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Abstract: The upregulation of proteolytic enzymes has been demonstrated to promote primary
tumor development and metastatic bone cancer. The secreted proteases increase tumor growth
and angiogenesis, and potentiate neoplastic cell dissemination. This article reviews the role and
mechanisms of cathepsins in normal physiology, cancer, bone remodeling, and the tumor–bone
interface, with a specific focus on cathepsins B, D, H, G, L, and K. In this review, we highlight the
role of cathepsins in primary bone cancer (i.e., osteosarcoma (OS)), as well as metastatic breast (BCa)
and prostate (PCa) cancer. In addition, we discuss the clinical utility and therapeutic potential of
cathepsin-targeted treatments in primary and secondary bone cancers.
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1. Introduction

Bone tumors can present as either primary or secondary cancers. Primary bone cancer originates
within the bone microenvironment. Secondary bone cancer occurs as a result of tumor cells that
metastasize to the bone. In this review, we focus on osteosarcoma (OS) for primary bone cancer,
and metastatic breast (BCa) and prostate cancer (PCa) for secondary bone cancer.

1.1. Osteosarcoma

OS is considered a rare disease, accounting for 1% of the cancers diagnosed annually (~900 new
cases) in the United States [1]. OS is the most common primary malignant bone tumor, and the third
leading cause of cancer-related death in adolescents and young adults [2,3]. OS most often (75% of
cases) arises within the metaphysis (growth plate) of long bones such as the femur and tibia, and is
characterized by the hyper-proliferation of mesenchymal cells depositing immature osteoid matrix
into the bone tissue [1,4–6]. The 5-year survival rate for patients that present with non-metastatic
osteosarcoma is about 70%. At diagnosis, approximately 80% of patients present with clinical or
subclinical metastases [4,7]. For the 10–20% of OS patients who present with clinical metastasis
(commonly found within the lung), the 5-year survival rate is 20% [8,9]. Since the mid-1980s, when the
combination of chemotherapy and surgery became the standard of care treatment, the 5-year survival
rate for patients with metastatic OS has plateaued [4,10,11].

1.2. Bone Metastasis in Breast and Prostate Cancer

In the US, breast (BCa) and prostate (PCa) cancers have the highest cancer incidence, and are the
second leading cause of death in women and men, respectively [12]. It is predicted that one in eight
women and one in nine men will be diagnosed with BCa and PCa in their lifetime, respectively. It is
estimated that over 260,000 BCa and 170,000 PCa cases will be diagnosed in 2019, and about 20% of
patients will die from their disease [12]. Metastasis is the leading cause of death in these patients.
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The seed and soil hypothesis proposed by Stephen Paget in 1889 states that the spread of tumor cells
from a primary tumor, which serve as ‘seeds’, grow in fertile ‘soil’, i.e., the host microenvironment [13].
BCa and PCa cells have a high affinity for the bone microenvironment. BCa and PCa cells express
bone-specific factors to increase their survival within the bone environment, through a process known
as osteomimicry [14–17]. In BCa and PCa, bone metastasis accounts for approximately 70% of all
metastases [12,18–20]. Over 80% of the women who die of BCa develop skeletal lesions [21,22], and the
5-year survival rate for PCa patients with metastatic bone cancer is 3% [23].

Bone metastases are associated with significant morbidity and mortality [20,24]. Clinically,
bone metastases potentiate hypercalcemia, nerve compression syndromes, pathologic fractures,
and severe bone pain [18,20,25,26]. Traditionally, metastatic BCa is considered to be osteolytic,
while metastatic PCa is believed to cause osteoblastic lesions within the bone [27]. However, it is
currently believed that BCa and PCa both present with a mix of osteoclastic and osteoblastic cell
function [28–30]. This process of bone remodeling is highly-regulated, based on the tumor–stromal
interaction within the bone microenvironment.

Currently, once patients are diagnosed with metastatic primary and secondary bone disease,
there are limited options for curative therapy. Thus there is a significant need for novel therapies that
target bone related tumors in order to improve the survival and quality of life of patients with primary
and secondary bone cancer.

2. Proteolytic Enzyme Targeting in Cancer

Protease secretion by tumor cells is critical for several stages of oncogenesis and tumor
progression [31]. More specifically, extracellular proteases contribute to three key hallmarks of
cancer: (1) tumor-promoting growth and inflammation, (2) the induction of angiogenesis, and (3) the
activation of metastasis [32,33]. There are several families of proteases that have been implicated
in the study of tumor progression and metastasis, including urokinase-type plasminogen activator
(uPA), matrix metalloproteinases (MMP), and cathepsins. The role of MMPs in cancer progression
led to the development of MMP inhibitors (MMPIs). Unfortunately the initial class of MMPIs
lacked-specificity, which resulted in off-target effects and toxicity. Interest in the further development of
MMPIs subsequently waned due to disappointing clinical trial data demonstrating adverse side effects
with little to no clinical benefit [34–38]. The broad-spectrum inhibition of MMPs failed to account
for the complex pro- and anti-tumorigenic roles of MMPs, as well as the physiologic role of MMPs
under normal conditions [31,36,39]. However, this research did lead to the understanding that the
development of agents to target specific proteases may be significantly beneficial in the inhibition of
cancer progression.

A class of proteases that have been of particular interest in the field of metastasis are the
cathepsins, with cysteine cathepsins predominating in the field of cathepsin-related cancer research.
Cathepsins not only play a direct, multifaceted role in tumor progression and metastasis but their
secretion also contributes to the activation of other extracellular proteases, such as uPA, proheparanase,
and MMPs [40–42]. This review will focus on the role of cathepsins in bone remodeling, and the
therapeutic potential of targeting cathepsins as a novel therapeutic intervention that targets bone-related
primary tumors and metastases.

2.1. The Physiologic Role of Cathepsins

Cathepsins have been recognized primarily for their roles in lysosomal protein turnover,
which contributes to a plethora of physiologic processes, such as antigen presentation, bone remodeling,
and epidermal homeostasis. At physiologic pHs, cathepsins have negligible enzymatic activity; for their
optimal function, cathepsins require acidic pHs (6.0–6.3) [43], such as those found within lysosomes,
where they are primarily responsible for protein degradation. We will provide a brief overview of the
physiologic role of cathepsins B, D, G, H, K, and L due to their highlighted role in bone remodeling.
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Cathepsin B [CatB] is a cysteine protease present in normal cells, with a molecular weight of
24–29 kDa, which exhibits both exo- and endo-peptidase cleavage activity [43,44]. Pro-cathepsin B
is activated by urokinase-plasminogen activator (uPA) [45]. Activated CatB degrades extracellular
structure proteins and basement membrane components [46–48].

Cathepsin D [CatD] is an aspartyl protease [49]. Pro-CatD (52 kD) is catalyzed to different active
forms of CatD (48kD, 34kD, 14kD) [50]. CatD is capable of hydrolyzing protumorigenic factors, such as
insulin-like growth factor (IGF) binding proteins, which allow for the release of IGFs and subsequent
downstream signaling [51]. CatD participates in the regulation of proCatB and L, and degrades and
inactivates their active forms [52].

