seeded
in a six well plate in the presence of indicated concentrations of RANKL, KGP94 or purified
CTSL. Osteoclastogenesis marker expression was assessed every 24 hr for 4 days. For
experiments assessing the effect of CTSL co-stimulation, gene expression analysis was
performed 48 hr after RANKL and CTSL addition. For RNA extraction, cells were rinsed
with PBS and lysed with TRIzol reagent (ThermoFisher Scientific). RNA was eluted using
100% isopropyl alcohol. Total RNA content was quantified using a ND-1000
spectrophotometer and reverse transcribed using Tagman reverse transcription reagents
(ThermoFisher Scientific) as per manufacturer’s instructions. The list of primers used to
amplify cDNA of interest is shown in Supporting Information Table 1. Relative gene
expression was determined by performing quantitative PCR using StepOne Real-Time PCR
system (ThermoFisher Scientific).

Pit formation assay

Thick 100-um slices of bovine cortical bone were sterilized with 70% ethanol, rinsed with
sterile deionized water followed by overnight equilibration in DMEM media. Bone slices
were then overlaid with 2.85 x 105 RAW 264.7 cells in the presence of 35 ng/mL RANKL
and 25 uM KGP94. Four days later, the osteoclasts were scraped off the bone slices using a
cotton swab. Bone slices were then rinsed in PBS and resorption pits were stained using 1%
toluidine blue solution in 0.5% tetraborate. Resorption pits were imaged using a Zeiss
Axioplane 2 imaging system and pit area was quantified using ImageJ software by
calculating the area of toluidine positive region for each field of view at 10 x magnification.
Four random fields were captured from each bone slice and four bone slices were tested
under each experimental condition. Extent of bone resorption is expressed in terms of
percent area of bone that was positively stained.
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NFxB pathway analysis

RAW 264.7 cells were treated with or without 25 pM KGP94. One hr later, cells were
stimulated with 35 ng/mL RANKL for indicated durations, lysed and processed for western
blot analysis as previously described.1® Densitometry analyses were carried out to determine
band intensity using ImageJ software.

Cathepsin secretion analysis

To evaluate CTSL secretion during osteoclastogenesis, 3 x 106 RAW 264.7 cells were
plated in 60 mm dishes in the presence or absence of 35 ng/mL RANKL. Cell culture
supernatants were harvested at 24, 48 and 72 hr and centrifuged at 1,000 rpm for 10 min to
remove any cell debris. Similarly, 24 hr conditioned media were harvested from PC-3ML,
DU145, LNCaP and C42B prostate cancer cell lines. Secreted cathepsin levels in cell free
supernatants were analyzed by performing enzyme linked immunosorbent assay using a
Cathepsin L kit (human—R&D systems, DY952; mouse—My Biosource, MBS280424) and
Cathepsin K kit (My Biosource MBS034890) as per manufacturers’ instructions.

Viability assay
4.8 x 10* RAW 264.7 cells were seeded in a 96 well dish in the presence or absence of
various concentrations of KGP94 or purified CTSL. Three days later, the cell culture
medium was replaced with WST-1 [2-(4-lodophenyl) —3-(4-nitrophenyl) —5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt] reagent (Dojindo) in phenol red free
medium. Four hr later viability was determined by measuring formazan dye formation at
450 nm using the Spectramax M5 (Molecular Devices) spectrophotometer.

Results

KGP94 treatment leads to a significant reduction in metastatic tumor burden and an
overall improvement in survival

CTSL semi-quantitative RT-PCR using Tissuescan prostate tissue panels show an increase
in CTSL transcript level in tumor samples from advanced stage patients (Fig. 1a). Similarly,
elevated CTSL secreted levels were observed across prostate cancer cell lines derived from
brain (DU145), lymph node (LNCaP) and bone (PC-3ML, C4-2B) metastases (Fig. 1b). To
validate the importance of CTSL in tumor metastasis, CTSL knockdown PC-3ML cells were
generated and clones exhibiting greater than 80% knockdown efficiency (Supporting
Information Figs. 1a and 1b) were selected for testing the effect of CTSL deficiency on
metastatic phenotype. While CTSL knockdown clones did not exhibit any change in
proliferation (Supporting Information Fig. 1c), their invasive capacities were significantly
impaired (Figs. 1c and 1d). CTSL deficient LNCaP cells showed a similar reduction in their
invasive potential (Supporting Information Fig. 2). Since approximately 90% of advanced
prostate cancer patients suffer from bone metastases and associated skeletal morbidities,26
the focus of this investigation was to determine the anti-metastatic efficacy of CTSL
targeting in a bone metastasis model. To validate the importance of CTSL in the PC-3ML
bone metastasis model, empty vector or CTSL shRNA transfected PC-3ML cells were
injected via the intracardiac (IC) route and metastatic progression was monitored by weekly
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bioluminescence imaging using the firefly luciferase reporter system. Compared with empty
vector controls, CTSL knockdown led to a significant reduction in metastatic burden (~98%
reduction) (Figs. 1e and 1f) and improvement in overall survival (Fig. 1g).

