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Metastasis, the spread of tumor cells from the primary site to distant organs is 

the primary cause of treatment failure and mortality in cancer patients. Thus, the 

identification of key metastasis promoting targets and the development of effective anti-

metastatic agents have gained increased attention in the past few decades. Recognition 

of proteases, in particular, matrix metalloproteases (MMPs) as key players in tumor 

progression and metastasis led to extensive pre-clinical research and development of 

several broad spectrum MMP inhibitors. However, numerous MMP inhibitor clinical trials 

had to be discontinued due to adverse side effects and/or lack of clinical benefit. 

Subsequent pre-clinical investigations exploring other proteolytic targets have shown 

that if selective inhibitors of pericellular proteolysis can be developed, such agents could 

have the potential of significant application in preventing tumor progression and 

metastasis. 

The presented research focuses on one such protease, namely, Cathepsin L and 

evaluates the anti-metastatic efficacy of KGP94, a small molecule CTSL inhibitor in 

metastatic prostate and breast cancer. We observed a strong association between 

CTSL upregulation and metastatic characteristics of prostate and breast cancer cells. 
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The tumor microenvironment heavily influences metastatic aggressiveness but the 

impact of hypoxia and acidosis on CTSL activity remains less explored. We showed that 

CTSL plays a key role in microenvironment triggered metastatic capacities of prostate 

and breast cancer cells and that KGP94 treatment results in a significant suppression of 

those features. In addition to promoting tumor cell invasiveness, CTSL also played a 

key role in tumor angiogenesis. Since a majority of prostate cancer patients develop 

skeletal metastases, in-vivo evaluation of the anti-metastatic efficacy of KGP94 was 

performed in a bone metastasis model. KGP94 treatment led to a significant reduction 

in metastatic incidence, bone metastases burden and a marked improvement in the 

overall survival. The reduction in metastatic tumor burden was associated with a striking 

decrease in tumor angiogenesis and bone resorption. The present work sheds light on 

the role of CTSL in various aspects of metastatic progression and evaluates the anti-

metastatic efficacy of KGP94. The therapeutic implications and future considerations for 

such CTSL intervention strategies are also discussed.  
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CHAPTER 1 
INTRODUCTION 

Prostate and breast cancers are the most prevalent cancers and the second 

leading cause of cancer related deaths amongst men and women in the United States. 

It is estimated that in the year 2014 alone, about 233,000 and 232,670 new incidences 

of prostate and breast cancers will be diagnosed respectively; and about 29,480 men 

with prostate cancer and 40,000 breast cancer patients will die with the bulk of the 

tumor burden in the bone at the time of death (1, 2). Despite the advancements in 

cancer diagnosis and improvements in localized therapies such as surgery and 

radiation, a significant proportion of patients fail treatment making cancer the second 

leading cause of death. The primary cause of treatment failure and patient mortality is 

tumor dissemination to distant sites.  

Metastasis is a complex multi-step process during which tumor cells escape from 

the primary site to form new secondary lesions at distant sites (3). A tumor cell first has 

to detach from the primary site through dissolution of its cell-cell and cell-extracellular 

matrix contacts. Then, the metastasizing tumor cell has to migrate through the dense 

extracellular matrix until it reaches a nearby blood vessel or lymphatic system. Whilst in 

the circulation, the tumor cell has to resist anoikis, withstand hemodynamic shear stress 

and evade attack by the immune system. After being entrapped within the capillary 

network, the tumor cell has to invade through the vascular basement membrane to 

arrive at a new secondary site. Here, the tumor cell has to adapt to the local 

microenvironment and initiate angiogenesis in order to proliferate and thrive as a 

successful metastatic lesion. Out of the several thousands of tumor cells that are shed 

into the bloodstream only a few go on to form successful metastases. While surgery, 
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radiation and chemotherapy are highly effective in treating patients with localized 

disease, the prognosis for patients with metastatic disease is abysmal. In fact, there is 

no known cure for metastatic disease and these patients are offered only palliative care. 

Hence, it is critical to identify key metastasis promoting targets and to develop effective 

anti-metastatic agents against these targets to improve both survival and the quality of 

life of these prostate and breast cancer patients. 

Proteases as Targets in Cancer Treatment 

Proteolytic enzymes play an indispensable role during several stages of 

malignant tumor progression (4, 5). Extracellular proteases can promote tumor growth 

and angiogenesis through proteolytic activation of latent growth factors and pro-

angiogenic factors (6-8). Moreover, proteolytic enzymes operate at several steps of the 

metastatic cascade including, tumor cell detachment, degradation of extracellular and 

interstitial matrices, intravasation and extravasation across the capillary/lymphatic 

system (9-11). Thus identification of key malignancy promoting proteases and 

development of intervention strategies gained increased attention in the past few 

decades (4, 12). Identification of matrix metalloproteases (MMPs) as key players in 

tumor progression and metastasis led to extensive pre-clinical research and 

development of a broad range of MMP inhibitors (13). However, numerous MMP 

inhibitor clinical trials had to be discontinued due to adverse side effects and/or lack of 

clinical benefit (14-16). Failure of these early generation MMP inhibitors in patients may 

be ascribed to a variety of factors but perhaps the most critical reason was their lack of 

specificity (4, 17). Most inhibitors tested in the clinic exhibited a broad spectrum activity 

against many members of the large MMP family which also includes anti-tumoral 

proteases and proteases that are critical to normal tissue functioning. With the dismal 
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failure of these MMP inhibitors in clinic, protease targeting as a means of inhibiting 

tumor progression largely fell out of favor. Nonetheless, subsequent pre-clinical 

investigations exploring other proteolytic targets have shown that if selective inhibitors 

of pericellular proteolysis could be developed, such agents would have the potential of 

significant application in preventing tumor progression and metastasis (18-21).  

Several cysteine cathepsins of the papain superfamily of cysteine proteases 

have been widely implicated as facilitators of neoplastic progression (4, 22-24). The 

goal of my project was to study the role of one key member of the cysteine cathepsin 

family, namely Cathepsin L (CTSL) in metastatic disease and evaluate the anti-

metastatic efficacy of CTSL inhibition. 

The Biology of Cysteine Cathepsins 

Cysteine cathepsins belong to the papain superfamily of cysteine proteases. The 

human cysteine cathepsin family comprises of 11 members namely cathepsins B, C, F, 

G, H, K, L, O, S, V and X/Z (23, 25). These enzymes are composed of two relatively 

large globular domains, referred to as the L (left) and R (right) domain, with a V shaped 

active site cleft located along the domain interface. The active site is composed of a 

cysteine residue at the 25th position and a histidine residue at the 159th position that 

collectively form a thiol-imidazolium ion pair. The thiolate anion cleaves target proteins 

through a nucleophilic attack on the carbonyl carbon of the peptide bond. All members 

of the cysteine cathepsin family share a common NQGCGSCWAFS active site motif. 

While the amino acid sequence is highly conserved amongst the active sites of all 

cysteine cathepsins, substrate specificity is dictated by their unique substrate binding 

pockets namely, S2, S1, S1’ and S2’ sites that lie along the walls of the cleft. The 

polypeptide substrate binds to the active site cleft in an extended conformation. While 



 

16 

its amide backbone forms hydrogen interactions with highly conserved amino acid 

residues lining the floor of the active site cleft, its side chains interact with the substrate 

binding sites on the L and R domains. The S2 and S1’ substrate binding sites located 

on the R domain are mainly responsible for the substrate selectivity and inhibitor 

specificity. 

Like other proteases, cysteine cathepsins are synthesized as inactive pro-

enzymes with an N terminal pro-region that serves as an inhibitory domain. The pro-

region has an extended conformation that fits in the active site cleft in an inverse 

orientation and blocks it to prevent undesired proteolysis until the enzyme reaches its 

destined activity site. In addition, the pro-region functions as a chaperone to enable 

correct folding of the enzyme. Under the acidic and reducing environment of the 

lysosomes, the pro-region is cleaved to release mature and proteolytically active 

cathepsins that can participate in terminal degradation of intracellular and endocytosed 

proteins. 

Physiological Roles of Cysteine Cathepsins 

In addition to their widely recognized role as mediators of lysosomal protein 

turnover, cathepsins contribute to distinct physiological processes such as neuropeptide 

and hormone processing, antigen presentation, bone remodeling and epidermal 

homeostasis. For instance, Cathepsin K is predominantly expressed in the osteoclasts 

and is the principal mediator of normal bone remodeling (26). The expression of 

Cathepsin S is restricted to spleen and antigen presenting cells such as macrophages, 

B lymphocytes and dendritic cells. Cathepsin S plays a key role in antigen presentation 

by proteolytically activating immature class II major histocompatibility complex and by 

cleaving proteins to generate antigenic peptides (25). On the other hand, cathepsin L is 
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ubiquitously expressed and it participates in numerous activities critical to normal tissue 

functioning. CTSL is responsible for activation of several key pituitary neuropeptides 

including β-endorphin, enkephalin, α-melanocyte stimulating hormone and 

adrenocorticotropic hormone present within zymogenic granules (27-29). CTSL also 

plays a cardioprotective role through inhibition of apoptosis promoting Akt signaling 

pathway in cardiomyocytes (30). The significance of CTSL in normal tissue functioning 

is reflected by numerous pathological conditions that stem from CTSL deficiency such 

as dilated cardiomyopathy, metabolic syndromes, brain atrophy, epithelial hyperplasia 

and hypotrichosis (31-35). In addition, CTSL has been implicated in tumor progression 

and metastasis. 

Cathepsin L Upregulation in Human Cancers 

CTSL is a ubiquitously expressed lysosomal endopeptidase that is primarily 

involved in terminal degradation of intracellular and endocytosed proteins (36, 37). 

However, Gal et al., observed a strong association between CTSL synthesis and 

malignancy of Kirsten virus transformed NIH 3T3 cells (38). Subsequent investigations 

performed in several different transformation models (different viral oncogenes and 

chemical carcinogens) reported consistent CTSL over-expression irrespective of the 

mode of transformation (38-41). In addition, tumor secreted cytokines that have been 

widely implicated in malignant progression including VEGF, FGF, PDGF, EGF, NGF, 

INFγ and IL-6 have also been shown to significantly enhance CTSL promoter activity 

and synthesis (42-49). In consistence with these in-vitro observations, CTSL 

upregulation has been reported in a wide range of human malignancies including 

ovarian, breast, prostate, lung, gastric, pancreatic and colon cancers (50) (Table 1). In 

endometrial cancer patients, CTSL levels increased 50 fold and positively correlated 
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with tumor grade, growth regulatory genes such as Ki-67, cyclin B1 and p21 and HER2 

receptor status (51). Importantly, Chauhan et al., observed significantly elevated CTSL 

levels in pancreatic adenocarcinomas compared to benign endocrine tumors and islet 

cells obtained from adjacent normal tissue thereby suggesting a strong association 

between CTSL expression levels and pancreatic cancer aggressiveness (50). Likewise, 

numerous clinical studies have reported upregulated CTSL level and activity in 

colorectal cancer patients (52-54). The concomitant upregulation of its downstream 

target urokinase plasminogen activator-1 in colorectal cancer tissues and the strong 

correlation with metastatic incidence and overall survival further substantiates the 

argument that CTSL upregulation is not a mere passenger effect but a key factor driving 

neoplastic progression (54).  

Chronic myeloid leukemia (CML) patients both from chronic phase and blast 

crisis/accelerated phase of the disease exhibit significantly higher CTSL mRNA and 

enzymatic activity compared to healthy individuals (55). CTSL promoter sequence 

analysis in CML patients revealed that CTSL expression level is determined by the 

methylation status of a CpG island flanking the major transcription initiation site (56, 57). 

Bisulfite sequencing of CTSL promoter revealed that promoter flanking CpG 

dinucleotides were significantly hypomethylated in CML patients compared to healthy 

individuals thus resulting in CTSL overexpression. Independent investigations 

performed in melanoma and glioblastoma multiforme demonstrated that in addition to 

promoter hypomethylation, CTSL upregulation could also be achieved by other distinct 

mechanisms such as gene amplification and increased promoter activity (57, 58).  
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Activity assessments show significantly higher CTSL proteolytic activity in 

neoplastic tissues compared to benign tumors or matched tumor adjacent normal 

tissues (59, 60). In addition to its expression status, CTSL function is tightly regulated 

by the concentration of its endogenous inhibitors (61). In normal tissues, the 

extracellular matrix is safeguarded against undesirable proteolytic activities by 

endogenous cathepsin inhibitors such as cystatins and stefins. Studies in various tumor 

settings have shown a steep downregulation of these inhibitors of CTSL with tumor 

progression (55, 62-65). Since CTSL upregulation is not paralleled by a commensurate 

increase in activity of endogenous inhibitors, CTSL evades regulation and could thereby 

engage in unrestrained activation of proteolytic cascades.  

CTSL Secretion by Tumor Cells 

Under normal physiological conditions, CTSL is sequestered within the 

lysosomes. However, in tumor cells, alterations in expression level and trafficking 

pathway result in secretion of CTSL into the extracellular milieu (38-40, 66, 67). 