Cathepsin G [CatG] is a serine protease (28kDa) that has been shown to play a pivotal role
in the bone microenvironment and tumor stromal interactions by activating MMP9, degrading the
extra-cellular matrix (ECM), inducing apoptosis, modulating preosteoclastic chemotaxis, and cleaving
the Receptor Activator of Nuclear Factor-Kappa β (RANK) Ligand (RANKL), a member of the tumor
necrosis factor (TNF) superfamily, to form sRANKL [49,53,54].

Cathepsin H [CatH] is a ubiquitously expressed cysteine protease (proCatH 41kDa, mature CatH
29kDa) with exo- and endo-peptidase functions [55–57].

Cathepsin K [CatK], a.k.a. Cathepsin O2), a cysteine protease (proCatK 38kDa and mature
27kDa) and an endopeptidase, is exclusively expressed at the ruffled border of actively-resorbing
osteoclasts [58–65]. In mice, CatK deficiency leads to osteopetrosis due to impaired osteoclast
function [66,67]. In humans, the loss of CatK function leads to pycnodysostsis, an autosomal recessive
disorder characterized by bone sclerosis, dysmorphic facial features, increased bone fragility and a
short stature [64,66–70].

Cathepsin L [CatL] is a ubiquitously-expressed cysteine protease (proform 43kDa; mature 32 kDa)
that has been found to participate in normal tissue function as well as physiologic bone turnover. In the
lysosome, CatL degrades intracellular and endocytosed proteins [71].

2.2. Role of Cathepsins in Bone Remodeling

The secretion of cathepsins into the extracellular milieu occurs during normal physiological
processes such as bone remodeling (Figure 1) [72–77]. The mineralized bone matrix is known to
represent a rich storehouse of growth factors that are mobilized by osteoclastic resorption and become
active in the local microenvironment.

Cathepsins B, K, and L have been shown to be actively involved in the cleavage of bone matrix
proteins. CatK, the primary cathepsin associated with bone degradation, is secreted by osteoclasts
within the bone lacunae [58,78]. CatK degrades type I collagen in the bone by cleaving the triple
helical domains at multiple sites and directly releasing the telopeptides [79]. Although it is primarily
secreted by osteoclasts, the secretion of CatK from osteoblasts also has been reported [80]. In addition
to CatK, CatL is also expressed in osteoclasts, and plays an important role in bone remodeling due to
its strong collagenolytic activity [81–83]. CatL is involved in the proteolytic degradation of the bone
matrix and cartilage matrix components, such as gelatin and type I, II, IV, IX, and XI collagens [84–87].
Goto et al. [88] examined the localization of CatB in the osteoclasts of femoral bones and demonstrated
that CatB was detected along the bone resorption lacunae, suggesting that CatB directly participates in
the degradation of the bone matrix [40]. CatB degrades ECM proteins, such as type I and IV collagen,
laminin, fibronectin, and proteoglycans. CatB also activates type I pro-collagenase, pro-stromelysin,
and the soluble and receptor-bound forms of pro-uPA [43,89–94].

Several reports have demonstrated that the inhibition of cathepsin by agents such as CA074
(CatB inhbitor) and JMP-OEt (pan cathepsin inhibitor) leads to an increase in osteoclastogenesis,
osteoclast surface area, and average cell size [95,96]. This suggests that cathepsin inhibition may
increase the proliferation rates of precursor cells, thereby increasing the number of fusion events or
the rate of osteoclast fusion. The pan inhibition of cysteine cathepsins enhances the differentiation
of multinucleated osteoclasts, highlighting the potential suppressive role of cysteine cathepsin in the
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fusion of osteoclast precursor cells [95]. Although CatK deficiency increases osteoclast numbers and
size, their ability to resorb bone is impaired [97,98].

Figure 1. Distinct role of secreted Cathepsins at the bone–tumor interface. Cathepsins are secreted
from neoplastic cells, osteoblasts and osteoclasts. Each of these Cathepsins plays a unique role in bone
tumor progression. Figure created by: Veronica Hughes, PhD.

Contrary to these findings, there have also been reports that demonstrate that pharmacologic
cathepsin inhibition through endogenous cysteine cathepsin inhibitor cystatin C—as well as CatB
inhibitor, CA-074, CatB/CatK inhibitor E64 and CatL/CatK inhibitor KGP94—leads to the opposite
effect; i.e., cathepsin inhibition results in a decrease in osteoclastogenesis and the inhibition of osteoclast
function [87,99–102]. Edgington-Mitchell et al. also demonstrated that the cysteine protease, legumain
(asparaginyl endopeptidase), inhibits osteoclastogenesis through the autocleavage of its C-terminal
domain and activates CatL, suggesting that cysteine protease inhibition enhances osteoclastogenesis,
which has been implicated in bone metastasis [95].

Typically, cell-to-cell contact between osteoblasts (bone forming cells) and osteoclasts (bone
resorbing cells) is required in order to activate RANKL on the surface of osteoblasts and RANK on the
surface of osteoclasts. However, CatG has been shown to cleave RANKL on osteoblasts generated
in soluble RANKL (sRANKL), negating the cell-to-cell contact needed between the osteoblast and
osteoclast. In turn, CatG-generated sRANKL induces osteoclast activation and enhances osteolysis.
The CatG–regulated chemotaxis of osteoclast inducing monocytes is mediated by the proteolytic
activation of protease-activated receptor-1 (PAR-1). PAR-1 is a G protein-coupled receptor (GPCR) that
initiates chemotaxis signaling via the Gαi/o subunit–mediated mechanism [53]. This G protein–coupled
receptor (GPCR) is activated when the NH2 terminus is cleaved by proteases generating a tethered
ligand that can bind intramolecularly and initiate signaling [103]. The inhibition of CatG reduces
the number of multinucleated CD11b+ osteoclasts at the tumor–bone interface. Targeting PAR-1
in osteoclasts as well as CatG reduces osteolysis by inhibiting the recruitment, differentiation and
activation of osteoclast precursors [53].
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The modulation of CatK activity by small-molecule inhibitors reduces the bone resorption
activity of osteoclasts in vitro and in vivo [66,67]. Ishikawa et al., demonstrated that CatK antisense
blocks osteoclast development and formation [104]. Additionally, several studies have shown
that pharmacological CatK inhibitors not only inhibit bone resorption but also stimulate bone
formation [105,106]. In comparison to bisphosphonate zoledronic acid (ZOL), the CatK inhibitor
L-235 protects against focal osteolysis and cortical disruption with an increase in bone density [107].
Approximately 70% of the cortical bone was eroded in vehicle control animals. The preventative
administration of L-235 preserved cortical bone and reduced the cortical disruption by to 36%, 17%,
and 11%, respectively, versus the vehicle, whereas ZOL resulted in 25% cortical disruption [107]. In the
treatment regimen, L-235 and ZOL showed 31% and 24% cortical disruption, respectively, compared
with the control group, which showed 58% cortical disruption [107].