Prostate cancer models PC-3ML, DU145, LNCaP and C4-2B secrete CTSL (Fig. 1b) but
little or no CTSK (Supporting Information Fig. 3) (1387 vs. 24 pg/mL; 1232 vs. 1.8 pg/mL;
360 vs. 3.2 pg/mL and 638 vs. 3.3 pg/mL, respectively). Treatment with the small molecule
inhibitor KGP94 suppressed the activity of secreted CTSL1® and significantly impaired the
invasive capacities of various metastatic prostate cancer cell lines (Supporting Information
Fig. 4) without exerting any cytotoxic effects.1® To assess the anti-metastatic efficacy of this
agent in vivo, mice were injected (IC) with PC-3ML cells and then treated daily with 20
mg/kg doses of KGP94. Metastatic progression in control and treated mice was monitored
by weekly bioluminescence imaging. The results showed that KGP94 treatment led to a
significant reduction (65%) in metastatic tumor burden and an improvement in the overall
survival of metastases bearing mice (Figs. 2a—2c). Histological assessments based on GFP
imaging and hematoxylin and eosin staining confirmed that the reduction in
bioluminescence signal in KGP94 treated mice was attributable to a decrease in tumor
burden (Fig. 2d). Quantification of bone lesions revealed that KGP94 mediated reduction in
metastatic burden was at least in part due to a significant decrease in the number of
metastatic foci (Fig. 2€). Although PC-3ML cells predominantly form skeletal metastases,
occasional soft tissue metastases also were observed (Fig. 2f). A reduction in soft tissue
metastases in KGP94 treated mice was noted but the difference was not statistically
significant.

CTSL inhibition impairs the angiogenic capacity of prostate cancer cells

To test whether suppression of angiogenesis could have contributed to the reduction in
tumor burden resulting from KGP94 treatment, PC-3ML cells were inoculated
intradermally, and the effect of KGP94 exposure on tumor induced blood vessel formation
was determined (Figs. 3aand 3b). The results showed that compared with untreated
controls, mice that were treated with either 10 or 20 mg/kg KGP94 showed a significant
reduction in tumor angiogenesis as demonstrated by a dose dependent decrease in the
number of tumor induced blood vessels (31% and 58% decrease, respectively). Similarly,
CTSL knockdown PC-3ML cells induced 72% fewer blood vessels compared with PC-3ML
cells transfected with an empty vector. However, KGP94 treatment of mice inoculated with
CTSL knockdown PC-3ML cells did not exert any effect on tumor vessel count (Supporting
Information Fig. 4). In vitro assessment of the effect of KGP94 on various pro-angiogenic
functions such as invasiveness and tube forming capacity of endothelial cells showed that
while KGP94 had no apparent effect on naive endothelial cells, it led to a significant
reduction in purified CTSL stimulated endothelial cell invasion and tube formation (Figs.
3c-3e). Similarly, endothelial cells that were incubated with conditioned media derived from
CTSL knockdown PC-3ML or LNCaP (Supporting Information Fig. 5) cells showed a
striking decrease in their angiogenic properties compared with those stimulated with
conditioned media harvested from empty vector transfected cells.
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KGP94 suppresses the bone resorptive capacity of osteoclasts