Comparative analysis of the secretome of transformed cells with that of non-

transformed cells revealed that the secretion of a glycoprotein was strikingly enhanced 

(~200 fold) in the conditioned media of transformed cells (68). This upregulation 

occurred consistently irrespective of the means of transformation (oncogenic v-ras, v-

src or v-mos or chemical tumor promoters) and this mannose-6-phosphate containing 

glycoprotein was termed as the major excreted protein (MEP) of transformed cells (38-

40). MEP was subsequently identified as cathepsin L by several independent 

investigations based on cDNA characterization (69, 70), amino acid sequence 

homology (70, 71), immunolocalization and electron microscopy (67), activity profile (72, 

73), substrate specificity and cleavage pattern (72).  
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In agreement with these in-vitro observations, elevated serum CTSL level has 

been reported in several cancers. Serum CTSL level in patients with lung, pancreatic 

and ovarian cancer is significantly elevated compared to healthy donors (74-79). Unlike 

the clinically used CA-125 ovarian cancer biomarker which also gets upregulated in 

patients with benign tumors yielding false positive results; the selective upregulation of 

CTSL in aggressive ovarian cancers compared to benign tumors makes it a better 

diagnostic marker (77). Moreover, its tight correlation with tumor grade and tumor 

invasion suggests that pre-operative serum CTSL level could be utilized as an indicator 

of the extent of tumor invasion at the time of surgical resection (79). Similarly urinary 

CTSL levels serve as prognosticators of metastatic spread and tumor recurrence in 

patients with bladder urothelial cell carcinoma (80). 

Several studies have been undertaken to determine the mechanism responsible 

for altered trafficking of this lysosomal enzyme into the extracellular space. During the 

process of protein translocation, mannose-6-phosphate receptors present within 

transport vesicles are responsible for accurate and efficient sorting of lysosomal 

enzymes to the lysosomes. However, Dong et al., demonstrated that compared to other 

lysosomal enzymes, CTSL intrinsically exhibits a low affinity for the mannose-6-

phosphate receptor (81). Thus transformation dependent upregulation in CTSL 

synthesis combined with poor affinity for the lysosome targeting receptor ultimately 

results in default secretion of CTSL through the constitutive secretory pathway. 

Furthermore, Prence et al., reported that growth stimulation limits mannose-6-

phosphate receptor concentrations within the golgi through receptor re-distribution 

which causes the few receptors that are available to be occupied by high affinity 
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lysosomal enzymes whereas, the low affinity CTSL, failing to bind to these receptors 

winds up being shunted into the secretory pathway (82, 83). Subsequently, Barbarin et 

al., demonstrated that Rab4a protein is the key regulator of CTSL secretion in 

melanoma cells (84). Rab proteins are important regulators of vesicle transport between 

organelles of the endocytic and secretory system. Transfection of highly tumorigenic 

and metastatic melanoma cells with dominant negative Rab4a mutant, significantly 

hampered CTSL secretion from these cells and also dramatically impaired their 

tumorigenic and metastatic potential. Collectively these data suggest that upregulated 

CTSL secretion by tumor cells is achieved through several different mechanisms 

depending on the tumor type. 

Nuclear CTSL 

In addition to the secreted form, numerous independent investigations have 

reported the presence of a truncated nuclear isoform of CTSL in oncogenic Ras and 

ErbB-2 transformed cells. Nuclear CTSL is translated from a downstream AUG 

translation initiation site and is consequently devoid of the endoplasmic reticulum 

targeting signal peptide (85, 86). However, it does contain a putative nuclear localization 

signal which might be responsible for its translocation to the nucleus (87). Nuclear 

CTSL proteolytically processes and activates the CCAAT-displacement protein/cut 

homeobox (CDP/Cux) transcription factor which has been strongly associated with poor 

disease prognosis (86, 88, 89). CTSL processed CDP/Cux exhibits enhanced DNA 

binding properties which in turn confers a replicative and metastatic advantage to tumor 

cells. CDP/Cux promotes tumor cell proliferation by accelerating entry into the S phase 

of cell cycle, and also augments tumor invasion by stimulating hallmark epithelial to 
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mesenchymal transition features such as snail and slug upregulation and E-cadherin 

repression (90).  

Nuclear CTSL has been documented to promote tumor progression through 

other CDP/Cux independent mechanisms as well. Nuclear CTSL gets frequently 

upregulated in triple negative breast cancer patients and patients with either a germline 

or somatic mutation in BRCA1 tumor suppressor gene (91). In fact, increased nuclear 

CTSL level serves as a predictive biomarker for treatment response in this subset of 

breast cancer patients. DNA double strand breaks (DSBs) are repaired either by the 

error-free homologous repair mechanism or through the substitute error prone non 

homologous end joining (NHEJ) pathway. In the absence of BRCA1, 53BP1 suppresses 

homologous repair and instead activates the erroneous NHEJ pathway which results in 

accumulation of unrepaired DNA DSBs, chromosomal translocations and consequently 

cell death and tumor suppression (92-94). BRCA1 deficient cells overcome this genomic 

instability and growth arrest by overexpressing nuclear CTSL which in turn 

proteolytically degrades 53BP1 (91, 95). Thus nuclear CTSL not only confers a survival 

advantage on BRCA1 deficient tumor cells, but, by improving their DNA repair 

capacities it also renders them resistant to radiation and genotoxic chemotherapeutics 

such as cisplatin, PARP inhibitors and mitomycin C (91). 

Role of CTSL in Tumor Metastasis 

In transformed cells extracellular CTSL level increases up to 200 fold and 

comprises up to 40% of total secreted proteins (68). Transformation dependent CTSL 

secretion augments the invasive/metastatic potential of cancer cells through direct 

degradative proteolysis of several components of the extracellular matrix (ECM) and 

basement membrane (62, 96, 97). In the presence of cell surface glycosaminoglycans, 
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secreted CTSL degrades ECM components such as laminin, Type I and IV collagen, 

fibronectin, elastin etc. (67, 98-100). Furthermore, it plays a major role in amplification of 

the proteolytic cascade by activating latent pro-forms of other key metastasis associated 

proteases including urokinase plasminogen activator, pro-heparanase, other 

cathepsins, as well as certain MMPs (101-105). Cell adhesion protein E-cadherin gets 

significantly reduced during tumor invasion and thus loss of E-Cadherin is widely 

accepted as a marker of tumor invasiveness. CTSL proteolytically degrades the 

extracellular domain of E-cadherin and abolishes its adhesive property (106). In 

consistence with these observations, tumor progression studies in CTSL-/- RIP1-Tag2 

pancreatic carcinogenesis model reveal that CTSL deficiency significantly hampers the 

progression of benign encapsulated tumors into invasive carcinomas thus indicating that 

CTSL has a non-redundant consequential role in the process of tumor invasion (106). 

Likewise, numerous studies have reported that an increase in CTSL secretion is a key 

feature driving the switch of poorly tumorigenic and non-metastatic human melanoma 

cells to a highly tumorigenic and aggressively metastatic phenotype (107-109). In 

agreement, anti-CTSL antibody was shown to significantly retard tumor growth and 

decrease the incidence of lung metastases (108, 110). Furthermore, CTSL was shown 

to promote melanoma cell survival and tumor growth by inhibiting complement mediated 

tumor cell death (108, 111). The well-orchestrated modulation in CTSL expression as a 

metastatic tumor cell transitions through different phases of the metastatic cascade 

further highlights its significance in the metastatic dissemination process. Metastasizing 

tumor cells upregulate their CTSL expression level as they undergo epithelial to 

mesenchymal transition and then once they reach a distant site, they reduce CTSL 
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expression as they revert back to their epithelial state to promote colonization in the 

newly found soil (90, 112).   

In contrast to the well oxygenated and near neutral pH conditions observed 

within most normal tissues, the tumor microenvironment is frequently marked by 

hypoxia and acidosis (113, 114). It is now a well-recognized fact that these very 

aberrant microenvironmental conditions are responsible for aggressive tumor 

progression and metastatic occurrence which ultimately results in poor patient survival 

(114-116). Studies including our own observations have shown an upregulation in CTSL 

secretion by tumor cells in response to exposure to hypoxic and acidic conditions (117, 

118). We observed that both hypoxia and acidosis augment CTSL secretion by eliciting 

two distinct mechanisms, namely, upregulated expression and lysosomal exocytosis. 

Lysosomes are normally peri-nuclear in localization. However in response to hypoxic 

and acidic exposures, the lysosomes redistributed and underwent anterograde 

trafficking where they fused with the plasma membrane and exocytosed their contents 

including CTSL into the extracellular milieu (117). Since cathepsins exhibit optimal 

activity under acidic conditions, CTSL released in an acidic milieu would engage in 

heightened proteolysis of extracellular matrix components and promote invasiveness 

(98). Hypoxia and acidosis triggered CTSL upregulation closely correlated with 

metastatic properties of tumor cells thereby suggesting that CTSL may be a key player 

in microenvironment triggered metastatic aggressiveness (117).  

Supporting these observations made in experimental metastasis models, several 

clinical studies performed in different cancer types such as breast, pancreatic, colorectal 

and lung cancers show that tumor CTSL level is a strong prognosticator of patient 
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outcome (Table 1-2). Grotsky et al., demonstrated that CTSL along with 53BP1 and 

vitamin D receptor constitutes a triple biomarker signature for therapeutic resistance to 

radiation, DNA damaging chemotherapeutics and PARP inhibitors among triple negative 

breast cancer patients and patients with BRCA1 mutation (91). In breast cancer 

patients, CTSL level inversely correlates with steroid hormone receptor status and is a 

strong predictor of tumor relapse and poor overall survival (119-123). In fact, Thomssen 

et al., reported that the prognostic impact of CTSL was comparable to that of axillary 

lymph node status and tumor histological grading; and could be utilized for identification 

of node negative patients that are at a high risk of metastatic relapse (119, 120).  

Role of Cathepsin L in Bone Resorption 

The involvement of CTSL in neoplastic bone diseases has been highlighted by 

numerous experimental and clinical reports of CTSL upregulation in primary and 

metastatic bone tumors. Several studies have reported elevated CTSL mRNA levels 

across various human osteosarcoma cell lines and tumor samples (124-127). In 

comparison to normal tissue levels, CTSL levels were upregulated in ~50% of primary 

bone tumors, and in almost 100% of the bone metastases investigated (127). In 

agreement with these observations Husmann et al., reported that highly metastatic 

SAOS-2 sublines LM5 and LM7 expressed significantly higher levels of CTSL mRNA 

compared to parental SAOS-2 osteosarcoma cells thereby highlighting the correlation 

between CTSL expression levels and metastatic aggressiveness of bone cancers (124). 

A serendipitous observation made in CTSL antibody producing hybridoma cells 

provided one of the first inklings to the importance of CTSL in multiple myeloma. Highly 

tumorigenic and metastatic P3X63Ag8.653 murine myeloma cells secrete high levels of 

pro-cathepsin L (128). Intriguingly, Weber et al., observed that when these CTSL 
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secreting myeloma cells were fused with spleen cells immunized with CTSL to generate 

CTSL antibody producing hybridoma cells, their tumorigenic and metastatic capacity got 

remarkably diminished. Compared to the numerous peritoneal tumors and metastatic 

deposits observed in mice inoculated with either myeloma cells or control hybridoma 

cells, ~80% of the mice inoculated with CTSL antibody producing hybridoma cells failed 

to show any signs of primary or metastatic tumor. Consistent with these findings, 

Kirschke et al., reported that CTSL depletion significantly retarded the growth of SP and 

L myeloma tumors (129). 

In addition to these primary bone neoplasias, several human cancers such as 

lung, prostate and breast adenocarcinomas exhibit a marked proclivity to metastasize to 

the bone (1, 130). Bone metastases are rarely indolent – they usually inflict devastating 

skeletal morbidities such as intractable bone pain, pathological fractures, paralysis due 

to nerve compression and hypercalcemia (1, 130). These adverse skeletal 

complications are predominantly triggered by unrestrained osteoblastic and osteoclastic 

activities of bone metastases. Under normal physiological conditions, bone remodeling 

is tightly regulated through reciprocal interactions between bone resorbing osteoclasts 

and bone forming osteoblastic cells (131). However, both primary and metastatic bone 

lesions perturb this equilibrium through sustained activation of osteoclasts or 

osteoblasts which ultimately leads to excessive osteolysis or bone formation.  While it is 

well-recognized that osteolytic cancers perpetrate bone resorption through osteoclasts; 

even predominantly osteoblastic cancers such as prostate cancer, has been shown to 

depend on an initial osteoclastic trigger for subsequent osteoblastic events to occur 

(132-135). Since inhibition of unrestrained osteoclastic activity can alleviate skeletal 
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morbidities associated with both osteoclastic and osteoblastic metastases, enormous 

efforts have been focused towards development of osteoclast targeting agents such as 

bisphosphonates, denosumab, and Cathepsin K inhibitors (26, 136-138).  

Cathepsin K (CTSK) is the predominant protease in osteoclasts and is the prime 

executor of resorption during both normal and pathological bone turnover. Nonetheless, 

studies in knockout mouse models have shown other proteases; in particular CTSL to 

closely participate in conjunction with CTSK in the process of pathological bone 

resorption (35, 103). Though osteoclastic CTSL levels are significantly lower compared 

to CTSK levels during normal bone remodeling, in the presence of bone resorption 

promoting inflammatory cytokines such as parathyroid hormone, IL-1α, IL-6, TNF-α etc., 

osteoclastic CTSL activity increases several fold and it plays a significant, non-

redundant role in the process of pathological bone resorption (139-143). Using 

immunohistochemical procedures and electron microscopy, Goto et al., demonstrated 

that in contrast to the low intracellular levels of CTSL observed within osteoclasts, the 

protease shows a strong extracellular presence and heavily co-localizes with collagen 

fibrils within resorption pits suggesting its involvement in degradation of the bone matrix 

(144, 145). CTSL has been widely implicated in the proteolytic degradation of bone and 

cartilage matrix components (142, 146-149). In fact, Lang et al., have demonstrated that 

compared to individuals with normal bone mineral density, serum CTSL levels in 

patients with low bone density conditions such as osteoporosis and osteopenia were 

significantly elevated (150). Reciprocally, treatment with anti-resorptive agents such as 

bisphosphonates greatly restored the serum CTSL levels close to baseline amounts. 