Cathepsins also are secreted by immune cells such as macrophages and neutrophils [108,109].
CatB is expressed in macrophages and osteoclasts, and increases 2–3 fold in parallel with the CatK
during osteoclast differentiation [110,111]. Myeloid Derived Suppressor Cells (MDSCs) express and
demonstrate abundant cysteine cathepsin activity [95]. As myeloid precursor cells transition into
macrophages, the activity of CatB and CatL is strongly upregulated, whereas during the differentiation
of macrophages to osteoclast cathepsins, their activity is downregulated [95]. MDSCs increase CatK
production and inhibit Cat B and L production in favor of osteoclastogenesis [95]. The endogenous
cathepsin inhibitor cystatin B effectively prevents bone resorption by down-regulating CatK activity,
and cystatin C decreases the formation of osteoclasts in mouse bone marrow cultures [78]. CatK and
CatL have also been found to be secreted by innate immune cells and additional stromal cells within
the bone microenvironment [40,108].

3. The Role of Cathepsin in Cancer

Several clinical studies that have demonstrated that cathepsins have prognostic value in cancer
patients [112–117] and, notably, elevated levels of cathepsins are associated with an increase in
metastatic incidence [118].

The expression of cathepsins is significantly upregulated in many cancer types, including breast,
lung, colorectal, prostate and melanoma [113,114,119–124]. Cathepsins are involved in multiple
aspects of tumor growth and metastasis, including cell migration and invasion, and the induction
of angiogenesis [125–127]. The secreted cathepsins contribute to the metastatic potential of cancer
cells by degrading ECM and basement membrane proteins as well as E-cadherin. By degrading the
ECM, cathepsins enable tumor cells to escape from the primary tumor and invade into the vasculature,
which enables the formation of distant metastases. The cleavage of E-cadherin, a key cell adhesion
protein, disrupts adherens junctions, and increases cell migration and invasion. Cathepsins cleave the
extracellular domain of cell adhesion molecule (CAM) proteins and transmembrane receptors which
stabilize cell–cell contact; the inactivation of CAM leads to an increase in the migratory capacity of
neoplastic cells [128,129]. Cathepsins have also been shown to activate growth factors, MMPs, uPA
and other cathepsins in order to promote the establishment of tumors at secondary sites [31,130].

Cathepsins can also affect neoplastic primary and secondary growth through their impact
on the immune response. For example, immature immune cells promote metastasis by inducing
osteoclastogenesis and mediating immunosuppression [131,132]. MDSCs produce a large percentage of
active CatB and CatL from both neutrophilic (CD11b+/Ly6G+) and monocytic (CD11b+/Ly6C+/Ly6G-)
subsets, which are correlated with increased metastasis [106]. BMMs secrete CatK, which appears to
be critical for macrophage invasion and tumor growth [133,134]. In CatK knockout mice, there is a
decrease in the number of F4/80-positive macrophages in comparison to the F4/80-positive macrophages
found in tumors from wild-type mice; the macrophages from the tumors of CatK knockout mice were
also less invasive than the macrophages from tumors of wild-type mice [96].
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The Role of Cathepsins in Primary Bone Cancer and Metastases to the Bone

The bone microenvironment is hospitable to bone tumor development and growth, as well as
being a favored site for the metastases of cancers such as prostate and breast. Cathepsins play a key
role in the malignant progression at this site because their secretion within the bone matrix enables
the expansion of neoplastic cells and leads to the release of active growth factors that promote cancer
cell growth [24,135]. Referred to as the ’vicious cycle’, the secretion of proteolytic enzymes from
neoplastic cells, and the resulting hyperactive remodeling and release of pro-tumorigenic factors
from the bone matrix, is critical to tumor progression in the bone [20]. The release of these growth
factors constitutes one of the key mechanisms in the bone’s remodeling, allowing the physiological
coupling between osteoblasts and the osteoclasts [136]. Neoplastic cells also secrete bone-remodeling
cytokines and growth factors such as PTH related peptide (PTHrP), and IL -1, -6,-8, and -11 into the
bone microenvironment, which, in turn, act on osteoblastic stromal cells to enhance the production
of osteoclast-activating factors such as RANKL [20,78,137–139]. Additional tumor-derived growth
factors, such as transforming growth factor- β (TGF-β), IGF-I, and IGF-II, as well as collagen type
I peptides, also serve to attract tumor cells to the bone matrix, induce mitosis in tumor cells, and
promote bone formation and remodeling by enhancing osteoclastogenesis [14,15,24,25,137,140–143].
The endogenous cathepsin inhibitor, cystatin C, inhibits TGF-beta signaling in normal and neoplastic
cells [144]. Stromal and tumor microenvironmental conditions, such as acidosis within the bone, has
been shown to increase osteoclasts’ function and resorption pit formation, which results in the release
of multiple proteases: specifically members of the cysteine cathepsin family, such as cathepsins B, D, K
and L [58,145,146].

Several studies have shown the importance of cathepsins for the invasion and metastasis of OS cell
lines [43,46,48]. In normal human osteoblast cells and the OS cell line MG-63, the active secretion and
RNA/protein production of CatB is generated in the presence of bone-resorbing agents such as IL-1β
and PTH [43]. In malignant bone tumors, CatB demonstrates activity at the tumor–bone interface with
low levels of CatB detected around the bone [110]. CatB is most extensively found at the periphery
of primary tumors, correlating to its role in tumor invasion and the degradation of the ECM [147].
The ability of CatB to degrade other matrix proteins and activate additional proteases is associated
with neoplastic cell invasion and metastasis. Contrary to these findings, Husmann et al., discovered
that—in comparison to the non-metastatic parental line Saos-2—the expression of the mature form of
CatB in LM5 and LM7 cells was decreased by approximately 50% [55].