Progressive growth of bone metastases is strongly dependent on reciprocal interactions
between cancer cells and bone resorbing osteoclasts and bone forming osteoblasts.2” Both
osteolytic and osteoblastic metastases secrete osteoclast activating cytokines leading to bone
resorption and release of growth factors from the bone matrix. These growth factors in turn
stimulate tumor cell proliferation and further cytokine release. Thus disengagement of
osteoclastic function would not only alleviate skeletal complications but would make bone a
less favorable niche for metastatic expansion. Moreover, CTSL has been widely implicated
to participate in pathological bone resorption.2® To test whether KGP94 treatment could
disrupt osteoclast mediated bone resorption by interfering with osteoclast formation or the
osteolytic function of mature osteoclasts, the impact of KGP94 was evaluated in murine pre-
osteoclastic RAW 264.7 cells. Tumor secreted cytokines promote osteoblastic secretion of
Receptor activator of nuclear kappa-B ligand (RANKL); an essential mediator of osteoclast
formation and activity. Upon exposure to RANKL, RAW 264.7 cells underwent fusion and
differentiation to form multinucleate, TRAP positive osteoclasts (Figs. 4a and 4b). However,
in the presence of KGP94, a significant decrease in the number of mature osteoclasts was
observed. These results were further substantiated by a significant reduction in the
phosphorylation levels of IKK and 1B, which are key mediators of RANKL stimulated
NFxB signaling cascade (Fig. 4c). Moreover, KGP94 treatment also led to a significant
reduction in the expression of osteoclastogenesis related NF«B target genes such as
calcitonin receptor and RANK (Figs. 4d and 4e). This reduction in osteoclast formation was
not due to a cytotoxic effect of KGP94 (Fig. 1f). In mature osteoclasts, compared with the
RANKL alone controls, RAW?264.7 cells stimulated with RANKL in the presence of
KGP94 showed a significantly reduced bone pit forming capacity as demonstrated by a
decrease in O-toluidine staining intensity (Figs. 4g and 4h). These data collectively suggest
that KGP94 affects bone resorption by inhibiting both osteoclast formation and the
osteolytic activity of mature osteoclasts.

CTSL promotes osteoclast formation

While the role of CTSL in pathological osteoclastic function is well recognized, its
involvement in the osteoclast formation process remains less explored. Conditioned media
analysis revealed that RANKL stimulated osteoclast formation was accompanied by a
significant increase in CTSL secretion (Fig. 5a). To test whether CTSL can promote
osteoclastogenesis a dose response analysis with various concentrations of RANKL was
performed and sub-optimal RANKL doses were identified (Fig. 5b). The results showed that
co-stimulation of RAW264.7 cells with CTSL and sub-optimal concentrations of 1 or 5
ng/mL of RANKL led to a significant increase in the expression of osteoclastogenesis
marker genes (Figs. 5¢ and 5d) and the number of mature TRAP+ multinucleate osteoclasts
formed (Figs. 5f and 5g). Interestingly, the extent of osteoclast formation in the combination
group was greater than that observed for saturating concentration of 35 ng/mL of RANKL
alone. Viability assays revealed that the increase in osteoclast formation was not due to an
effect on cell proliferation (Fig. 5€).
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Discussion

First line treatment for prostate cancer consists of radical prostatectomy or radiation coupled
with androgen deprivation therapy. Although these treatments are highly effective initially,
nearly one-third patients eventually suffer from local or metastatic recurrence.29
Approximately 90% of these advanced prostate cancer patients develop bone metastases at
which point the disease is considered highly incurable.26 While the new generation anti-
resorptive agents such as bisphosphonates, RANKL quenchers, and cathepsin K inhibitors
provide effective palliative care and reduce morbidity, they exhibit little if any anti-
metastatic efficacy.30-31 Thus novel therapeutic agents that can serve both as effective anti-
metastatic agent and active anti-resorptive therapy are highly desired. The ability of CTSL
to influence several critical aspects of malignant tumor progression such as metastatic
aggressiveness, drug resistance, disease relapse and skeletal morbidities makes it an ideal
candidate for therapeutic intervention.11:17.:32.33 promising outcomes of various CTSL
targeting approaches ranging from gene knockout to ectopic expression of endogenous
inhibitors or antisense, at curbing tumor progression and metastatic disease, place further
emphasis on the importance of development and pre-clinical evaluation of effective CTSL
targeting agents.11:34:35 To date, the development of CTSL specific inhibitors has been
hampered by the high degree of structural homology between different members of the
cathepsin family.36 The present study investigates the anti-metastatic efficacy of a
thiosemicarbazone based CTSL inhibitor KGP94, which impairs CTSL proteolytic function
by targeting its active site.3’

Elevated CTSL secreted levels were observed across prostate cancer cell lines derived from
brain (DU145), lymph node (LNCaP) and bone (PC-3ML, C4-2B) metastases (Fig. 1b).
Even though the bone metastatic capacity of DU 145 cells is significantly lower compared
with PC-3ML cells, they secreted relatively same amounts of CTSL. Since tropism to
different metastatic sites is influenced by a repertoire of several different oncogenes, despite
the similarity in CTSL secretion, their tropism varies due to their vastly different gene
expression profiles.