The close association of CTSL with various bone disorders involving destructive bone 
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loss such as rheumatoid arthritis (151-153), osteoporosis (35, 150, 154), osteoarthritis 

(155, 156) and periodontal disease (141, 157) further implicates the participation of 

CTSL in cancer associated bone resorption. In fact, Katunuma et al., showed that CTSL 

inhibition significantly mitigates osteolytic events and hypercalcemia in mice with bone 

metastases and importantly, this protective effect was superior to that of 

bisphosphonate (154, 158). 

In addition to cancer induced osteolysis, bone loss is also inflicted by several 

standard of care anti-cancer agents - a morbidity that severely affects the quality of life 

and life expectancy of cancer survivors (159-161). Patients receiving chemotherapeutic 

agents such as methotrexate, cyclophosphamide, dexamethasone, prednisone and 

doxorubicin as post-operative adjuvant therapy, have been shown to suffer from 

hypogonadism triggered osteoporosis (159, 162, 163). Similarly, surgical or medical 

hormonal ablation in patients with hormone responsive cancers such as breast, ovarian 

or prostate cancer results in a drastic worsening of bone health (164-166). Steroidal 

hormones such as estrogen have been shown to negatively regulate osteoclastic 

synthesis of CTSL and CTSK both directly by binding to osteoclastic estrogen receptor 

and indirectly by suppressing the expression of resorptive cytokines (140). Thus 

ovariectomized mice exhibit a significant upregulation of both CTSK and CTSL, more so 

of CTSL. In fact, CTSL deficient mice showed a marked resistance to osteoporosis 

upon ovariectomy (35). Thus CTSL intervention strategies would not only serve to 

impede the metastatic dissemination of tumor cells but would also alleviate both 

treatment induced and cancer associated osteolysis. 
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Cathepsin L Targeting 

The role of CTSL in promoting tumor progression and metastatic 

aggressiveness, its contribution to cancer associated bone resorption and its strong 

association with disease relapse and patient mortality has stoked up significant interest 

in the development of CTSL intervention strategies. Since unrestrained CTSL activity 

stems from an imbalance between CTSL and endogenous inhibitor levels, numerous 

investigations have attempted to abolish CTSL proteolytic function through ectopic 

delivery/overexpression of endogenous inhibitors such as cystatins and stefins (167-

169). Notably, Gianotti et al., reported that the anti-invasive property of cystatin over-

expression was mainly mediated through inactivation of extracellular but not intracellular 

CTSL; further validating the hypothesis that metastatic phenotype of tumor cells is 

primarily driven by secreted CTSL (168). Likewise, CTSL downregulation through RNA 

interference in different tumor models including glioma, osteosarcoma, myeloma and 

melanoma resulted in consistent inhibition of tumorigenicity and invasiveness of 

neoplastic cells (126, 129, 170, 171). In addition to its anti-invasive effect, Levicar et al., 

reported that CTSL suppression in glioblastoma also enhanced the sensitivity of tumor 

cells to apoptotic agents such as staurosporine. Studies performed in the RIP1-Tag2 

pancreatic carcinogenesis model comparing the effect of various cathepsin deficiencies 

on tumor progression showed that compared to other cathepsins, CTSL knockout led to 

the largest reduction in tumor burden and a significant impairment of the progression of 

benign encapsulated tumors to invasive carcinoma (106). 

Although anti-sense and genetic knockout strategies support the anti-metastatic 

significance of CTSL abrogation, the development of specific inhibitors of CTSL has 

been limited by the high degree of structural homology between different members of 
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the cathepsin family (172, 173). Indeed most currently studied cathepsin inhibitors have 

broad activity spectra (4, 23, 174-176). While the anti-tumor effects exhibited by pan 

specific cysteine cathepsin inhibitors look promising, one must be wary of the dismal 

outcomes of previous broad spectrum targeting approaches (4, 13). Since the 

proteolytic function of all cathepsins has not been deciphered yet, and given the critical 

normal tissue functions of some cathepsins, indiscriminate inhibition of all members of 

the cathepsin family could potentially entail the same negative consequences as broad 

spectrum MMP inhibitors did (172). One underlying factor behind the abysmal failure of 

MMP inhibitor clinical trials was their lack of specificity. These broad spectrum inhibitors 

indiscriminately inhibited several members of the vast MMP family which also includes 

anti-cancer proteases and proteases that are crucial to normal tissue functioning (15, 

17, 177).  For example, owing to their undesired inhibitory activity against the closely 

related ADAM proteases, several patients experienced severe musculoskeletal toxicity, 

which necessitated a reduction in dosage to suboptimal concentrations that were 

ineffective at inhibiting MMPs (13, 14, 16, 178). 

Despite the challenges imposed by the high degree of homology between the S2 

substrate recognition domains of cysteine cathepsins, a few CTSL specific inhibitors 

have been developed and tested in preclinical models (158, 179-182). Katunuma et al., 

showed that epoxysuccinate based CTSL inhibitors of the CLIK series, namely CLIK-

148 and CLIK-195 not only attenuated cancer associated bone resorption and 

hypercalcemia but also led to a significant reduction in metastatic burden (154, 158). 

Bone resorption not only provides room for the expansion of metastatic lesions but also 

leads to the release of several active growth factors from the bone matrix that supports 
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aggressive neoplastic cell growth.  Thus a 'vicious cycle' is created between the tumor 

and the bone tumor secreted cytokines stimulate bone resorption by upregulating 

osteoclastic CTSL activity; and the resorbed bone in turn releases growth factors 

stimulating tumor-cell proliferation and further cytokine release (1, 149). Conceivably, 

CTSL inactivation disengages this vicious cycle and thus not only alleviates bone 

resorption, but also decreases the tumor burden in the bone. 

Cathepsin L Inhibitor KGP94  

Kumar et al, generated and screened a library of functionalized benzophenone, 

thiophene, pyridine, and fluorene thiosemicarbazone derivatives for potent inhibitors of 

CTSL (179, 183). 3-bromophenyl, 3-hydroxyphenyl ketone thiosemicarbazone (KGP94) 

is the lead molecule of this library of small molecule CTSL inhibitors. It consists of a 

thiosemicarbazone scaffold which is an important functional group for targeting cysteine 

proteases. The bromine group attached to the benzene ring at meta position is critical 

for the inhibitor activity. Molecular docking studies have shown that the conformation 

with the most favorable interaction energy places the bromophenyl ring in the S2 

substrate binding site and the thiosemicarbazone in close proximity to the active site 

cysteine residue (179). The thiosemicarbazone moiety on KGP94 inactivates active 

cysteine by mimicking the hydrolytic cleavage of amide linkages in proteins. KGP94 has 

a molecular weight of 350.3 and an IC50 value of 131.4 nM. Pharmacokinetic analysis of 

KGP94 revealed that KGP94 is well absorbed after intraperitoneal administration (at 20 

mg/kg) with a relative bioavailability of 12 µM/hr compared to the 1.92 µM/hr achieved 

after oral administration. The estimated half-life of KGP94 was ~1 hr. Pre-clinical studies 

have shown that KGP94 significantly retards the growth of both recently implanted and 

established tumors. 
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Motivation and goal of research 

Despite the advancements made in cancer diagnosis and remarkable 

improvements in localized therapies such as surgery and radiation, a significant number 

of prostate and breast cancer patients fail treatment. Metastatic disease is the primary 

cause of treatment failure and death in prostate and breast cancer patients. Hence it is 

critical to develop effective anti-metastatic agents to improve the survival and the quality 

of life of these patients. Cysteine protease CTSL has been widely correlated with 

metastatic aggressiveness and poor clinical outcomes in several cancer settings. 

The current research explores the role of cysteine protease CTSL in various 

aspects of metastatic progression and evaluates the therapeutic efficacy of a small 

molecule CTSL inhibitor KGP94. Moreover, CTSL has been widely implicated in 

pathological bone resorption conditions such as osteoporosis. Since cancer associated 

osteolysis is a significant morbidity affecting both life expectancy and the quality of life 

of advanced prostate and breast cancer patients, we also focused on the anti-resorptive 

function of KGP94 

  



 

33 

Table 1-1.  CTSL upregulation in human cancers 

Cancer Type Observations References 

Colorectal 
cancer 

Higher expression and activity in 
tumors, correlation with ras, 
association with uPA and PAI levels, 
CTSL levels could be of diagnostic 
significance 

(52-54, 184) 

Breast cancer CTSL upregulation and increased 
activity in high grade tumors 

(65) 

Chronic myeloid 
leukemia 

Correlation with disease progression, 
metastatic incidence and overall 
survival, upregulation due to promoter 
hypomethylation 

(55) 

Pediatric acute 
myeloid 
leukemia 

CTSL upregulation, inverse correlation 
with endogenous inhibitor cystatin C, 
positive association with key AML 
angiogenesis factor VEGF 

(185) 

Melanoma Increased CTSL activity in melanocytic 
tumors compared to pigmented nevi 
and normal dermis 

(59, 60) 

Gastrointestinal 
stromal tumors 
and gastric 
cancers 

Overexpression and positive 
correlation with c-kit expression 

(186-188) 

Endometrial 
cancer 

CTSL upregulation and correlation with 
growth regulatory genes and HER2 
receptor status 

 

(51) 

Pancreatic 
cancer 

CTSL upregulation in tumor as well as 
tumor associated macrophages 

(189-191) 

Glioma Correlation with glioma progression 
with expression profile of low grade 
glioma < anaplastic astrocytoma < 
glioblastoma 

(192) 
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Table 1-1.  Continued 

Cancer Type Observations References 

Lung cancer Higher CTSL activity in lung cancer 
compared to non-malignant tissue, 
association with tumor grade, 
upregulated serum levels 

(76) 

Nasopharyngeal 
carcinoma 

Overexpression in primary tumor and 
cervical lymph node metastases 

(193) 

Oral squamous 
cell carcinoma 

Elevated CTSL expression correlated 
with lymph node metastasis and poor 
survival, CTSL overexpression 
increases the likelihood of progression 
of oral dysplastic lesions into 
carcinomas 

(194, 195) 
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Table 1-2.  CTSL in cancer prognosis 

Cancer Type 
 

Observations References 

Breast cancer Inverse correlation with steroid 
hormone receptor status and disease 
free survival and overall survival, 
prognostic impact comparable to 
axillary lymph node status and tumor 
grading, biomarker for identification of 
node negative patients at a high risk of 
metastatic relapse, CTSL could predict 
response to surgical resection and 
adjuvant systemic therapy in patients 
with operable tumors. 

(119, 121-123, 196, 197) 

Gastric cancer Upregulation in tumors locally invading  
the muscularis propria and tumors with 
venous invasion, upregulation in 
chronic atrophic gastritis with intestinal 
metaplasia and gastric tumors, may 
participate in gastritis to cancer 
progression 

(188, 198) 

Urothelial 
carcinoma of 
the bladder 

Positive correlation with tumor stage 
and grade, local and metastatic 
recurrence and poor survival 

(199) 

Pancreatic 
cancer 

Association with tumor stage, lymph 
node invasion, disease recurrence and 
overall survival, predictor of disease 
relapse in patients undergoing curative 
resection 

(189, 191) 

Glioma correlation with glioma progression in 
the order of low grade glioma < 
anaplastic astrocytoma < glioblastoma 

(192) 

Colorectal 
cancer 

Higher expression and activity in 
tumors compared to matched normal 
mucosa, correlation with tumor 
progression, metastatic incidence and 
overall survival, high CTSL expression 
in patients with curative disease is a 
predictor of disease relapse and poor 
survival 

(54, 184) 
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Table 1-2.  Continued 

Cancer Type 
 

Observations References 

Pediatric acute 
myeloid 
leukemia 

CTSL upregulation exhibited inverse 
correlation with event free survival and 
overall survival 

(185) 

Oral squamous 
cell carcinoma 

Elevated CTSL expression correlated 
with lymph node metastasis and poor 
survival, expression of  headpin - 
endogenous inhibitor to CTSL inversely 
correlated with tumor grade  

(194) 

Nasopharynge
al carcinoma 

Upregulation correlates with lymph 
node metastases and distant 
metastases, tumor stage and overall 
survival  

(193) 
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CHAPTER 2 
EFFECT OF CTSL TARGETING ON IN-VITRO METASTASIS ASSOCIATED TUMOR 

CELL FUNCTIONS 

CTSL has been reported to promote tumor cell metastasis through degradative 

proteolysis of extracellular matrix and basement membrane. This chapter investigates 

the correlation between CTSL activity and the invasive capacities of prostate and breast 

cancer cells. Further, we explored the impact of CTSL inhibitor KGP94 on the activity of 

secreted CTSL and metastatic properties of highly invasive prostate cancer PC-3ML 

and breast cancer MDA-MB-231 cells. 

Background 

Prostate and breast cancers are the most commonly diagnosed cancers in the 

United States and second only to lung cancer as the leading cause of cancer death in 

men and women respectively (200). Current treatments include radical 

prostatectomy/mastectomy or radiation therapy. Although these treatments are highly 

effective initially, nearly a quarter of patients ultimately develop progressive disease 

either locally or at distant sites. It is estimated that ~90% of patients with advanced 

prostate and ~ 70% of breast cancer patients develop distant metastases which poses a 

great clinical challenge as they are often recalcitrant to currently available therapies. 

The development of novel therapeutic strategies that impair the metastatic process is 

therefore critical to improving breast and prostate cancer patient survival.  