Intriguingly, CatB has been discovered to also demonstrate anticancer effects in the OS cell line
MG-63, which is mediated through the activation of the DR-5/p53/Bax/caspase-9/-3 signaling pathway
and the DR-5/FADD/caspase-8/lysosomal/cathepsin B/caspase-3 signaling pathway [148]. The release
of CatB from the lysosome into the cytosol induces cell death in vitro [44]. Caspase-8 mediated
Bid cleavage leads to the permeabilization of the mitochondrial outer membrane and the release of
cytochrome C [149]. In the human OS cell line U2OS, CatB activity is activated after exposure to
tumor necrosis factor-related apoptosis inducing ligand (TRAIL). CatB contributes to TRAIL-mediated
apoptosis in human cells through Bid cleavage [149–151]. CatB activity is significantly increased
following 1–2 h of exposure to TRAIL [149]. Triptolide inhibits cell viability and proliferation, and
induced apoptosis in OS cell line MG-63 [148]. Previous studies by Owa et al., support this finding,
citing that triptolide induces lysosomal-mediated programmed cell death in MCF-7 BCa cells through
CatB and caspase-3 [152]. It is believed that the upregulation of CatB increases caspase 3 cleavage and
induced apoptosis. During the early stages of apoptosis, cytosolic levels of CatB are increased [148].
Triptolide increases lysosomal membrane permeability, causing a leakage of CatB into the cytosol within
the first 3 h of treatment, triggering the apoptotic cascade. Triptolide increases DR-5, Bax, p53, and
CatB proteins, as well as caspase-3,-8, and-9 activity [148]. Clinically, elevated levels of CatB and CatL
have been shown to be significant predictors of relapse and death for BCa patients [116,117,153,154].
Approximately 77% of BCa samples express CatB [116]. The expression of CatB was also associated with
the expression of CatD and CatL in BCa patient samples [116]. Interestingly, high levels of CatB protein
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and activity were found in DU145, PC3, and LNCaP bone tumors in severe combined immunodeficiency
(SCID) mice, despite the low CatB expression in PC3 and LNCaP cell lines in vitro [155]. The use of
activity-based probes provides a non-invasive modality in order to monitor cathepsin activity and the
therapeutic efficacy of cathepsin-targeted agents. In metastatic bone cancer, CatB demonstrated a 2-fold
increase compared to normal fibroblasts [156]. CatB is higher in MDSCs isolated from the bone marrow
of 4T1.2 tumor-bearing mice compared to those taken from lungs, which further suggests a differential
regulation of MDSC-derived CatB within the bone microenvironment [106]. BMV109, a pan-cysteine
cathepsin probe, monitors for CatB and CatL [157]. BMV109+ cells were expressed to similar extents
in primary tumors derived from BCa cells 67NR (non-metastatic) and 4T1.2 (metastatic) [95]. However,
in mice which developed bone metastasis, 4T1.2 tumors exhibited a strong increase in cathepsin
expression/activity compared to mice bearing 67NR tumors, suggesting that cathepsin activity is
upregulated during metastasis [95]. Withana et al. also demonstrated a decrease in CatB activity after
treatment with CA-074 using the GB123 activity-based probe [157].

In patient samples, Gemoll et al. demonstrates [158] that in, comparison to fetal osteoblast,
CatD immunostaining localized in the cytoplasm is overexpressed in OS and pulmonary metastases.
Prognostically, CatD reached a sensitivity of 76.47% at 100% specificity, as well as a sensitivity
of 100% at 100% specificity to predict OS and pulmonary metastasis, respectively [158]. In vitro,
Spreafico et al. [159] observed that CatD is also upregulated in human OS cell line Saos-2 in comparison
to mature osteoblasts (Figure 2). The mRNA and protein expression of Saos-2 and its metastatic
sublines LM5 and LM7 demonstrate a 2.5-fold upregulation of CatD [55]. Contrarily, Arkona et al.,
demonstrates that CatD is not elevated in bone metastases [156].

Figure 2. Representative images and data of the CatD validation of the cytospins of all of the cell
lines (A,B) and the tissue microarray validations (C). The CatD showed an increased staining in
osteosarcoma and pulmonary metastasis compared to fetal osteoblasts (A, left) that reached significance
between three groups (B). A customized (C) tissue microarray-based evaluation of the CTSD showed a
strong overexpression in osteosarcomas and pulmonary metastasis compared to normal bone tissue.
Based on the lack of representative fetal osteoblasts in the normal bone tissue, they chose isolated
osteocytes known to be descended from matured osteoblasts as the reference control (**: 0.001 < p < 0.01;
* 0.01 < p < 0.05). Modified from refs. [158].
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Elevated CatD in BCa tissue has been correlated to poor prognoses, and is a strong prognostic
marker in BCa [116,160–163]. CatD expression is also associated with the expression of CatG, L in
BCa [116]. Using BM2 to detect tumor-associated glycoprotein TAG12, which is expressed by almost all
BCa cells and the anti-CatD antibody, Solomayer et al. demonstrated that patients with CatD-positive
cells in their bone marrow have a significantly shorter metastasis-free interval (38 months) compared
to patients who are CatD negative (64.5 months) [164]. The CatD present in patient bone marrow
was only found on tumor cells, and was not found on stromal cells in the bone marrow of patients
with primary BCa [164], suggesting that CatD may potentially serve as a clinical biomarker for bone
malignancies to further guide treatment regimens.

The secretion of cathepsins into the microenvironment may also contribute to therapeutic drug
resistance [165] For example, secreted CatD attenuates apoptosis through the P13-Akt pathway, which
leads to chemoresistance [166]. CatD production also is implicated in doxorubicin (dox) resistance in
OS and BCa [165,167].

The presence of CatG within the tumor has been demonstrated to increase metastasis [168]. CatG
is associated with the expression of cysteine proteases CatK and CatL in BCa patients [116]. CatG is
up-regulated at the tumor–bone interface and increases osteoclast differentiation, thereby inducing
osteolytic lesions [169]. CatG also activates pro-MMP9; the activated MMP9 in turn cleaves and releases
active TGF- β, which promotes tumor growth and activated osteoclast and bone resorption [143].
Wilson et al. [143] also demonstrated that the inhibition of CatG in vivo via N-tosyl-l-phenylalanine
chloromethyl ketone (TPCK; 50 mg/kg/d subcutaneous) significantly decreases MMP9 activity and
reduces TGF- β signaling at the tumor–bone interface using the C166 adenocarcinoma cell line in
BALB/c mice.

Rojinik et al. [56] reported that CatH regulates bone morphogenetic protein 4 (BMP-4) in mice, but
not in human OS and PCa. Previous studies demonstrated that CatH and BMP-4 expression is related
to lung branching in mice, and that the inhibition of CatH leads to an accumulation of BMP-4 in mouse
lungs [170]. Contrary to the human OS cell line HOS, which does not express mature CatH, the PCa
cell line PC-3 does expresses mature CatH [56]. The addition of mature CatH into the culture with
HOS increased the mRNA expression of BMP-4 2-fold, and decreased BMP-4 mRNA levels 0.5-fold in
PC-3. Confirming Rojnik et al.’s studies, Husmann et al., also showed that mature CatH is undetectable
in the Saos-2 parental and metastatic sublines (LM5 and LM7) [55]. In OS, CatH does not appear
to be correlated to metastasis because the protein expression of LM5 and LM7 are downregulated
compared to Saos-2 [55]. CatH appears to influence the relative expression of the BMP family members
by upregulating the mRNA expression of BMP-3, -6, and -7, and down regulating BMP-1, -4, -5, and -8.
However, Rojnik et al. [56] demonstrated that, in the human OS (HOS) and PCa (PC-3) cell lines, CatH
and BMP-4 do not co-localize, and the inhibition of CatH does not increase the expression of BMP-4
and has no direct impact on the processing or degradation of BMP-4. These findings suggest that CatH
may indirectly regulate BMP-4, although the mechanism has not been elucidated [56].