CTSL knockout studies in a spontaneous pancreatic carcinogenesis model reported that
CTSL deficiency retards tumor growth and significantly hampers the progression of benign
encapsulated tumors into invasive carcinomas thus indicating that CTSL plays a key role in
the process of tumor invasion and metastasis.1! Further, KGP94 mediated CTSL inhibition
has been shown to result in a substantial inhibition of tumor microenvironment potentiated
metastatic capacity of cancer cells.1® In agreement with these findings, our present study
shows that CTSL inactivation by sShRNA knockdown resulted in a significant suppression of
prostate cancer cell dissemination to bone (Figs. 1e and 1f). Importantly, CTSL targeting
with the small molecule CTSL inhibitor KGP94 resulted in a significant reduction in
metastatic incidence, tumor burden and a resultant improvement in the overall survival of
KGP94 treated mice.

Since successful establishment of metastases is contingent on effective execution of several
different processes such as invasion through the interstitium to arrive at the secondary site,
initiation of angiogenesis to support the growth of the newly formed metastatic lesion and
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establishment of a constructive interaction with the new microenvironment; disruption of
any of these processes could result in a similar decline in metastatic burden. Our prior
studies established that KGP94 treatment could effectively impair PC-3ML migration and
invasion?” and the present investigation confirms the inhibitory effects on metastatic cell
phenotype in three other prostate cancer cell models (Supporting Information Fig. 4). In
addition, both pharmacological and genetic ablation of CTSL leads to a significant reduction
in the ability of PC-3ML tumor cells to induce blood vessels (Fig. 3). Importantly, KGP94
treatment of CTSL knockdown PC-3ML cancer cells did not result in additional reduction in
the angiogenic capacity of these cancer cells (Supporting Information Fig. 6) further
supporting the notion that CTSK does not participate in tumor angiogenesis.

Although the role of CTSL in tumor angiogenesis remains poorly understood, observations
made in other pathological disorders are strongly suggestive of its proangiogenic
function.38:39 Rebbaa et al. have demonstrated that CTSL inhibition significantly suppressed
angiogenesis by repressing endothelial cell extracellular matrix digestive capacity.3°
Furthermore, highly potent pro-angiogenic factors such as VEGF and bFGF have been
shown to induce CTSL expression and secretion to stimulate mitogen activated protein
kinase pathways in endothelial cells in a paracrine fashion.38 Importantly, the contribution
of CTSL to bFGF stimulated angiogenesis in ischemic disease models was far greater than
that noted for other well recognized proteases such as matrix metallo-protease 1 and
plasminogen activator inhibitor-1. Thus, CTSL could contribute to the process of tumor
angiogenesis by extracellular matrix digestion to assist endothelial cell invasion through the
interstitium, or, through more complex mechanisms involving activation of pro-angiogenic
signaling pathways.

It has been observed that in prostate cancer patients with skeletal metastases, tumor cells
alter the local cytokine milieu leading to unrestrained activation of osteoclasts as
demonstrated by a significant elevation in biomarkers of bone resorption.40 These cytokines
have been shown to selectively upregulate osteoclastic CTSL synthesis in order to promote
active resorption of bone matrix components including type 1 collagen.3341 Such osteolytic
events in turn release several active growth factors stored within the bone matrix to support
aggressive growth of metastases.#? In the present investigation we demonstrated that KGP94
treatment actively interferes with osteoclastic bone resorption (Fig. 4), thereby suggesting
that KGP94 could have manifested its anti-metastatic activity, at-least in part, by interfering
with the tumor-bone microenvironment interplay. These findings are in agreement with
observations made in other pathological conditions involving CTSL. For example, steroidal
hormones such as estrogens protect bone health by negatively regulating osteoclastic
synthesis of CTSL.#3 Thus, CTSL knockout mice displayed a marked resistance to
osteoporosis upon ovariectomy.*4 Pharmacological intervention of CTSL also yielded
similar suppression of bone resorption in osteoporotic mice.*® In addition to the anticipated
decline in bone resorption, KGP94 also led to a drastic impairment of the osteoclast
formation process (Fig. 4). While of role of CTSL in osteoclastic function is well
documented, the mechanism through which CTSL inhibition affects osteoclast formation is
not nearly as clear. In addition to their anti-collagenolytic function, administration of CTSL
specific inhibitor to ovariectomized mice also inhibited calcium release from the bone.*
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During osteoclastic bone resorption, acidification of the resorption lacuna dissolves the
mineral component of the bone which exposes the collagen rich organic matrix for digestion
by cathepsins and other proteases. Since dissolution of the mineral component of the bone is
independent of the proteolytic function of osteoclasts, this decline in calcium level
implicates of a decrease in osteoclast formation. In order to validate the observations on
osteoclast formation in the presence of KGP94, CTSL secretion and its effect on
osteoclastogenesis were tested. RANKL stimulated differentiation of pre-osteoclastic RAW
264.7 cells was accompanied by a striking increase in secreted CTSL levels. While purified
CTSL alone had no impact on RAW 264.7 cell proliferation or differentiation, combined
exposure of CTSL with sub-optimal concentrations of RANKL led to a striking increase in
osteoclastogenesis approaching that seen by treatment with 35 ng/mL of RANKL (Fig. 5).
The ability of purified CTSL to augment RANKL stimulated osteoclastogenesis thus further
underscores the involvement of CTSL in the differentiation process perhaps in a catalytic
capacity.