Cathepsin L (CTSL) is a lysosomal endopeptidase of the papain super family of 

cysteine protease. Its primary function involves lysosomal proteolytic turnover of both 

intracellular and endocytosed proteins. Tumor cells have devised various mechanisms 

to secrete CTSL into the extracellular milieu by altering its trafficking pathway (38, 82, 

83). In transformed cells extracellular CTSL level increases up to 200 fold and 
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comprises up to 40% of total secreted proteins (68). CTSL is up regulated in a wide 

range of human cancers including breast and prostate cancer (50). Transformation 

dependent CTSL secretion augments the invasive/metastatic potential of cancer cells 

through direct degradative proteolysis of several components of the extracellular matrix 

(ECM) and basement membrane. In the presence of surface glycosaminoglycans, 

secreted CTSL degrades ECM components such as laminin, type I and IV collagen, 

fibronectin elastin etc. (98, 99). Furthermore, CTSL amplifies the proteolytic cascade by 

activating latent pro-forms of other key metastasis associated proteases such as 

proheparanase, urokinase plasminogen activator, cathepsin D, and members of the 

matrix metalloproteinase family (201). Cell adhesion protein E-cadherin gets 

significantly reduced during tumor invasion and thus loss of E-Cadherin is widely 

accepted as a marker of metastatic aggressiveness. CTSL proteolytically degrades the 

extracellular domain of E-cadherin and abolishes its adhesive property (106). 

Supporting in vitro observations, tumor progression studies in CTSL-/- RIP1-Tag2 

pancreatic carcinogenesis model reveal that CTSL knockout significantly hampered the 

progression of benign encapsulated tumors to invasive carcinoma thus indicating that 

CTSL plays a significant non-redundant role in the process of tumor invasion (106). 

Conversely, CTSL overexpression studies have reported that CTSL upregulation results 

in a switch from poorly invasive to a highly metastatic phenotype (107). Supporting 

these observations made in experimental metastatic models, several clinical studies 

show that tumor CTSL level is strongly correlative of the clinical outcome (119, 121). 

The strong prognostic value of CTSL level in predicting relapse free survival and overall 
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survival and its significant role in the process of tumor invasion and metastasis provide 

a strong rationale for the development of CTSL inhibition approaches.  

Although anti-sense and genetic knockout strategies support the anti-metastatic 

significance of CTSL inhibition (106, 126), the development of specific inhibitors of 

CTSL has been limited by the high degree of structural homology between different 

members of the cathepsin family. Indeed most currently studied cathepsin inhibitors 

have broad activity spectrums; a potential concern given the critical normal tissue 

functions of some cathepsins (25, 26). KGP94 (3-bromophenyl-3-hydroxyphenyl-ketone 

thiosemicarbazone) is a CTSL specific small molecule inhibitor that abolishes CTSL 

function by targeting its active site (179). The present study evaluates the effect of 

KGP94 mediated CTSL inhibition on metastatic properties of prostate and breast cancer 

cells. 

Materials and Methods 

Cell Culture 

RWPE-1, PC-3, MCF-7, SKBR-3, T47D and MDA-MB-231 cells were purchased 

from American Type Culture Collection. PC-3ML and PC-3N cells were gifts from Dr. 

Alessandro Fatatis (Drexel University). PC-3ML and PC-3N are highly and poorly 

metastatic sublines isolated from PC-3 cells (202). MDA-MB-435 cells were received 

from Dr. Jianrong Lu (University of Florida). Although there has been controversy that 

the MDA-MB-435 cell line may have been derived from M14 melanoma (203), a 

subsequent review by Chambers et al, (204) concluded that rather than both lines being 

of M14 melanoma origin, evidence is consistent with both cell lines being of MDA-MB-

435 breast cancer origin. M-4A4 and NM-2C5 are highly and poorly invasive sublines 

isolated from MDA-MB-435 cells (205) provided by Dr. Steve Goodison (MD 
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Anderson Cancer Center). All cell lines were cultured in appropriate media 

(RWPE-1 in Keratinocyte serum free medium supplemented with 0.05 mg/mL bovine 

pituitary extract and 5 ng/mL epidermal growth factor; PC-3 and PC-3ML in HAM’s F12 

nutrient mixture; MCF-7, SKBR-3,T47D, MDA-MB435, M-4A4, NM-2C5 and MDA-MB-

231 in DMEM media) supplemented with 10 % FBS at 37 0C in a humidified atmosphere 

of 5 % CO2 in air. 

Drug Preparation 

KGP94 was dissolved in sterile DMSO to obtain 10 and 25 mM stock solutions. 

For treatment, stocks were diluted 1000-fold in cell culture media to achieve final 

concentrations of 10 and 25 µM respectively.  

Enzyme Linked Immunosorbent Assay 

Prostate and breast cell lines were cultured in 100 mm dishes. When the cells 

reached ~60–70 % confluency, media were replaced and collected 24 hr later. Cell 

conditioned media were centrifuged (1,000 rpm, 10 min) and stored at -80 0C until 

further analysis. Cells from each sample were trypsinized and counted for normalization 

of secreted levels with total cell number. Cathepsin L ELISA was performed using a 

human Cathepsin L DuoSet kit (DY952) from R&D systems as per manufacturer’s 

instructions. Cystatin C ELISA was performed using a Quantikine human Cystatin C 

Immunoassay kit (DSCTC0) from R&D systems. Conditioned media from each sample 

were evaluated in triplicate and secreted levels of CTSL and cystatin C were normalized 

to 106 cells. 

Clonogenic Cell Survival Assay 

Cells were treated with desired concentration of KGP94 for 24 hr. Subsequently, 

cells were harvested and seeded into 60mm dishes (200, 100 or 50 cells / dish) and 
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incubated for 14 days. 2 weeks later, cells were stained with crystal violet and the 

number of colonies (>50 cells) were counted. Plating efficiency was calculated from the 

ratio of the number of colonies formed divided by the number of cells seeded. 

CTSL Activity Measurement Assay 

Cathepsin L activity assay was performed using InnoZyme Cathepsin L Activity 

Kit (CBA023) as per manufacturer’s instructions. Briefly, 50 µL activation buffer 

(provided with the kit) was added to each well of a 96 well plate. To this, 50 µL of 

conditioned media was added and incubated for 15 min at room temperature with gentle 

shaking. Subsequently, 50 µL of either 10 µM or 25 µM KGP94 was added to 

designated wells. The plate was incubated at RT for 15 min with gentle shaking. After 

the addition of 50 µL of fluorogenic substrate Z-Phe-Arg-7-amido-4-methylcoumarin, the 

plate was again incubated for 2 hr at 37 0C. The fluorescence was measured at an 

excitation wavelength of 360-380 nm and emission wavelength of 460-480 nm using the 

Spectramax M5 (Molecular Devices) fluorescence plate reader. CTSL activity was 

represented as relative fluorescence units. 

Cell Migration Assay 

Transwell migration assays were performed using BD falcon cell culture inserts 

(353097). The bottom of the insert is a polyethylene terephthalate membrane with 8 µm 

pores. Cells are seeded into the inserts and incubated for 24 hr to allow them to migrate 

through 8 µm pores, to the other side of the membrane. 24 hr later, non-migrated cells 

on the upper surface of the membrane are scraped off using a cotton swab. Migrated 

cells are stained with crystal violet and counted under a microscope. 

For wound healing assays, cells were allowed to grow to confluence before ~1 

mm wide scratches were made in the cell monolayers using sterilized 200 µL pipette 
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tips. 24 hr later, the plates were photographed and cell migration into the denuded 

areas was determined.  

Cell Invasion Assay 

Invasion assays were performed using Matrigel coated invasion inserts from BD 

Biosciences (354480). Cells suspended in serum free media were seeded into the 

inserts. Media supplemented with 10 % FBS was added to the bottom chamber. The 

cells were incubated under desired conditions and 24 hr later, cells that invaded to the 

underside of the membrane were stained and counted under a microscope. 

Western Blotting 

Cells were lysed using radioimmunoprecipitation assay lysis buffer (50 mM Tris–

HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.25% Sodium deoxycholate and 1 

mM EDTA) supplemented with protease inhibitor cocktail (Sigma), 1 mM NaF and 1 mM 

Na3VO4. Protein concentration was estimated by Bradford method. 35 µg of whole cell 

lysates were fractioned on a 12 % SDS-PAGE gel. Subsequently, the proteins were 

electroblotted onto a nitrocellulose membrane. The membranes were blocked with 5 % 

non-fat dry milk for 1 hr at RT. The membranes were incubated with mouse α-human 

CTSL antibody (Abcam Ab6314) overnight at 4 0C. Subsequently, the membranes were 

incubated with horseradish peroxidase conjugated secondary antibody (Jackson 

ImmunoResearch, West Grove, PA), and detected with an enhanced 

chemiluminescence substrate (Amersham, Piscataway, NJ). 
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Results 

Highly Invasive Prostate and Breast Cancer Cells Secrete High Levels of 
Cathepsin L  

Both experimental and clinical investigations have implicated cathepsin L as an 

important factor in the metastatic process (5, 149). Since invasiveness is a critical 

attribute of metastatic cells, we compared the cellular CTSL levels in prostate and 

breast cancer cells of varying invasive capacities (Figure 2-1 A and B) but found no 

strong correlation between the intracellular expression of CTSL and the invasive 

capacities of these cell lines. In addition to intracellular CTSL (mainly present within the 

lysosomes where it is committed to housekeeping functions such as proteolytic turnover 

of intracellular and endocytosed extracellular proteins (206) tumor cells secrete CTSL to 

facilitate invasion. This is achieved by over-expressing CTSL and altering its trafficking 

mechanism (38, 82, 83). Highly metastatic PC-3ML and MDA-MB-231 cells were found 

to secrete significantly higher levels of CTSL compared to non-invasive and poorly 

invasive prostate and breast cancer cells respectively (Figure 2-1 C and D) suggesting 

a correlation between CTSL secretion and the tumor cells’ invasive potential. Since 

metastatic aggressiveness reflects an imbalance between CTSL and its endogenous 

inhibitors, we also explored the balance between secreted CTSL and extracellular 

cystatin C levels in the various prostate and breast cancer cell lines. CTSL/cystatin C 

ratios are shown as relative levels, with RWPE-1 and MCF-7 being the respective 

reference cell lines (Figure 2-1 E and F). The results showed the ratio of CTSL to 

cystatin C to increase with increasing invasive potential indicating that an imbalance 

between the extracellular CTSL and cystatin C level might be a key attribute of 

aggressively metastatic prostate and breast cancer cells. 
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KGP94 Leads to a Significant Suppression of CTSL Activity 

Since CTSL is involved not only in unregulated proteolysis of extracellular matrix 

and basement membrane components but also the activation of other key metastasis 

associated proteases (98, 99, 102, 103, 201), specifically abolishing CTSL activity using 

synthetic inhibitors should impair the metastatic phenotype. The impact of one such 

inhibitor, KGP94 (179), on CTSL activity of prostate and breast cancer cells is shown in 

Figure 3-2. We first tested the effect of various concentration of KGP94 on growth and 

clonogenic properties (Figure 2-2 A). In order to separate anti-tumorigenic from anti-

metastatic effects, we used non-cytotoxic doses of 10 and 25 µM for further evaluations. 

CTSL activity in PC-3ML and MDA-MB-231 conditioned media was significantly reduced 

(by 94 and 92 % respectively (p<0.0001)) in the presence of 25 µM KGP94 (Figure 2-2 

B). 

KGP94 Treatment Significantly Attenuates Migration and Invasion of Prostate and 
breast Cancer Cells 

Treatment with 10 and 25 µM KGP94 decreased the migratory potential of 

prostate cancer cells by 38 and 74 % respectively (Figure 2-3 A) in a manner 

comparable to what could be achieved by CTSL knockdown. Similarly, migratory 

capacity of MDA-MB-231 cells was reduced by 22 and 40 % upon treatment with 10 and 

25 µM KGP94 respectively (Figure 2-3 B). Furthermore, treatment with KGP94 

significantly impaired the invasive capacities of both prostate and breast cancer cells by 

44 and 72 % at 10 µM and 53 and 88 % at 25 µM KGP94 respectively (Figure 2-4 A and 

B).   
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Discussion 

The extracellular matrix (ECM) is an extremely dense network and poses 

physical barrier to cell movement. Tumor cells rely on secreted extracellular proteases 

to facilitate invasion through the encumbering extracellular matrix (81, 207). One such 

enzyme, cathepsin L (CTSL) has been strongly implicated in the metastatic spread of 

tumor cells (22, 106). The association of CTSL with metastasis, disease relapse, and 

skeletal adversities, provides a compelling rationale for targeting this proteolytic enzyme 

to improve treatment outcomes and quality of life of advanced prostate and breast 

cancer patients (5, 149).  

Although our studies suggest a strong correlation between secreted CTSL levels 

and invasive capacities of prostate and breast cancer cells (Figure 2A and B), it should 

be noted that the extracellular matrix is safeguarded against the proteolytic activity of 

cathepsins by endogenous inhibitors of the cystatin superfamily comprised of the 

intracellular stefins and kininogens and extracellular cystatins. Studies that correlate 

metastatic aggressiveness to an imbalance between CTSL and its endogenous 

inhibitors have either measured the expression levels of stefins and kininogens, which 

are the intracellular inhibitors of cathepsins, or have measured intracellular levels of 

cystatins (63, 64). We show that highly invasive cells exhibit a striking imbalance 

between their extracellular CTSL and cystatin C level when compared to poorly invasive 

prostate and breast cancer cells (Figure 1); a finding consistent with the previously 

reported correlation between secreted CTSL to cathepsin inhibitor ratio and 

experimental metastatic potential in Ras transfected NIH 3T3 cells (62). While clinical 

reports have documented either CTSL level alone or serum cystatin C level alone as 

important prognosticators of disease outcome (119, 121, 208), there are discrepancies 
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as to whether cystatin C is positively or inversely correlated with disease outcome (208-

210). To this point, we observed that highly invasive cells secreted somewhat more 

cystatin C compared to their non- or poorly-invasive counterparts, but the ratio of 

secreted CTSL to cystatin C increased with increasing invasiveness. Taken together 

these findings suggest that the CTSL/cystatin C ratio may serve as a better 

prognosticator of disease outcome than absolute levels of CTSL or cystatin C.  