CatK is overexpressed in human cancer, and is associated with primary tumor growth and the
metastatic process [55,171]. The development of primary bone tumors, such as OS, is associated
with a local enhancement of CatK expression and excretion resulting in pathological excessive bone
resorption [78]. The CatK in primary and metastatic tumors is involved in tumor cell invasion via
ECM degradation, osteolysis, and the modulation of cytokines and chemokines such as IL-1α and
CCL2 [171]. In 63% of OS tissue samples, tumor-associated osteoclasts were found within the tumor
mass [168]. The presence of osteoclasts in OS biopsies at diagnosis correlated with metastases in
50% of clinical cases, whereas 100% of patients with no osteoclasts present within the primary tumor
did not have clinically-detectable metastases at diagnosis [168]. In 90% of OS cases with osteoclast
infiltration, CatK mRNA was present [168]. Serum tartrate-resistant acid phosphatase 5b (TRACP 5b),
a marker of bone resorption, has been significantly correlated to serum N-terminal telopeptide (NTx),
a biomarker of bone turnover, and CatK mRNA in tumor tissues [168]. Neoplastic cells expressing
CatK and multinucleated tartrate-resistant acid phosphatase (TRAcP) have direct contact with the
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bone trabeculae and bone marrow spaces near metastatic tumor cells [172]. TRACP 5b has been
demonstrated to correlate with tumors’ aggressiveness in OS [168].

The mRNA and protein expression of Saos-2 and its metastatic sublines LM5 and LM7 demonstrate
a 2-fold upregulation of CatK [55]. The osteoclast differentiation induced from co-cultured human
OS cell line MG-63 with human macrophages results in the production of cytokines such as RANKL
and colony stimulating factor-1 (CSF-1) [110]. CatK demonstrates activity at the tumor–bone interface,
with no CatK levels detected away from the bone [124]. While it is absent in cells, the CatK activity
on bone substrate increases several-fold during multinucleated differentiation [110]. No NF-k B sites
occur near the CatK transcription site [173–175]; therefore, the specific osteoclast products involve
unidentified transcription factors [110].

CatK has also been implicated in metastatic OS [55]. Approximately 15% of high grade
non-metastatic OS patients and 53% of patients with high grade metastatic OS stained intensity
for CatK [55]. Husmann et al. demonstrated that, in patients with metastatic high-grade OS and low
CatK expression at the time of diagnosis, the survival was significantly better than in those patients
with high CatK staining, demonstrating that CatK expression may be of predictive prognostic value
for patients with high-grade metastatic tumors at diagnosis [55].

Leung et al., detected high CatK expression by immunohistochemistry in breast (45%, n = 88) and
prostate (75%, n = 64) tumors [176]. CatK mRNA increased approximately 3-fold in metastatic tissue
compared to primary tumor tissue [107]. In comparison to primary BCa and PCa samples, CatK is
upregulated in bone metastases, and it is associated with increased tumor cell invasiveness [58,109].

In BCa, there is a statistical difference between healthy sex-matched controls and patients with
primary or metastatic BCa [144]. Tumminello et al. reported that, although CatK serum levels
are decreased (mean 1.2–1.9 pmol/L) in BCa patients in comparison to their sex-matched healthy
controls (mean: 11.3–14.0 pmol/L), cystatin C levels were significantly higher in BCa patients (mean:
1.5–0.59 mg/L) than their controls (mean: 0.85–0.16 mg/L) [144]. Although cystatin C is a useful clinical
marker for the differentiation of cancer patients from healthy controls, the cystatin C serum levels in
primary and metastatic BCa and PCa patients are not significantly different [144].

CatK is positive in 12% of PCa tumor cell samples and 31% of stroma cells surrounding
the tumor [177], but whereas cystatin C serum levels are significantly increased in PCa patients
(1.7–0.65 mg/L), serum CatK levels are not [144]. The authors also noted that, in PCa, there is no
statistical difference between the controls and cancer patients who have primary or metastatic lesions to
the bone. Intense immunoreactivity for CatK was observed in osteoclasts, and elevated levels of serum
NTx were detected in patients with bone metastases [109]. The administration of ZOL to patients with
bone metastasis induces a significant increase of CatK and cystatin C serum levels in PCa patients [144].
These findings suggest that cystatin C may be regarded as a possible marker to monitor the therapeutic
response to bisphosphonate treatment (i.e: ZOL). The understanding of the role of CatK in the bone
microenvironment has led to a multitude of efforts to evaluate whether CatK inhibition is an effective
therapeutic strategy for patients with BCa or PCa that metastasizes to the bone.

CatK secretion from PCa cell lines (LNCaP, DU145) and macrophages participates in local invasion
by mediating extracellular degradation [109,177]. Liang et al. [178] reported that CatK expression
occurs both in PCa cell lines (LNCaP, C4-2B, and PC3) and in PCa tissues. CatK protein and enzymatic
activity has been detected in the human PCa cell lines by Western blot and a fluorogenic assay,
respectively [109].

Tumor-bearing osteoclasts secrete large amounts of cysteine proteases, especially pro-CatL, leading
to tumor-associated bone absorption i.e., bone pit formations and the release of bone calcium, [179].
Typically, CatL expression and secretion is associated with pro tumorigenic factors and osteoclastic
cytokines, such as (IL-1, IL-6, and TNF-α), PTH, vascular endothelial growth factor (VEGF), and
cellular-SRC [116,135,180–183].

Damiens et al. showed that, in human OS cell lines, MG-63 and Saos2 CatL activity was increased
in the presence of IL-1, IL-6 and oncostatin M (hOSM), which is a cytokine of the IL-6 family. hOSM
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induces osteoblast cell proliferation, matrix protein synthesis, and IL-6 secretion in osteoblasts [184,185].
Human growth factor and IGF-1 decrease cathepsin activity in OS media. In human OS, there is a
prevalence of CatL activity over CatB activity using the CatB and L substrate Z-Phe-Arg-AMC [186].
The 2-fold elevation of Z-Phe-Arg-AMC hydrolysis in comparison to fibroblasts in metastatic bone
cancer suggests that CatL has an active function in the metastatic process [156]. These results differ from
the findings of Aisa et al. [43], who demonstrated a prevalence of CatB activity using the CatB-specific
substrate Z-Arg-Arg-AMC.

In 50% of primary bone tumor tissue and 100% of metastatic tumor samples, CatL mRNA is
expressed [187]. Arkona et al. [156] observed an elevation of CatL, but not other cysteine cathepsins
such as Cat D and CatH, suggesting a possibly unique role of CatL in metastasis. In vitro studies in OS
indicate that CatL contributes to the metastatic potential of neoplastic cells [55,187]. The mRNA and
protein expression of Saos-2 and its metastatic sublines LM5 and LM7 demonstrate an upregulation of
CatL in metastasis; however, the mature active form of CatL increases in the metastatic OS cell line
LM5, but not in the parental Saos-2 or metastatic subline LM7 [55].