Since KGP94 exhibits similar selectivity against CTSL and CTSK, some of its anti-
metastatic effect could, at least in part, be attributed to its anti-CTSK activity. CTSK is an
osteoclast specific protease and is predominantly involved in normal and pathological bone
remodeling.*” While its inhibition would not affect neoplastic cell or angiogenic function of
endothelial cells, it could result in a reduction in bone tumor burden due to disruption of the
“vicious cycle” between tumor cells and osteoclasts. Studies in CTSK ™~ mice have clearly
demonstrated that CTSK does not participate in the osteoclast formation process and thus
the reduction in bone tumor burden is purely mediated through inhibition of resorptive
function of mature osteoclasts.*® Our studies, on the other hand show that CTSL promotes
osteoclast formation process (Fig. 5) which is effectively inhibited in the presence of KGP94
(Fig. 4). Moreover, bone metastasis study using CTSL knockdown PC-3ML cells further
validates the efficacy of CTSL inhibition strategies at decreasing metastatic burden in the
bone (Fig. 1). Taken together our studies suggest that while the inhibitory effects of KGP94
on the neoplastic cell metastatic phenotype and ability to induce angiogenesis are the
consequence of suppression of secreted CTSL activity, its suppression of bone remodeling
could be a consequence of both CTSL and CTSK activity inhibition, Thus CTSL inhibitors
with anti-CTSK activity could potentially yield better clinical outcomes impacting both
neoplastic cell progression and alleviating bone morbidities by inhibiting both osteoclast
formation and activity.

Even though skeletal metastases in prostate cancer patients are predominantly osteoblastic,
this abnormal bone formation is mostly preceded by osteolytic events thus indicating that
bone resorption might be a prerequisite for abnormal osteoblastic activity.® In addition to
cancer induced osteolysis, standard of care cytotoxic, glucocorticoid and androgen
deprivation therapies have been proven to accelerate bone loss.?? Hence, numerous anti-
resorptive agents are actively being used in the clinic as palliative treatment for prostate
cancer patients with bone metastases. Thus the anti-resorptive function of KGP94 coupled
with its anti-metastatic activity would not only decrease metastatic incidence and patient
mortality but could also improve the quality of life of these patients by averting skeletal
morbidities.
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In summary, KGP94 mediated CTSL inactivation resulted in a significant reduction in
metastatic incidence, tumor burden and an improvement in overall survival. Mechanistically,
this could be the consequence of anti-invasive, anti-angiogenic and anti-resorptive effects of
KGP94 (Fig. 6). These findings suggest that selective cathepsin inhibition by the small
molecule targeting agents such as KGP94 may have the potential to significantly alleviate
metastatic disease progression and associated skeletal morbidities in prostate cancer patients.
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What’s new?