The significance of CTSL in tumor aggression and the metastatic process is 

further supported by studies seeking to inhibit this enzyme by gene deletion, anti-sense 

RNA or cystatin C over-expression (106, 129, 211). The strategy pursued in the present 

investigation was to inactive CTSL using the selective small molecule inhibitor of CTSL 

KGP94 (179). The results showed that CTSL inhibition by non-cytotoxic doses of 

KGP94 could significantly impair the invasive and migratory ability of the highly 

metastatic prostate (PC3-ML) and breast (MDA-MB-231) cell lines (Figure 2). These 

findings are consistent with a recent overview of the KGP94 molecule (21). 

Given its impact on proteolytic enzymes, the mechanism responsible for KGP94 

suppression of tumor cell invasion is readily apparent. How CTSL inhibition affects 

tumor cell migration is not nearly as clear. As was the case in our investigations, studies 

examining the effect of CTSL abrogation by RNA interference also have shown that 

CTSL inhibition can affect tumor cell migration (171, 212). Although the mechanism by 

which CTSL promotes tumor cell migration has not been delineated, Reiser et al. (213); 

have shown that in nephrotic syndromes such as glomerular proteinuria, CTSL can 

enhance podocyte migration by promoting cell detachment and remodeling of 

extracellular matrix components while migration of normal podocytes was found to be 
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independent of CTSL activity. Similarly, in a recent study on gene therapy for ischemic 

diseases Chung et al. (214) showed that exogenous CTSL can promote endothelial cell 

migration through activation of the JNK pathway. 

Taken together, the ability of KGP94 to attenuate the metastatic phenotype of 

tumor cells lends further credence to the pursuit of CTSL targeting strategies as means 

to impede the dissemination of tumor cells. Although clearly encouraging, the in vitro 

findings reported here await in vivo validation studies of KGP94 for the advancement of 

CTSL intervention strategies to the treatment of metastatic prostate and breast cancers. 
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Figure 2-1.  Cathepsin L secretion and activity positively correlates with invasive 

potential. A and B) Intracellular CTSL levels in prostate and breast cancer 
cells were determined by performing western blots on whole cell lysates. C 
and D) CTSL secretion levels of prostate and breast cancer cells were 
determined by performing ELISA on cell conditioned media. Means and 
standard errors of three independent experiments are shown. E and F) Ratios 
of secreted CTSL to cystatin C levels for prostate and breast cancer cells 
were determined by performing ELISA on cell conditioned media. Ratios 
shown are relative levels normalized to least invasive prostate and breast 
cancer cell lines, respectively.  
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Figure 2-2.  KGP94 inhibits secreted CTSL activity of prostate and breast cancer cells. 

A) Clonogenic assay testing the effect of pre-exposure to various 
concentrations of KGP94 on the clonogenic capacity of PC-3 cells (*) P<0.01. 
B) Growth curves of PC-3 cells treated with indicated doses of KGP94. 
C) The effect of KGP94 treatment on the activity of CTSL secreted by PC-
3ML and MDA-MB-231 cells was assessed by incubating cell conditioned 
media with a fluorogenic CTSL substrate Z-Phe-Arg-AMC in the absence 
(black bars) or presence (grey bars) of 25 µM KGP94. Activity is expressed 
as relative fluorescence units and results of three independent experiments 
are shown. (***) P<0.0001. 
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Figure 2-3.  CTSL inhibition suppresses tumor cell migration. A and B) PC-3, MDA-MB-

231 and CTSL knock down PC-3 cells were seeded into transwell migration 
chambers in the presence or absence of KGP94 and the number of migrated 
cells was enumerated 24 h later. Mean and standard error values of three 
independent experiments are shown. (*) P<0.05, (***) P<0.0005. C) 
Representative images from PC-3 wound healing assay demonstrating the 
effect of KGP94 treatment on PC-3 migration. 
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Figure 2-4.  CTSL inhibition suppresses tumor cell invasion. A and B) The impact of 

KGP94 treatment on PC-3ML and MDA-MB-231 cell transwell invasion is 
shown. Results are mean and standard error values of three independent 
experiments. (**) P<0.01, (***) P<0.001 

A B 
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CHAPTER 3 
KGP94 SUPPRESSES TUMOR MICROENVIRONMENT ENHANCED METASTASIS 
ASSOCIATED CELL FUNCTIONS OF PROSTATE AND BREAST CANCER CELLS 

Pathophysiological tumor microenvironmental conditions such as hypoxia and 

acidosis have been strongly linked to increased metastatic occurrences. Hence it was 

postulated that an anti-metastatic agent such as KGP94 might prove particularly 

efficacious if it could attenuate the hypoxia and acidosis potentiated metastatic capacity 

of tumor cells. This chapter explores the contribution of CTSL to hypoxia and acidosis 

triggered invasiveness, the various mechanisms through which upregulated secretion of 

CTSL is achieved and the impact of KGP94 on tumor microenvironment elicited 

metastatic characteristics of prostate and breast cancer cells. 

Background  

Prostate and breast cancer are the leading causes of cancer-related death in 

men and women and metastasis is the primary factor underlying the high mortality rates 

(200). Proteolytic enzymes that promote metastasis such as the lysosomal cysteine 

protease cathepsin L (CTSL) may offer a promising therapeutic target (22, 215, 216). 

Expression of CTSL is up regulated in a wide range of human cancers including glioma, 

melanoma, pancreatic, breast and prostate carcinoma (50). Under normal physiological 

conditions, CTSL is sequestered within the lysosomes. However, in tumors, alterations 

in expression level and translocation pathway result in secretion of CTSL (38, 82, 83). 

Secreted CTSL enhances the metastatic potential of cancer cells through direct 

degradative proteolysis of several components of the extracellular matrix, basement 

membrane and E-Cadherin. In the presence of surface glycosaminoglycans, secreted 

CTSL degrades extracellular matrix components such as laminin, type I and IV 

collagen, fibronectin, elastin, etc. (98, 99). In addition, secreted CTSL plays a critical 
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role in the amplification of the proteolytic cascade by activating latent pro-forms of other 

key metastasis associated proteases such as proheparanase, urokinase plasminogen 

activator, cathepsin D and members of the matrix metalloproteinase family (102, 103, 

201). 

Though numerous clinical observations have associated CTSL upregulation with 

metastatic aggressiveness, very few have investigated its activity and function under 

physiological conditions pertinent to the tumor microenvironment. The tumor 

microenvironment is acidic and hypoxic in nature (113, 114). Tumor hypoxia can be 

broadly classified into chronic and acute hypoxia (217).Chronic hypoxia occurs in 

regions that are beyond the diffusion limit of oxygen from the existing vasculature. Acute 

hypoxia can result from transient collapse of blood vessels leading to tumor cells that 

consequently experience periods of hypoxia and reoxygenation. Increased tumor 

hypoxia and acidosis correlate with increased metastatic occurrence (114, 115, 218). 

Studies in experimental metastatic models suggest that the correlation between tumor 

hypoxia and metastatic incidence is primarily attributable to acute rather than chronic 

hypoxia in the primary tumor (219, 220).  

Elevated CTSL secretion is not accompanied by corresponding increases in the 

levels of its endogenous inhibitors. Secreted CTSL thereby engages in unregulated 

activation of migratory and invasive cascades (63, 117). Thus, molecules capable of 

inactivating CTSL could potentially serve as effective anti-metastatic treatments. 

Recently, the reversibly binding small molecule CTSL inhibitor KGP94 (3-bromophenyl-

3-hydroxyphenyl-ketone thiosemicarbazone) was shown to abolish CTSL function by 

blocking its active site (179). In this study, we investigated the ability of KGP94 to inhibit 
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CTSL activity and decrease prostate and breast cancer cell migration and invasion 

under normal as well as hypoxic and acidic microenvironmental conditions. 

Materials and Methods 

Cell culture 

RWPE-1, PC-3, MCF-7, SKBR-3, T47D andMDA-MB-231 were purchased from 

American Type Culture Collection. PC-3ML and PC-3N cells were gifts from Dr. 

Alessandro Fatatis (Drexel University). PC-3ML and PC-3N are highly and poorly 

metastatic sublines isolated from PC-3 cells (202). MDA-MB-435 cells were received 

from Dr. Jianrong Lu (University of Florida). Although there has been controversy that 

the MDA-MB435 cell line may have been derived from M14 melanoma (203), a 

subsequent review by Chambers (204) concluded that rather than both lines being of 

M14 melanoma origin, evidence is consistent with both cell lines being of MDA-MB-435 

breast cancer origin. M-4A4 and NM-2C5 are highly and poorly invasive sublines 

isolated from MDA-MB-435 cells (205) provided by Dr. Steve Goodison (MD Anderson 

Cancer Center). All cell lines were cultured in appropriate media (RWPE-1 in 

Keratinocyte serum free medium supplemented with 0.05 mg/mL bovine pituitary extract 

and 5 ng/mL epidermal growth factor; PC-3 and PC-3ML in HAM’s F12 nutrient mixture; 

MCF-7, SKBR-3, T47D, MDA-MB435, M-4A4, NM-2C5 and MDA-MB-231 in DMEM 

media) supplemented with 10 %FBS at 37 0C in a humidified atmosphere of 5 % CO2 in 

air. 

Enzyme linked Immunosorbent Assay 

Prostate and breast cell lines were cultured in 100 mm dishes. When the cells 

reached ~60–70 % confluency, media were replaced and collected 24 hr later. Cell 

conditioned media were centrifuged (1,000 rpm, 10 min) and stored at -80 0C until 
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further analysis. Cells from each sample were trypsinized and counted for normalization 

of secreted levels with total cell number. Cathepsin L ELISA was performed using a 

human Cathepsin L DuoSet kit (DY952) from R&D systems as per manufacturer’s 

instructions. Cystatin C ELISA was performed using a Quantikine human Cystatin C 

Immunoassay kit (DSCTC0) from R&D systems. Conditioned media from each sample 

were evaluated in triplicate and secreted levels of CTSL and cystatin C were normalized 

to 106 cells. 

Clonogenic cell survival assay 

Cells were treated with desired concentration of KGP94 for 24 hr. Subsequently, 

cells were harvested and seeded into 60 mm dishes (200, 100 or 50 cells / dish) and 

incubated for 14 days. 2 weeks later, cells were stained with crystal violet and the 

number of colonies (>50 cells) were counted. Plating efficiency was calculated by 

dividing the number of colonies formed by the number of cells seeded. 

CTSL activity measurement assay 

Cathepsin L activity assay was performed using InnoZyme Cathepsin L Activity 

Kit (CBA023) as per manufacturer’s instructions. Briefly, 50 µL activation buffer 

(provided with the kit) was added to each well of a 96 well plate. To this, 50 µL of 

conditioned media was added and incubated for 15 min at room temperature with gentle 

shaking. Subsequently, 50 µL of either 10 µM or 25 µM KGP94 was added to 

designated wells. The plate was incubated at RT for 15 min with gentle shaking. After 

the addition of 50 µL of fluorogenic substrate Z-Phe-Arg-7-amido-4-methylcoumarin, the 

plate was again incubated for 2 hr at 37 0C. The fluorescence was measured at an 

excitation wavelength of 360-380 nm and emission wavelength of 460-480 nm using the 
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Spectramax M5 (Molecular Devices) fluorescence plate reader. CTSL activity was 

represented as relative fluorescence units. 

Cell migration assay 

Transwell migration assays were performed using BD falcon cell culture inserts 

(353097). The bottom of the insert is a polyethylene terephthalate membrane with 8 µm 

pores. Cells are seeded into the inserts and incubated for 24 hr to allow them to migrate 

through 8 µm pores, to the other side of the membrane. 24 hr later, non-migrated cells 

on the upper surface of the membrane are scraped off using a cotton swab. Migrated 

cells are stained with crystal violet and counted under a microscope. 

For wound healing assays, cells were allowed to grow to confluence before ~1 

mm wide scratches were made in the cell monolayers using sterilized 200 µL pipette 

tips. 24 hr later, the plates were photographed and cell migration into the denuded 

areas was determined.  

Cell invasion assay 

Invasion assays were performed using matrigel coated invasion inserts from BD 

Biosciences (354480). Cells suspended in serum free media were seeded into the 

inserts. Media supplemented with 10 % FBS was added to the bottom chamber. The 

cells were incubated under desired conditions and 24 hr later, cells that invaded to the 

underside of the membrane were stained and counted under a microscope. 

Hypoxia  

Cells were plated in notched glass dishes to facilitate easy gas exchange. To 

induce hypoxia, cells were incubated in special aluminum chamber designed by Dr. 

Cameron Koch (University of Pennsylvania). These chambers were flushed with a gas 

mixture containing 1 % O2, 5 % CO2 and the remainder balanced with N2 and incubated 
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at 37 oC for the desired duration. For reoxygenation, cells were removed from hypoxia 

chambers and placed back in incubator gassed with 5 %CO2 and air. 

Low pH exposure 

 Acidic HAM’s F12 nutrient mixture and DMEM were prepared by replacing 

NaHCO3 with 25 mM HEPES and 25 mM MES. The pH was set to 6.8 using 10 N 

NaOH solution. Cells were plated under neutral pH conditions in 60 mm dishes. When 

the cells became ~60 % confluent, the media was replaced with low pH HAM’s or 

DMEM depending on the cell line. 