The secretion of CatL in the microenvironment may also contribute to therapeutic drug resistance.
CatL was associated with poor response to neoadjuvant chemotherapy, and CatL-positive patients
achieved a lower complete remission rate compared to CatL-negative patients [108]. However, CatL
does not influence event-free-survival (EFS) or overall survival (OS) [108].

4. Targeting Cathepsin in Primary Bone and Metastatic Bone Cancer

Several approaches have been developed to target cathepsin activity. Most of our understanding
of cathepsins in primary and metastatic bone cancers comes from single gene manipulation and
small molecular inhibitor studies in the laboratory or the clinic. The summary of the studies, below,
highlights the effect of genetic and targeted small-molecule cathepsin inhibition on either primary or
secondary bone tumors (Table 1).

4.1. Cathepsin Targeting in Primary Bone Tumors

The inhibition of CatB expression through antisense gene silencing and pharmacologic inhibition
via CA-074 significantly decreases OS cell invasion [45]. Palladacycle (BPC) selectively inhibits CatB
activity [188]. The extracellular inhibition of CatB through BPC reduces the metastatic potential of
neoplastic cells; however, intracellular inhibition has been shown to increase the concentration of
BPC in the lysosome, inducing lysosomal membrane permeabilization and releasing CatB into the
cytosol [189].

The cell-permeable CatB inhibitor CA-074Me inhibits both TRAIL and anti-DR5 mediated
apoptosis by delaying the cleavage of pre-apoptotic Bid in OS cells, U2OS [149]. Although the levels of
Bid in the CA-074Me-treated cells appeared to be unchanged at 2 h, there was a significant decrease
in the levels of Bid between 2 h and 4 h. These findings demonstrate that treatment with CA-074Me
delays, but does not prevent, the cleavage of Bid, and that CatB is constitutively active even in the
absence of TRAIL signaling. These findings also suggest that CatB functions upstream of Bid cleavage
and plays an important role in the TRAIL pathways for U2OS cells. These reports are supported by
studies from Bechara et al., who demonstrated that CatB inhibition by CA-074 reduced BPC induced
cell death in the OS cell line Saos-2 [190].

CatK inhibition impairs tumor growth, progression in the bone, macrophage infiltration and
inflammation [96]. CatK inhibition has also been demonstrated to not only affect osteoclast function
but also interfere with BMM function and metastasis in PCa [96]. The genetic inhibition of CatK
impaired bone degradation and intraosseous tumor growth, which suggest that the role CatK inhibition
may be bone-specific [96]. CatK deficiency leads to increased osteoclast differentiation within the
tumor–bone interface in wild-type tumors, and results in bone loss in the tumor microenvironment,
which is correlated with increasing levels of CatK. In contrast, only low levels of CatK were detected in
bone tumors in genetically-inhibited CatK, despite an increased number of osteoclasts [96].
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Table 1. Summary of cathepsin-targeting agents in bone cancer.

Cathepsin
Target Agent Study

Type
Target

Approach Effects Side Effects

CatB

CA074Me Preclinical SMI

- Inhibits TRAIL and anti-DR5 mediated apoptosis
- modulation in osteoclastogenesis and inhibition of

osteoclast function size
- Decrease bone metastasis

–

BPC Preclinical SMI
- extracellularly: Inhibit metastasis
- intracellularly: permeablize lysosomal membrane,

release CatB into the cytosol
–

CatG TPCK Preclinical SMI - Inhibit osteoclastogensis –

CatK

Genetic
inhibition Preclinical CatK null mice

- Impairs intraosseous tumor growth, progression in
bone, macrophage infiltration and inflammation

- Increase osteoclast differentiation
–

AFG-495 Preclinical SMI - reduce skeletal tumor burden
- reduce cancer mediated osteolysis

–

CKI Preclinical SMI - reduction in skeletal tumor burden
- inhibit tumor establishment

–

L-235

- protects against focal osteolysis and cortical
disruption with an increase in bone density

- reduces tumor medicated osteolysis
- reduce bone metastasis

–

Odanacatib Preclinical/
Clinical

SMI - Suppress bone resorption

-Increase
risk of stroke
-Skin rashes

CatL

Genetic
inhibition Preclinical Antisense

oligonucleotides - inhibit cell migration and invasion –

iCL Preclinical SMI - -reverses Dox resistance, accumulation of
topoisomerase II alpha expression

–

Muscadine
grape skin
extract

Preclinical - inhibits Snail, pSTAT-3 –

CLIK-148 Preclinical SMI
- decrease levels of hypercalcemia and metastasis
- suppress TNF-alpha, RANKL, and m-CSF

pit formation
–

CatB/CatK E64 Preclinical SMI - decrease osteoclastogenesis and
osteoclast function

–

CatK/CatL KGP94 Preclinical SMI
- decrease osteoclastogenesis and osteoclast function
- inhibit establishment and growth of

intraosseous tumors
–

Pan-cathepsin
inhibitor JMP-OEt SMI - increase osteoclatogenesis, osteoclast surface area,

and average cell size
–

SMI = small molecule inhibitor.

CatL antisense oligonucleotides in the OS cell line MNNG/HOS significantly reduced CatL
mRNA expression and reduced CatL protein expression by 50–85% in comparison to the control [191].
Although the adhesion to collagen I matrix was not affected, migration and invasion were inhibited
by 35–75% using antisense oligonucleotides [191]. These studies demonstrate that CatL is a potential
therapeutic target in OS.

CatL has also been demonstrated to induce chemotherapeutic resistance in BCa. Dox is a key
chemotherapeutic agent for both OS and metastatic Bca treatment [4,192]. Zheng et al., demonstrated
that the inhibition of CatL by the inhibitor napsul-Ile-Trp-CHO (iCL) and short interfering (si) RNA
facilitates the reversal of dox resistance [193]. The targeted inhibition of CatL in the human OS cell
line Saos-2 hindered the dox resistance in cells in vitro and in vivo through proteolytic cleavage and
the elimination of drug targets. These data suggest that the inhibition of CatL both prevents and
reverses the development of dox drug resistance. Although iCL does not independently suppress the
proliferation of tumor cells, the combination of iCL with Dox suppressed the proliferation of drug
resistant tumors in nude mice [193] (Figure 3) in the absence of enhanced host toxicity. The combination
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of iCL and dox does not affect non-resistant cells, which suggests that the efficacy of iCL with dox
in resistance cell lines may be due to alterations in drug targets and/or drug availability. Zheng et al.
postulated that iCL and CatL inhibition through siRNA led to an accumulation of topoisomerase II
alpha expression in a multi-drug resistance protein 1 (MRP1)-independent manner. Alternatively, since
the inhibition of CatL through iCL or siRNA forces cells to undergo senescence, as is evidenced through
the up-regulation of the expression of the CatL substrate and the cell cycle inhibitor p21/WAF1 [194],
it is possible that the induction of senescence through CatL inhibition may be sufficient to reverse drug
resistance [194].