A majority of advanced prostate cancer patients suffer from bone metastases and related
skeletal morbidities, with no known cure. Cathepsin L (CTSL), a tumor secreted
protease, has been clinically associated with metastatic disease incidence and progression
in prostate cancer. The present study demonstrates that treatment with KGP94, a small-
molecule inhibitor of CTSL, impairs various aspects of metastatic progression including
incidence, disease burden, tumor-induced angiogenesis, and osteolysis in a pre-clinical
prostate cancer model. The CTSL inhibitor KGP94, thus, has the potential to alleviate
metastatic disease progression and associated skeletal morbidities and have utility in the
treatment of advanced prostate cancer patients.
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mm. (€) In vivo bone metastasis assay. Measurement of bone metastasis burden based on
bioluminescence intensity (photons per second); n = 10. Results are means + s.e.m, analysis
of variance. (f) Representative bioluminescence images of median mice inoculated with
empty vector or CTSL shRNA transfected PC-3ML cells. (g) Kaplan-Meier survival curves
of mice inoculated with empty vector of CTSL shRNA transfected PC-3ML cells; log-rank
test.
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Number of macroscopic metastases in untreated and KGP94 treated mice; n= 8. Line,
median; Mann-Whitney test. (f) Distribution of metastases by site.
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CTSL inhibition suppresses prostate tumor angiogenesis. (a) Intradermal assay assessing the

effect of pharmacological or genetic suppression of CTSL on PC-3ML tumor cell induced
angiogenesis; n=11. EV, empty vector; KD-1, CTSL knockdown PC-3ML tumor nodules;
line, median; Mann-Whitney test. (b) Representative images of tumor nodules and blood
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purified CTSL or conditioned media (CM) stimulated tube forming capacity of HMVEC-L
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cells. KD CM, conditioned media from CTSL knockdown PC-3ML cells. ***, p< 0.0001,
Student’s t test. (€) Representative images from each experimental group shown in d.

Int J Cancer. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sudhan et al.

Page 22

I P<0.0001 I

o
=]
1

Osteoclast (number)
N >
o o

RANKL - +
KGP94 4 -

c RANKL _ RANKL + KGP94 d
min_0 5 10 1530 45 5 1015 30 45

Calcitonin receptor
P <0.0001 [ control
1 RANKL
BSl RANKL + KGP94

-

pIKK

fold) 2333233879

N2
Lo o

IKK | — = e e e oo

e NmMom®on S =
(fold) & 6 K & i ¢ © & «

Normalized expression

21

£
s
o
w
=1°°°' P<0.005 [ control &
S = o
L
8 4001 BSl RANKL + KGP94 '.‘?
(-8 - r
sl @ :
g 20+ < 4
N 15+ 0 T T
® 0 10 25
§ 104 KGP94 (uM)
z

2
>

| P<0.0001, p<0.0001
L 1

o
o
1

control . RANKL 2 KGP94

N
o
L

bone resorption (% area)
»
o

o
>
z
=i
=

- + i
KGP94 - - +

Figure4.
KGP94 suppresses bone resorptive capacity of osteoclasts. (a) Quantification of TRAP+

multinucleate osteoclasts 4 days after stimulation with 35 ng/mL RANKL in the presence or
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Student’s t test. (b) Representative images from each experimental group. (c) Western blot
analysis of the effect of KGP94 on RANKL stimulated NF«xB pathway in RAW 264.7 cells.
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three independent experiments; analysis of variance. (f) Effect of KGP94 on osteoclast
precursor cell viability; Student’s t test. (g) Representative images of bone slices stained
with O-toluidine to evaluate the extent of pit formation by osteoclasts under indicated
conditions. (h) Percent area of bone resorbed by RANKL stimulated osteoclasts treated with
or without KGP94. Results are means + s.e.m from three independent experiments;
Student’s t test.
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CTSL promotes osteoclastogenesis. (a) Quantification of CTSL secretion by RAW 264.7
cells during the osteoclast formation process. (b) Dose response analysis of various
concentrations of RANKL on the expression of osteoclastogenesis marker genes. (c and d)
Effect of CTSL on RANKL stimulated osteoclastogenesis marker expression. Bars represent
means + s.e.m from three independent experiments, Student’s t test. (€) Effect of purified
CTSL on osteoclast precursor cell proliferation; Student’s t test. (f) Quantification of TRAP
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CTSL and RANKL. Bars represent means + s.e.m from three independent experiments,
Student’s t test. (g) Representative images from each experimental group.
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Figure6.
Impact of CTSL on prostate cancer cell dissemination. Tumor secreted CTSL promotes

metastatic progression by activating invasive cascades, stimulating tumor angiogenesis and
fostering interaction between metastatic cells and the bone microenvironment. KGP94
mediated CTSL inactivation interferes with these processes and thus impairs metastatic
disease progression and associated skeletal morbidities.
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