Western blotting 

Cells were lysed using radioimmunoprecipitation assay lysis buffer (50 mM Tris–HCl, 

pH 8.0, 150 mM NaCl, 0.1 % SDS, 1 % NP-40, 0.25 % Sodium deoxycholate and 1 mM 

EDTA) supplemented with protease inhibitor cocktail (Sigma), 1 mM NaF and 1mM 

Na3VO4. Protein concentration was estimated by Bradford method. 35 µg of whole cell 

lysates were fractioned on a 12 % SDS-PAGE gel. Subsequently, the proteins were 

electroblotted onto a nitrocellulose membrane. The membranes were blocked with 5 % 

non-fat dry milk for 1 hr at RT. The membranes were incubated with mouse α-human 

CTSL antibody (Abcam Ab6314, 1:1000 dilution) overnight at 4 oC. Subsequently, the 

membranes were washed and incubated with horseradish peroxidase conjugated 

secondary antibody (Jackson ImmunoResearch, West Grove, PA), and detected with an 

enhanced chemiluminescence substrate (Amersham, Piscataway, NJ). 

Immunofluorescence staining and microscopy 

Cells were grown to 60-70 % confluency on coverslips housed within 60 mm 

tissue culture dishes (BD Falcon) and were then incubated under appropriate conditions 

[normoxia and pH 7.4 (control) or 1 % O2 or pH 6.8] for desired durations. Following 
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incubation, the cells were rinsed with PBS and fixed with 4 % (w/v) paraformaldehyde 

(Fisher Scientific) in PBS for 20 minutes at RT. Cells were then washed on a rocker for 

20 min with ice cold PBS, replacing the PBS every 5 min. The fixed cells were 

incubated with permeabilization buffer (0.2 % Triton-X 100 and 50 mM NH4Cl in PBS) 

for 15 min at RT.  Following permeabilization, cells were washed on a rocker for 20 min 

with ice cold PBST (0.05 % Triton-X 100 in PBS), replacing the PBST every 5 min. Cells 

were blocked with 10 % (v/v) goat serum in PBS for 1 hr at RT and were then washed 

with PBST as described above. Following the washes, the cells were incubated with 

H4A3 monoclonal antibody (1:200 dilution; Developmental Studies Hybridoma Bank) 

diluted in blocking solution for 2 hr at RT. Incubation in primary antibody was followed 

by four washes with PBST. Cells were then incubated with Alexa Fluor 594 secondary 

antibody (1:800 dilution; Invitrogen, Molecular probes) diluted in blocking solution for 1 

hr in dark at room temperature.  Finally, cells were washed with PBS for 20 min, allowed 

to air dry, and mounted with Vectashield mounting medium containing DAPI (Vector 

laboratories).  Cells were visualized and photographed using a Zeiss Axiophot 

microscope (Carl Zeiss Meditec, Dublin, CA). 

β-Hexosaminidase assay 

Because β-Hexosaminidase is present within the endosomal lysosomal 

compartment, exocytosis of lysosomal contents can be determined by measuring 

glucosaminidase activity in the conditioned media. Conditioned media were harvested 

from cells exposed to hypoxia or acidic pH for desired duration. 500 µL sodium citrate 

buffer (100 mM sodium citrate, 0.2 % BSA, 0.2 % Triton X-100, 0.04 % NaN3, pH 4.5) 

with 10 mM p-nitrophenyl-N-acetyl b-D glucosaminide was added to 200 µL of 

conditioned media. The reaction mixture was incubated at 37 0C for 1 hr. Subsequently, 
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the reaction was stopped by adding 400 µL of stop solution (0.4 M Glycine at pH 10.7). 

Absorbance was measured at 405 nm using the Spectramax M5 (Molecular Devices) 

spectrophotometer. 1 unit β-Hexosaminidase corresponds to the amount of enzyme that 

can hydrolyze 1 µmole of 4-Nitrophenyl N-acetyl-β-D glucosaminide per hour at 37 oC. 

Results 

Acute hypoxia elevates extracellular CTSL levels   

To examine the effect of hypoxic exposures on CTSL secretion PC-3ML and 

MDA-MB-231 cells were exposed to1 % O2 for 1-24 hr followed by reoxygenation for the 

remaining time such that the total length of the cycle was 24 h. Compared to normoxic 

control, CTSL secretion in response to hypoxia peaked at about 4 h in both PC-3ML 

and MDA-MB-231 cells and then tapered off to near normoxic levels after about 18 h of 

hypoxia (Figure 3-1 A and B). CTSL secretion in cells chronically exposed to hypoxia 

(24 h) was significantly lower. To elucidate whether increased CTSL synthesis was the 

mechanism through which hypoxia upregulated CTSL secretion, intracellular levels of 

CTSL were determined following exposure to hypoxia. In MDA-MB-231 cells, 

intracellular CTSL levels increased in response to brief exposures to hypoxia followed 

by reoxygenation (Figure 3-1 D). The close association between the synthesis and 

CTSL secretion patterns observed suggests that in these cells the increase in secreted 

CTSL could be due to increased synthesis. However, in contrast, PC-3ML cells showed 

no increase in intracellular CTSL levels in response to hypoxic exposures (Figure 3-1 

C). In fact, upon chronic (24 h) hypoxic exposure, intracellular CTSL levels were found 

to be lower than those observed under normoxic conditions.  

The increase in CTSL secretion by PC-3ML cells which occurred in the absence 

of an increase in de-novo CTSL synthesis, suggested that hypoxia prompted the 
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release of pre-synthesized CTSL from their repositories. Studies in hepatic and 

myocardial ischemia - reperfusion models have reported that hypoxia-reoxygenation 

can trigger the lysosomes to undergo exocytosis (221). We therefore determined 

whether hypoxia affects the subcellular location of lysosomes in PC-3ML and MDA-MB-

231 cells using the endosomal / lysosomal marker protein LAMP-1. The results (Figure 

3-1 E) showed that in contrast to their mainly peri-nuclear localization observed in 

normoxic cells, lysosomes in cells exposed to 1 % O2, trafficked towards the plasma 

membrane. These observations suggest that hypoxia activates the lysosomes to 

redistribute, fuse with the plasma membrane, and release their content (including CTSL) 

into the extracellular milieu. To biochemically validate the release of lysosomal content 

in response to hypoxia-reoxygenation exposure, we measured the activity of lysosomal 

enzyme β-hexosaminidase in media of cells exposed to hypoxia for 1-18 hr and 

reoxygenated for 24 h (black bars) (Figure 3-1 F). The results showed that exposure to 

hypoxia followed by reoxygenation led to a significant and time-dependent increase in 

β-hexosaminidase enzyme release. In concert with CTSL secretion pattern, lysosomal 

exocytosis peaked in cells exposed to hypoxia for 4 h and reoxygenated for 24 h (~3 

fold).  Cells that were chronically (24 h) exposed to hypoxia and not reoxygenated (grey 

bar) showed a significant drop in lysosomal exocytosis despite lysosomal re-distribution. 

Acute acidosis increases extracellular CTSL levels in both prostate and breast 
cancer cells  

Since cells in solid tumors commonly experience an acidic extracellular condition, 

we also evaluated the impact of acidic culture medium (pH 6.8) on CTSL secretion in 

PC-3ML and MDA-MB-231 cells. In comparison to cells maintained at pH 7.4, tumor 

cells exposed acutely to an acidic extracellular environment, secreted increased 
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amounts of CTSL (Figure 3-2 A and B). This increase peaked at 4h, dropped to control 

cell levels at 18 hr exposure, and fell below control levels in cells chronically exposed to 

acidosis (24 h).  Mechanistically, Western blot analysis revealed that in response to 

acute exposures to pH 6.8, intracellular CTSL levels increased in MDA-MB-231 cells 

(Figure 3-2 D). Furthermore, the close association between CTSL secretion and 

synthesis patterns in MDA-MB-231 cells suggested that the observed increase in 

secreted levels could at least in part be due to increased synthesis. Acidosis did not 

however upregulate CTSL synthesis in PC-3ML cells.  

Like hypoxia, acidosis also triggered the lysosomal redistribution and trafficking 

toward the cell periphery (Figure 3-2 E). PC-3ML and MDA-MB-231 cells that were 

acutely exposed to acidic conditions and then restored to neutral pH, showed a 

significant increase in the release of β-hexosaminidase enzyme (Figure 3-2 F and G) 

while cells that were chronically exposed to acidic conditions, showed decreased 

exocytosis. Consistent with CTSL secretion results, lysosomal exocytosis peaked in 

cells acutely exposed to acidic pH for 4 h and re-incubated under neutral conditions for 

24 h (2.9-fold increase).   

Acute hypoxia and acidosis increase tumor cell aggressiveness 

To assess whether the enhanced secretion of CTSL in response to acute 

exposures to hypoxia and acidic environments affects metastatic phenotype, their 

impact on PC-3ML and MDA-MB-231 cell migration and invasion was determined. 

Acute hypoxic exposures of 1 to 6 h significantly increased the migratory potential of 

PC-3ML cells (Figure 3-3 A); peaking at 4 hr (~3 fold increase). Similarly, MDA-MB-231 

cells that were acutely exposed to hypoxia also showed a significantly enhanced 

migratory capacity (~3 fold). Longer exposures to hypoxia reduced the migratory 
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potential in both cell lines. Similar results were obtained using a wound healing assay to 

assess migration of cells into a denuded area (Figure 3-5 B). Short term hypoxic 

exposures (2-6 hr) also significantly enhanced (1.9- and 2.5-fold, respectively at 4 hr) 

the invasive capacities of PC-3ML and MDA-MB-231 cells (Figure 3-3 C and D). 

In terms of acidic extracellular microenvironments, both transwell and wound 

healing assays (Figure 3-3 E and F) showed the migratory capacities of PC-3ML and 

MDA-MB-231 cells to be significantly enhanced by acute (4 hr) acidic exposure and 

hampered by prolonged (24 hr) acidic exposures. Consistent with the cell migration 

results, acute exposure to pH 6.8, specifically 4 hr, enhanced the invasive potential of 

PC-3ML and MDA-MB-231 cells 1.8- and 4-fold respectively. 

KGP94 abrogates hypoxia and acidosis triggered invasiveness in prostate and 
breast cancer cells 

To determine whether KGP94 treatment could impair the enhanced tumor cell 

aggressiveness conferred by acute hypoxic and acidic exposures, the impact of this 

agent on the invasive capacity of PC-3ML and MDA-MB-231 cells pre-exposed to 1 % 

O2 or pH 6.8 was determined (Figure  3-4). The results showed that in the presence of 

KGP94, the enhanced invasiveness of both PC-3ML and MDA-MB-231 cells was 

reduced below basal invasion levels observed under normoxic conditions (PC-3ML, 50 

% reduction at 10 µM; 63 % reduction at 25 µM; MDA-MB-231, 80 % reduction at 10 

µM; 92 % reduction at 25 µM). Similarly the enhanced invasive potential of tumor cells 

exposed to an acidic environment was significantly attenuated in the presence of 

KGP94 (PC-3ML, 20 % reduction at 10 µM and 50 % reduction at 25 µM; MDA-MB-231, 

47% reduction at 10 µM and 72 % reduction at 25 µM). 
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Discussion 

Tumor cells rely primarily on secreted extracellular proteases to facilitate invasion 

through extracellular matrix (81, 207). One such enzyme, cathepsin L (CTSL) has been 

strongly implicated in the metastatic spread of tumor cells (22, 106). It is overexpressed 

in a wide range of human cancers including carcinomas of the pancreas, brain, skin, 

breast and prostate (50) and has prognostic value in predicting relapse free and overall 

survival (119, 121). CTSL also has been linked with skeletal morbidities of bone 

metastases; common occurrences in both prostate and breast cancer patients (149). 

The association of CTSL with metastasis, disease relapse, and skeletal adversities, 

provides a compelling rationale for targeting this proteolytic enzyme to improve 

treatment outcomes and quality of life of advanced prostate and breast cancer patients 

(5, 149).  

Unlike the well oxygenated and near neutral pH conditions maintained in cell 

culture systems, the microenvironment within most solid tumors is hypoxic and acidic in 

nature (113, 114). These very aberrant physiological conditions have been known to 

confer and further augment the metastatic capacities of tumor cells (114, 115, 218). In 

light of the possible role of CTSL in the metastatic process, we investigated whether 

hypoxic and acidic microenvironmental conditions might influence CTSL function in 

prostate and breast cancer cells. The results showed that CTSL secretion is significantly 

upregulated by acute but not chronic exposures to hypoxia and acidosis (Figure 3-1 and 

3-2). In concert with the enhanced CTSL secretion, brief exposures to hypoxia or 

acidosis also led to significant enhancement of the metastatic attributes such as 

migration and invasion (Figure 3-3 and 3-4). The relative importance of acute versus 

chronic hypoxic effects on the metastatic phenotype noted here is consistent with 



 

64 

observations made in experimental metastasis models which showed transient 

exposures to hypoxia or acidosis to promote metastasis to a greater extent than chronic 

exposures (219, 220, 222).  

Mechanistically we postulated that in response to hypoxia and acidosis, 

lysosomes undergo exocytosis and release their contents, including CTSL, into the 

extracellular space. Indeed, prior studies had shown that tumor cell lysosomes undergo 

exocytosis during acidic exposure (223).  In our investigations we observed that hypoxic 

and acidic exposures led to anterograde trafficking of lysosomes, but this alone did not 

result in a remarkable increase in the release of lysosomal content. It was the 

restoration of normoxia or neutral pH that triggered lysosomal exocytosis. Moreover, 

while the migratory and invasive capacities of PC-3ML and MDA-MB-231 cells were 

significantly hampered under hypoxic or acidic conditions, restoration of normoxic or 

neutral pH conditions dramatically increased their metastatic phenotype. These findings 

concur with prior studies of Cuvier et al. (118) who reported that rodent KHT-LP1 and 

SSC-VII tumor cells showed increased CTS L+B activity and increased invasiveness 

only upon reoxygenation and no enhanced invasiveness when exposed to prolonged 

(24 h) acidosis. Furthermore, studies in hepatic ischemia reperfusion models reported 

that while brief hypoxia followed by reoxygenation confers cytoprotection by inducing 

lysosomal exocytosis in hepatocytes, hepatocytes subjected to prolonged hypoxia 

without reoxygenation lost viability because their lysosomes failed to exocytose (221).  