Figure 3. Effect of CL inhibition on tumor growth in nude mice. The animals were injected with
Dox-resistant SKN-SH/R cells (106 cells/100 L culture medium), and, after 10 days, they were assigned
into the following four groups of seven animals: untreated (Ctl) mice, mice treated with Dox (1.5 mg/kg)
alone, mice treated iCL (20 mg/kg) alone, and mice treated with the combination of both drugs (Dox
iCL). The tumor volumes were measured every 3 days for up to 3 weeks. Tumor growth curves in the
different animal groups. Data represent means of 7 determinations SE. *P < 0.001; **P < 0.05. Modified
from refs. [193].

4.2. Cathepsin Targeting in Secondary Bone Tumors

In the tumor microenvironment, CatB secretion increases tumor cells’ metastatic potential by
increasing cell migration and invasiveness [191]. The intraperitoneal administration of the CatB
inhibitor CA-074 has been shown to reduce bone metastasis in the syngeneic 4T1.2 BCa cell line in
Balb/c mice [147]. However, the pan cysteine cathepsin inhibitor JPM-OEt did not reduce metastasis in
tumor bearing mice [147]. Interestingly, the effect of CatB on the inhibition of metastasis is not correlated
to its role in cell proliferation or tumor growth [147]. Several studies have demonstrated that CatG
plays a role in tumor-mediated bone remodeling. In the moderately metastatic BCa cell line Cl66, CatG
is significantly upregulated at the tumor–bone interface [169]. When the RAW264.7 macrophages were
treated with 25% C166-conditioned medium, a 30% increase in osteoclast differentiation was observed.
TPCK significantly inhibited the osteoclastogenesis induced by C166-conditioned medium [53,169,195].

Odanacatib (MK·0822, MK-822) is an orally-administered, non-basic, nitrile, highly selective CatK
inhibitor with a high metabolic half-life developed by Merck & Co. Inc. Odanacatib exhibited robust,
sustained and reversible antiresorptive activity, with no demonstrable effect on off-target cathepsins, as
observed with competing CatK inhibitors [196]. Furthermore, Odanacatib showed significantly higher
selectivity in cellular assays than other competing CatK inhibitors [197,198]. This agent was primarily
marketed as an anti-osteoporotic agent; however, several clinical studies have demonstrated that
cathepsin inhibition could be useful for patients with bone metastases [199]. However, the occurrence
of a skin rash and rarer incidences of morphea-like skin reactions [200], as well as an increased stroke
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risk in osteoporotic patients during phase III clinical trials [201], led to the discontinuation of further
clinical development of Odanacatib and other competing CaK inhibitors [202].

Although the use of Odanacatib is inappropriate for osteoporosis treatment due to the greater
adverse effects, these adverse effects might not preclude the use of these drugs in life-threatening
diseases such as bone metastasis. Indeed, targeting cathepsins (or combinations of cathepsins) may
be promising in an oncologic setting. Studies with Odanacatib demonstrated that CatK inhibition
suppressed bone resorption in women with primary BCa and metastatic bone cancer [199]. Odanacatib
suppressed markers of bone resorption, such as uNTx (77%) and deoxypyridinoline (uDPD), (30%) at
rates similar to the effect observed with ZOL [199].

The reversible small molecule CatK inhibitor L-235 (with structural similarity to Odanacatib)
reduces tumor-mediated osteolysis in a preclinical Bca metastasis model [107,197,203]. When
administered both preventatively (10, 30, and 100 mg/kg, p.o., b.i.d; with dosing started on day-1)
and as a treatment (30 mg/kg with dosing started day-7 after tumor cell injection) for established
MDA-MB-231 BCa tumors in nude rats, L-235 significantly reduced intratibial tumor growth. However,
when administered as a treatment, L-235 and ZOL did not inhibit tumor cell infiltration in the trabecular
bone. Although treatment with L-235 (up to 10 mmol/L) did not change the proliferation rate of
MDA-MB- 231 cells in vitro, L-235 effectively decreased cell invasion in comparison to ZOL [107].
In vivo treatment with L-235 in the prevention protocol at 30 and 100 mg/kg also significantly reduced
the metastatic incidence by 38 and 51%, respectively [107]. In the established tumor treatment protocol,
L-235 (30 mg/kg) reduced the metastasis incidence by 42%, and the skeletal and soft tissue BCa tumor
burden by 60–80% [107]. In the intratibial model of MDA-MB-231 BCa cells in nude rats, histology
showed that L-235 significantly reduced micrometastases locally between trabeculae and distally
in diaphyseal bone marrow, and directly inhibited BCa cell invasion in vitro [176]. However, it is
important to note that, although L-235 is highly selective to CatK (Ki 0.25 nmol/L), it is also >4000-fold
selective against human CatB and CatL, which also can affect bone remodeling [203], thus confounding
whether the observed effects are strictly due to CatK inhibition. Observations with a variety of other
CatK inhibitors further support the possibility that CatK could be a therapeutic target for the treatment
of bone metastases. For example, CatK inhibition though AFG-495 was reported to reduce the skeletal
tumor burden and cancer-mediated osteolysis when CatK-expressing human BT474 BCa cells were
injected into the tibia of nude mice [204] (Figure 4). In the same tumor model, twice daily treatment
with the CatK inhibitor CKI (50 mg/kg) resulted in osteolytic lesions that were 79% smaller than those
of tumor-bearing mice treated with the drug vehicle, and in a 62% reduction in the skeletal tumor
burden [204]. More recently, this inhibitor was used to treat C4-2B prostate cancer cells in the tibiae of
SCID mice; it significantly inhibited the tumor establishment, reduced the tumor growth in the bone,
and decreased the serum prostate-specific antigen, likely due to the noted inhibition of bone resorption
demonstrated in vitro with the CKI treatment [178]. Interestingly, the inhibitory effects of the CatK
inhibitor were enhanced when it was administered in combination with ZOL [178].
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Figure 4. Effect of cathepsin K inhibitor AFG-495 on the formation of experimental breast cancer bone
metastasis. (A) Inhibitory effect of AFG-495 on the activity of RAW 264.7 osteoclastic cells in vitro.
As shown by confocal microscopy, phalloidin-stained osteoclasts treated with the vehicle (panels i
and ii) or AFG-495 (panels iii and iv) attach to the bone matrix and exhibit a typical sealing zone
(white arrow), irrespective of the treatment. By contrast, AFG-495 inhibits the formation of resorption
pits (panel iv) when compared with the vehicle (panel ii). (B) Effect of a preventive treatment with
AFG-495 (50 mg/kg, twice daily) on experimental bone metastasis caused by human B02 breast cancer
cells. Representative radiographs and a three-dimensional computed microtomographic reconstruction
of the hind limbs from mice 32 days after the tumor cell inoculation are shown. There is a substantial
reduction of bone destruction in the AFG-495-treated animals. Modified from ref. [204].