The close association between CTSL secretion patterns and invasive and 

migratory tumor cell behavior noted in the present investigations (Figure 3-3) suggests 

that CTSL may be a key player in hypoxia and acidosis triggered enhanced metastatic 
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aggressiveness. Selective targeting with the small molecule CTSL inhibitor KGP94 

effectively impaired the hypoxia and acidosis potentiated pro-metastasis behavior in 

both breast and prostate cancer cells (Figure 3-4). Taken together, the ability of KGP94 

to attenuate the metastatic phenotype of tumor cells experiencing normal physiological 

or aberrant microenvironmental conditions lends further credence to the pursuit of CTSL 

targeting strategies as means to impede the dissemination of tumor cells. Although 

clearly encouraging, the in-vitro findings reported here await in-vivo validation studies of 

KGP94 for the advancement of CTSL intervention strategies to the treatment of 

metastatic prostate and breast cancers.  
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Figure 3-1.  Acute exposure to hypoxia enhances CTSL secretion. A and B) CTSL 
secreted levels in PC-3ML and MDA-MB-231 cells exposed to hypoxic 
conditions (1% O2) for the indicated durations followed by reoxygenation for a 

total time of 24h. Secreted CTSL levels were determined by ELISA on cell 
conditioned media and normalized to cell numbers. Shown are mean and 
standard error values calculated from three independent experiments. (*) 
p<0.05, (**) p<0.005, (***) p<0.001 C and D) Western blot analysis of PC-3ML 
and MDA-MB-231 cells exposed to hypoxia for various durations. E) 
Lysosomal localization in response to exposure to hypoxia was determined by 
immunostaining for lysosomal marker protein LAMP-1. F) The effect of 
hypoxia and reoxygenation on exocytosis of lysosomal content was 
determined by quantifying the lysosomal marker enzyme β-Hexosaminidase 
activity in the media. Results from three independent experiments are shown. 
(*) p<0.05, (**) p<0.01.  
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Figure 3-2.  Acute exposure to an acidic extracellular environment enhances CTSL 
secretion. A and B) CTSL secretion levels in PC-3ML and MDA-MB-231 cells 
pre-exposed to acidic conditions for the indicated durations followed by 
incubation under neutral pH conditions for  24h. Secreted CTSL levels were 
determined by performing ELISA on cell conditioned media and normalized to 
cell numbers. Results from three independent experiments are shown. (*) 
p<0.05, (**) p<0.01. C and D) Western blot analysis of PC-3ML and MDA-MB-
231 cells exposed to 6.8pH for various durations. E) Effect of acidic exposure 
on lysosomal localization in response to acidic extracellular condition was 
determined by immunostaining for lysosomal marker protein LAMP-1. F) 
Exocytosis of lysosomal content was determined by quantifying of β-
Hexosaminidase activity in conditioned media. Results are mean and 
standard errors from three independent experiments.  (*) p<0.05, (**) p<0.01. 
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Figure 3-3.  Acute hypoxia and acidosis augments metastatic phenotype. A) PC-3ML 
and MDA-MB-231 cells were exposed to 1% O2  for indicated durations and 

then allowed to migrated under normoxic conditions. The number of migrated 
cells was quantified 24h later. Mean and standard error from three 
independent experiments are shown. (***) p<0.0001. B) PC-3ML monolayers 
were exposed to hypoxic conditions following which a scratch was made on 
the monolayers. Cells were incubated under normoxic conditions and imaged 
24h later. C and D) PC-3ML and MDA-MB-231 cells were seeded into 
invasion inserts and exposed to hypoxia for indicated durations. 24h later, 
invaded cells were stained and counted. Mean and standard error are shown. 
(*) p<0.05, (**) p<0.005, (***) p<0.001.  E) PC-3ML and MDA-MB-231 cells 
were briefly exposed to 6.8pH, maintained under neutral conditions for 24h 
and the number of migrated cells was quantified.  Mean and standard errors 
for three independent experiments are shown. (**) p<0.005, (***), p<0.0001. 
F) Wound healing in response to acidic extracellular condition was assessed 
as mentioned in 5B. G and H) PC-3ML and MDA-MB-231 cells were exposed 
to pH 6.8 for indicated durations and seeded into invasion inserts. 24h later, 
invaded cells were stained and counted. Mean and standard error are shown. 
(*) p<0.05, (***) p<0.001. 
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Figure 3-4.  KGP94 suppresses acidosis and hypoxia triggered invasiveness. A and B) 
PC-3ML and MDA-MB-231 cells were exposed to hypoxic conditions for 4h. 
Cells were seeded into invasion inserts and allowed to invade for 24h in the 
presence of indicated doses of KGP94. Results from three independent 
experiments are shown. (***) p<0.0001. C and D) PC-3ML and MDA-MB-231 
cells were exposed to pH 6.8 for 4h, seeded into invasion inserts and allowed 
to invade for 24h in the presence of indicated doses of KGP94. (*) p<0.05, (**) 
p< 0.01. 
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CHAPTER 4 
TUMOR ANGIOGENESIS: THE ROLE OF CATHEPSIN L AND ITS THERAPEUTIC 

INTERVENTION BY THE SMALL MOLECULE INHIBITOR KGP94 

A significant proportion of breast cancer patients harbor clinically undetectable 

micrometastases at the time of diagnosis. If left untreated, these micro-metastases may 

lead to disease relapse and possibly death. Like primary tumor, the growth of 

metastases is also driven by angiogenesis. This chapter explores the contribution of 

CTSL to breast cancer angiogenesis and further evaluates the anti-angiogenic efficacy 

of KGP94. 

Background 

Breast cancer is the most prevalent cancer and the second leading cause of 

cancer deaths in women (2). Metastatic disease continues to be the primary cause of 

treatment failure, high mortality and poor quality of life in breast cancer patients. This 

realization has stoked an unprecedented interest in the development of agents that 

impair metastatic spread of tumor cells. While it is critical to disrupt tumor cell 

dissemination, it is equally important to retard the expansion of established micro-

metastases in order to achieve a durable inhibition of metastatic progression. 

Angiogenesis, the process of forming new blood vessels from pre-existing 

vasculature is an important hallmark of tumor progression (224). To grow beyond a 

certain critical size, both primary tumors as well distant metastases have to induce new 

vascular supply in order to meet their growing oxygen and nutrient demands. Tumor 

vasculature is immature and highly permeable due to inefficient mural cell coverage, 

discontinuous endothelial cell lining and the lack of a durable basement membrane 

(225). These vascular anomalies thus provide an easy exit route to metastatic tumor 

cells attempting to escape from the primary tumor. In fact, Weidner et al, have 
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demonstrated that tumor microvessel density strongly correlates with metastatic 

incidence in breast cancer patients (226). Thus an effective anti-angiogenic agent would 

not only retard the growth of the primary tumor but could also exert significant anti-

metastatic activity by impairing tumor cell dissemination and growth of metastatic 

lesions. 

Recognition of the dependence of angiogenesis on proteolytic enzymes has 

raised significant interest in evaluation of proteases as potential targets to disrupt tumor 

angiogenesis (227, 228). While the role of cysteine proteases in tumor metastasis is 

well understood, their contribution to tumor angiogenesis remains less explored. 

Cysteine cathepsins, in particular cathepsin L (CTSL) gets upregulated in a wide range 

of human cancers (50). In most normal cells, CTSL is mainly present within the 

lysosomes where it participates in degradative proteolysis of intracellular and 

endocytosed proteins (25). However, transformation dependent CTSL overexpression 

and alterations in trafficking mechanism shunt this lysosomal protease into the secretory 

pathway (38, 40, 69). Secreted CTSL promotes tumor metastasis by degrading several 

components of the basement membrane and extracellular matrix and further amplifies 

the proteolytic cascade by activating latent pro-forms of key metastasis promoting 

proteases (98, 99, 101-103). In fact, CTSL overexpression has been shown to switch 

poorly tumorigenic and non-metastatic human melanoma cells to a highly tumorigenic 

and aggressively metastatic phenotype (107). Conversely, tumor progression studies in 

CTSL-/- mice revealed that CTSL deficiency significantly hampered the progression of 

benign encapsulated pancreatic tumors into highly invasive carcinomas (106). Our 

previous findings have reported that CTSL inhibition significantly impairs invasive 
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capacities of human breast cancer cells (21, 117). While these studies are clearly 

indicative of the importance of CTSL in metastatic progression, they shed little light on 

the involvement of CTSL in the angiogenic process. Thus, the goal of the present 

studies was to assess the contribution of CTSL to breast cancer angiogenesis and to 

evaluate the anti-angiogenic efficacy of KGP94, a specific inhibitor of CTSL.KGP94 is a 

thiosemicarbazone based small molecule inhibitor that reversibly and specifically 

disrupts CTSL activity by blocking its active site (183). 

Methods 

Cell culture 

Human lung microvascular endothelial cells (HMVEC-L) were cultured in EGM2 

MV media supplied by Lonza (CC-3202). MDA-MB-231 breast cancer cells were 

purchased from American Type Culture Collection and grown in Dulbecco’s modified 

enriched medium supplemented with 10 % fetal bovine serum. All cells were maintained 

at 37 0C in a humidified atmosphere of 5 % CO2 in air.  

CTSL knockdown 

6.25 x 105 MDA-MB-231 cells were seeded in a 6 well dish. When the cells 

became 70-80 % confluent, they were transfected with CTSL shRNA plasmids (Origene 

TG305172) using Lipofectiamine LTX plus reagent (Invitrogen) as per manufacturer’s 

instructions. Transfected clones were selected in the presence of puromycin and 

expanded. CTSL knockdown efficiency was tested by performing western blot on whole 

cell lysates and ELISA on cell culture supernatants. Clones exhibiting >80 % 

knockdown efficiency were used for in-vivo and in-vitro studies. 
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Clinical data analysis 

For survival analyses on clinical datasets, we used the KM plotter database 

which integrates gene expression information from TCGA, EGA and GEO microarray 

databases with clinical outcome (229). For progression free, distant metastases free 

and overall survival analyses, patients were stratified into below median and above 

median expression groups and tested for statistical significance using log-rank test. 

Drug preparation 

For in-vitro assays, KGP94 was dissolved in sterile DMSO to obtain a stock 

concentration of 25 mM and stored at -20 0C. For treatment, the stock was further 

diluted in cell culture media to achieve a working concentration of 25 µM. For in-vivo 

assays, KGP94 was sonicated in 10 % tween 80 solution for 30 mins and then diluted in 

1 M HEPES buffer to desired concentrations. The drug was then filter sterilized and 

stored at 4 0C.  

Migration assay 

Migration assays were performed using BD falcon cell culture inserts 

(353097).The bottom of these inserts is a polyethylene terephthalate membrane with 8 

µm pores. 1 x 103 HMVEC-L cells were seeded into these cell culture inserts placed 

within a 24 well plate. Cells were seeded in the presence of desired concentrations of 

purified human CTSL (Calbiochem 219402) and allowed to migrate through the pores in 

the membrane. 24h later, non-migrated cells in the top chamber were scraped off using 

cotton swabs. Cells that had migrated to the other side of the membrane were stained 

with crystal violet and quantified under a light microscope. 
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Invasion assay 

For invasion assays, BD falcon cell culture inserts (353097) were coated with 

matrigel as per manufacturer’s instructions and seeded with 5 x 103 HMVEC-L cells in 

serum free media. Cells were incubated in the presence of indicated concentrations of 

purified CTSL or KGP94 or tumor conditioned media. 24 hr later, non-invaded cells 

were scraped off; invaded cells were stained with crystal violet and counted. 

Sprouting assay 

750 HMVEC-L cells suspended in 4.2 % methylcelluose solution (Sigma, 

viscosity 4000 cP) were seeded per well of a 96 well plate to form endothelial spheres. 

24 hr later the spheres were harvested using a wide bore pipette and centrifuged at 

1300 rpm for 3 mins.  Approximately 48 spheres were suspended in a 2 mg/mL collagen 

solution and added to each well of a 24 well plate pre-coated with 4.2 % 

methylcellulose-and 2 mg/mL collagen mixture. The spheres were incubated at 37 0C 

for 30 min to solidify and embed the spheres within the collagen methyl cellulose matrix. 

30 mins later, 200 µL media containing desired concentrations of purified CTSL or 

KGP94 or tumor conditioned media was added. The spheres were visualized an imaged 

8 hr later using a Zeiss Axioplan 2 microscope. 

Tube formation assay 

200 µL matrigel was added to each well of a 24 well plate and solidified at 37 0C 

for 30 mins. 4 x 104 HMVEC-L cells were seeded on solidified matrigel and in the 

presence of desired concentrations of purified CTSL or KGP94 or tumor conditioned 

media and incubated at 37 0C for 8 hr. Endothelial tubes were quantified and imaged 

using Zeiss Axioplan 2 microscope  
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Proliferations assays 

2.5 x 103 HMVEC-L cells were seeded in a 24 well dish. 48 hr later, the cells 

were treated with desired concentrations of purified CTSL or KGP94. At each time point, 

cell culture media was replaced with WST-1 reagent (Dojindo) in phenol red free media. 