Another important cathepsin in the metastatic process to the bone is CatL. This enzyme is
increased in the MCF-7 BCa cell line as well as the PCa cell lines LNCaP and ARCaP-E when the
Snail transcription factor is activated [205]. The Snail transcription factor has been shown to be crucial
for the epithelial to mesenchymal transition, which is the key for metastasis. The Snail-mediated
increase in CatL activity has been correlated to phosphorylated STAT-3 (pSTAT-3) [205]. Muscadine
grape skin extract has been shown to decrease Snail, pSTAT-3 and Cat-L activity, which also correlates
with an abrogation of cell motility and invasion [205]. Previous studies have shown that RANKL
can be upregulated by Snail overexpression [206]. Snail expression is higher in tumor samples from
aggressive and metastatic PCa patients, and it promotes osteoclastogenesis in vitro and in vivo [206].
STAT-3 inhibition in cells that overexpress Snail decreases Snail and CatL expression [205]. Muscadine
grape skin extract abrogates the Snail-mediated increase of CatL osteoclastogenesis to inhibit bone
turnover [205]. CatL inhibition via CLIK-148 also decreased levels of hypercalcemia and metastasis in
metastatic bone cancer [179]. CLIK-148 is able to suppress TNF-alpha, RANKL, and m-CSF mediated
pit formation in vitro [179].

Given the important roles of CatK and CatL in bone remodeling and tumor progression, dual
targeted cathepsin therapy may be an advantageous therapeutic approach. The CatL/CatK inhibitor
KGP94 (3-bromophenyl-3-hydroxyphenyl-ketone thiosemicarbazone) selectively impairs CatL and CatK
proteolytic function by targeting their active sites [207,208]. Importantly, it targets secreted CatL and
CatK, and does not interfere with the intracellular functions of these cathepsins. In the metastatic
PCa cell subline PC3-ML, the daily administration of KGP94 (20 mg/kg) significantly inhibited the
establishment and growth of intracardially-injected tumor cells [99] (Figure 5). Prior studies from
Sudhan et al. [99,209,210] demonstrated that KGP94 overcomes the increased metastatic potential of
tumor cells under aberrant physiologic conditions and blocks multiple facets of PCa and BCa metastasis.
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Figure 5. CTSL ablation and KGP94 treatment reduces metastatic disease burden. (A) In vivo bone
metastasis assay. Representative bioluminescence images of median mice inoculated with empty vector
or CTSL shRNA transfected PC-3ML cells. (B) Measurement of bone metastasis burden based on
bioluminescence intensity (photons per second); n10. Results are Mean ± S.E.M; analysis of variance.
(C) Kaplan–Meier survival curves of mice inoculated with an empty vector of CTSL shRNA transfected
PC-3ML cells; log-rank test. (D) In vivo bone metastasis assay. Representative bioluminescence images
of median mice from control and KGP94-treated cohorts. (E) Bone metastases burden in control
and KGP94 treated mice, measured based on photon flux (photons per second); n8. Results are
Mean ± S.E.M, analysis of variance. (F) Kaplan– Meier survival curves of bone metastases-bearing mice
treated with or without 20 mg/kg KGP94; log-rank test. (G) Representative Green Fluorescent Protein
and hematoxylin and eosin images of bone metastases from each experimental group, scale bar = 1 mm.
Modified from ref. [99].

5. Conclusions and Perspectives

Metastases are the primary cause of cancer-related deaths. In prostate and breast cancer, bone is
the favored site of tumor cell dissemination, and skeletal metastases lead to a drastic worsening of the
treatment outcome and a substantial reduction in the quality of life. Cathepsins are a class of proteolytic
enzymes that are critical contributors to bone remodeling physiologically. In cancer, evolving evidence
has identified this family of enzymes as key contributors to neoplastic growth and progression in
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the bone environment. The ability for cathepsins to influence tumor progression and metastatic
aggressiveness has made them an attractive target for the development of anti-metastatic therapeutic
agents. Indeed, substantial data exists to support the notion that targeting these enzymes can effectively
impair the bone tumor burden. Furthermore, the observation that multiple cathepsins can impact
the progression and dissemination of primary bone cancer and bone metastases suggests that dual or
multi-cathepsin-targeted therapies may potentially be most effective; this concept has received only
limited attention, and deserves further exploration as a means to enhance cancer treatments. Clearly,
additional studies are needed in order to elucidate the mechanism of actions of the family of cathepsins
systemically as well as locally, particularly in light the multimodal roles of cathepsins in the human
body. Still, the growing body of preclinical evidence and our increased understanding of the role of
cathepsins in the bone microenvironment suggest that adjuvant systemic therapy targeting cathepsins
may be beneficial for patients who are at high risk of a poorer prognosis.

Author Contributions: H.O.F. and D.W.S. wrote and edited the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This review was carried out with funding provided by National Center for Advancing Translational
Sciences of the National Institutes of Health under University of Florida Clinical and Translational Science Awards
TL1TR001428 and UL1TR001427. The content is solely the responsibility of the authors, and does not necessarily
represent the official views of the National Institutes of Health. This review is supported in part by grants from
the National Cancer Institute (US Public Health Service Grants R01 CA169300 and R01 CA197477) and the Florida
Education Fund McKnight Doctoral Fellowship.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BCa Breast Cancer
BMP-4 Bone Morphogenic Protein 4
CAM Cell Adhesion Molecule
Cat Cathepsin
CCL2 Macrophage Chemo Attractant Protein-1
CCR2 C-C Chemokine Receptor Type 2
CSF Colony Stimulating Factor
Dox Doxorubicin
ECM Extracellular Matrix
GPCR G Protein Coupled Receptor
hOSM Oncostatin M
IGF Insulin-Like Growth Factor
IL Interleukin
m-CSF Macrophage Colony Stimulating Factor
MDSC Myeloid-Derived Suppressor Cells
NF-κB Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
OS Osteosarcoma
PAR-1 Protease-Activated Receptor-1
PCa Prostate Cancer
PTH Parathyroid Hormone
PTHrP Parathyroid Hormone Related Peptide
RANKL Receptor Activator of NF-Kappa-β Ligand
SCID Severe Combined Immunodeficiency
sRANKL Soluble Receptor Activator of NF-Kappa-β Ligand
TGF-β Transforming Growth Factor-beta
TNFα Tumor Necrosis Factor-alpha
TRAIL-DR5 Tumor Necrosis Factor-Related Apoptosis- Inducing Ligand Death Receptor-5
TRACP 5b Tartrate-Resistant Acid Phosphatase 5b
uPA Urokinase-Plasminogen Activator
VEGF Vascular Endothelial Growth Factor
ZOL Zoledronic Acid
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