4 hr later viability was determined by measuring the amount of formazan dye formation 

at 450 nm using the Spectramax M5 (Molecular Devices) spectrophotometer 

BrdU incorporation assay was performed using BrdU cell proliferation assay kit 

(Cell Signaling, 6813) as per manufacturer’s instructions. Briefly, 1 x 103 HMVEC-L cells 

were seeded in a 96 well plate. 48 hr later, the cells were treated with desired 

concentrations of purified CTSL and 1X BrdU. 24 hr later, the cells were fixed, 

incubated with detection antibody for 1 hr, washed followed by incubation with HRP 

conjugated secondary antibody for 1 hr. 3,3′,5,5′-Tetramethylbenzidine substrate was 

added and the amount of BrdU incorporation was measured spectrophotometrically at 

450 nm using a Spectramax M5 plate reader. 

Intradermal assay 

Induction of angiogenesis by breast cancer MDA-MB-231 cells and the ability of 

KGP94 to inhibit tumor angiogenesis in-vivo was measured by performing intradermal 

assay as described previously (230). 5 x 105 parental or CTSL knockdown MDA-MB-

231 cells were injected intradermally on the ventral surface of athymic NCR female 

nu/nu mice at four sites. To facilitate easy location of the site of tumor cell inoculation, 

one drop of trypan blue solution was added to impart a light blue color to the cell 

suspension. 10 or 20 mg/kg KGP94 was administered intra-peritoneally on a daily basis. 

3 days later, the mice were euthanized and their skin flaps were removed. Tumor 

angiogenesis was evaluated by counting the number of blood vessels growing into the 
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tumor nodule using a Zeiss Stemi SV 6 dissecting microscope. Tumor nodule images 

were captured using a Leica MZ 16 F camera and Leica Application Suite software 

Results 

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

In order to determine the significance of CTSL upregulation in disease 

progression and survival of breast cancer patients, we examined CTSL expression 

profiles in a microarray compendium of the primary tumor of 1809 breast cancer 

patients with known clinical outcome (229). We observed that patients that expressed 

high levels of CTSL were at a significantly higher risk of relapse, developing metastatic 

disease and death (Figure 1 A-C). CTSL upregulation results in an increase in its 

secretion as demonstrated by the increased serum and urinary CTSL level in various 

cancer settings (74, 75, 77, 80). In order to examine the role of CTSL in tumor 

angiogenesis, we therefore tested whether endothelial cells can secrete CTSL. We 

observed that compared to the large amount of CTSL secreted by MDA-MB-231 breast 

cancer cells, human microvascular endothelial cells (HMVEC-L) barely secreted any 

CTSL (Figure 1D). 

CTSL promotes in-vitro angiogenic properties of endothelial cells. 

Even though endothelial cells did not seem to secrete any CTSL, they are 

exposed to large amounts of tumor secreted CTSL within the tumor microenvironment. 

In order to elucidate whether tumor secreted CTSL can act upon endothelial cells in a 

paracrine manner to elicit an angiogenic response, we tested the effect of purified CTSL 

on various angiogenesis associated endothelial cell function. Since endothelial cells 

depend on proteases to degrade the basement membrane and extracellular matrix as 
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they migrate and invade through the interstitium, we assessed whether CTSL can 

promote the migratory and invasive capacity of endothelial cells. We observed that in 

the presence of CTSL, endothelial cells exhibited a dose dependent increase in their 

ability to migrate and invade through matrigel (Figure 2A and B). While KGP94 had no 

apparent effect on the invasive capacity of naïve endothelial cells, it reduced CTSL 

stimulated invasiveness closer to baseline levels. In an attempt to closely mimic the 

tumor microenvironmental conditions, we assessed endothelial cell invasion in the 

presence of tumor conditioned media. While conditioned media harvested from parental 

MDA-MB-231 cells led a marked increase in endothelial cell invasion, endothelial cells 

that were incubated either with KGP94 or with conditioned media derived from CTSL 

knockdown MDA-MB-231 cells showed a significant reduction in their invasive capacity. 

These results collectively indicate that tumor derived CTSL could significantly enhance 

endothelial cell migratory and invasive capacities. 

Quiescent endothelial cells are held together through tight homotypic vascular E-

cadherin interactions However, in the presence of proangiogenic factors, endothelial 

cells dissolve their VE-cadherin contacts to form new vascular sprouts in the direction of 

the pro-angiogenic stimulus (231). Certain proteases have been shown to facilitate 

sprouting by degrading the obstructive extracellular matrix as these sprouts penetrate 

into the interstitium to form new vessels (232). Hence, we tested the effect of CTSL on 

the sprouting of endothelial spheres embedded within a collagen matrix. Both purified 

CTSL and tumor conditioned media led to a dramatic increase in endothelial sphere 

sprouting in a dose dependent fashion (Figure 3A and B). In order to tease out the 

contribution of CTSL to tumor conditioned media stimulated sprouting, we incubated 
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endothelial spheres in presence of conditioned media harvested from CTSL knockdown 

MDA-MB-231 cells. Both CTSL deficiency and KGP94 led to a significant reduction in 

tumor conditioned media or purified CTSL stimulated endothelial sprouting. 

The newly formed vascular sprouts elongate, branch out and connect with 

neighboring sprouts to form an extensive capillary network. This step of the 

angiogenesis process can be evaluated in-vitro using the tubule forming assay (233). In 

the presence of extracellular matrix such as Martigel, endothelial cells orient themselves 

to form a capillary like network that resembles the capillary bed in-vivo (Figure 4A and 

B). Endothelial cells that were incubated with either purified CTSL or tumor conditioned 

media showed a striking increase in their tube forming capacity. Both pharmacological 

and genetic ablation of CTSL led to a dramatic decrease in extent of tube formation  

Next, we tested the effect of CTSL on endothelial cell proliferation which 

comprises an important endothelial cell pro-angiogenic response. Endothelial cells were 

exposed to various concentrations of purified CTSL and their proliferation was assessed 

over a period of 96 hr (Figure 5A). Compared to the control group, endothelial cells that 

were incubated in the presence of CTSL showed a marked increase in viability in a 

dose dependent fashion. In order to confirm that the increase in viability was indeed due 

to increased cell proliferation, we quantified the extent of DNA synthesis. Endothelial 

cells incubated in the presence of CTSL showed a significant increase in bromo-

deoxyuridine uptake indicating an increase in DNA synthesis and thus, cell proliferation. 

These results collectively suggest that CTSL facilitates various aspects of the 

angiogenic process including endothelial cell sprouting, migration and invasion through 

extracellular matrix, capillary like tube formation and proliferation. 
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CTSL ablation suppresses tumor angiogenesis in-vivo 

Encouraged by these in-vitro findings, we next tested the contribution of CTSL to 

tumor angiogenesis in vivo. Parental as well as CTSL knockdown MDA-MB-231 breast 

cancer cells were intradermally inoculated into the ventral skin flaps of female nude 

mice. Compared to untreated mice, tumor nodules in mice that were treated with 10 or 

20 mg/kg KGP94 showed a significant reduction in their vessel count. Similarly, 

compared to the empty vector control, tumor nodules formed using CTSL knock down 

tumor cells showed a significant decrease in their angiogenic capacity thus suggesting 

that CTSL is a major player in breast tumor angiogenesis  

Discussion 

During the course of tumor progression, expression profiles of several genes get 

significantly altered. While some of these alterations are key to malignant progression, a 

majority of them represent bystander effect and thus do not contribute to tumorigenicity. 

Hence we first evaluated the relationship between CTSL expression status and the 

survival and metastatic incidence in breast cancer patients. The strong association 

between CTSL upregulation and disease relapse and metastatic incidence suggested 

that CTSL over-expression is not a mere passenger effect but a key factor driving 

breast cancer progression and metastatic aggressiveness. 

While several genetic and pharmacological CTSL intervention approaches have 

proven beyond doubt that CTSL targeting holds significant anti-metastatic potential, it 

remains unknown whether CTSL targeting would also yield anti-tumor effects in a breast 

cancer setting. Although the role of CTSL in tumor angiogenesis remains less explored, 

several clinical and experimental findings are strongly suggestive of its involvement in 

the angiogenic process. In patients with coronary heart diseases, the formation of 
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collateral coronary vessels as an alternative source of blood supply aids the recovery of 

the heart from ischemic insult. In these patients, plasma CTSL level serves as an 

important biomarker for rich collateral vessel formation (234). CTSL is also highly 

expressed in human abdominal aortic aneurysm lesions and gene knockout studies 

have revealed that CTSL plays an important role in aneurysm development by 

promoting pathological angiogenesis, inflammatory cells recruitment, and aortic wall 

matrix degradation (235). Key proangiogenic factors such as vascular endothelial 

growth factor (VEGF) and fibroblast growth factor (FGF) have been shown to induce 

CTSL expression. Keerthivasan et al. identified a 47 base pair VEGF responsive 

element in CTSL promoter region and demonstrated that VEGF serves as a 

transcriptional activator of CTSL in glioblastoma cells (42). A strong positive correlation 

between VEGF and CTSL expression status has been reported in adult chronic myeloid 

leukemia and pediatric acute myeloid leukemia patients (55, 185). In fact, CTSL 

upregulation was associated with inferior event free and overall survival of these AML 

patients (185). Similarly, bFGF has been reported to promote cysteine cathepsin 

expression in various pathological conditions involving angiogenesis such as intraocular 

angiogenesis and ischemic diseases (214, 236). Development and progression of 

glomerulosclerosis is characterized by podocyte detachment from the glomerular 

basement membrane. Both bFGF and PDGF have been shown to promote podocyte 

secretion of CTSL to facilitate degradation of glomerular basement membrane (43). 

Angiogenesis is a complex and dynamic process that progresses through a 

multitude of tightly controlled events including vascular sprouting, endothelial cell 

migration and invasion through the extracellular matrix, tube formation and proliferation. 
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We observed that both purified and tumor derived CTSL led to a significant 

enhancement of these angiogenesis associated endothelial cell functions. Conversely, 

CTSL ablation using KGP94 or knockdown approach resulted in a significant 

impairment of tumor angiogenesis. These results are in agreement with previous 

observations made in melanoma studies. Intra-tumoral gene delivery of single chain 

variable fragment CTSL neutralizing antibody resulted in a marked reduction in 

tumorigenicity, growth and angiogenesis of human melanoma xenografts (110).  

In addition to angiogenesis, CTSL has also been implicated to participate in 

alternative mechanisms of vascularization such as vasculogenesis. During the process 

of vasculogenesis, bone marrow derived endothelial progenitor cells are recruited to the 

hypoxic tissue to form de-novo blood vessels. Gene expression analysis of endothelial 

progenitor cells in ischemic disease models revealed that their pro-angiogenic effects 

are primarily mediated by CTSL (237). CTSL was critical for the integration of circulating 

endothelial progenitor cells in to hypoxic tissues and both pharmacological and genetic 

ablation of CTSL impaired neovascularization of ischemic tissues. 

Previous studies with CTSL and MMP inhibitors have shown that inactivation of 

CTSL and MMP proteolytic function severely impairs the extracellular matrix 

degradative capacity of endothelial cells (238, 239). CTSL mediated augmentation of 

endothelial cell sprouting, tube formation and invasion through collagen or matrigel may 

therefore be attributed to its proteolytic effects on extracellular matrix components. 

However, the mechanism behind CTSL stimulated endothelial cell proliferation remains 

obscure. A recent study in ischemic disease model may perhaps shed some light on 

this unanticipated CTSL function. Proteomic analysis identified CTSL to be the most 
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significant mediator of bFGF stimulated angiogenesis (214). bFGF over-expression in 

skeletal muscle cells enhanced CTSL secretion which in turn triggered endothelial cell 

migration by activating JNK signaling pathway. MMPs have also been reported to 

activate transforming growth factor β pathway and epidermal growth factor receptor 

signaling to promote tumor angiogenesis (240, 241). CTSL stimulated endothelial cell 

proliferation could thus potentially be a downstream effect of activation of cell signaling 

pathways. 

In conclusion, CTSL upregulation is associated with poor clinical outcomes of 

breast cancer patients. Our study has demonstrated that CTSL plays a key role in tumor 

angiogenesis by activating various angiogenesis associated endothelial cell functions 

such as migration, invasion, sprouting, tube formation and proliferation. KGP94 

treatment led to a significant suppression of CTSL stimulated angiogenic properties of 

endothelial cells and also inhibited tumor angiogenesis in-vivo. These findings warrant 

gene expression analysis to determine the mechanism behind CTSL stimulated 

activation of endothelial cell proliferation. The anti-invasive property of KGP94 

combined with its anti-angiogenic function could be of significant benefit in the treatment 

of breast cancer patients. 
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Figure 4-1.  CTSL upregulation in breast cancer. A-C) Kaplan Meier plots of overall, 

relapse free and distant metastases free survival using the KM plotter meta-
analysis database. Breast cancer patients were stratified on the basis of 
CTSL expression level. Statistical significance was determined using log rank 
test. D) Quantification of CTSL secretion by ELISA on 24 h conditioned 
media. 
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Figure 4-2.  CTSL promotes endothelial cell migration and invasion. A and B) Human 

microvascular endothelial cell (HMVEC-L) transwell migration and invasion 
assays in presence of indicated doses of purified human CTSL. C) CTSL or 
tumor conditioned media stimulated HMVEC-L invasion assay with or without 
KGP94. 

A B 
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Figure 4-3.  CTSL promotes endothelial sphere sprouting. A) Schematic of endothelial sphere sprouting assay. B) 

Representative images of endothelial sphere sprouts upon incubation with indicated doses of purified CTSL or 
tumor conditioned media in the presence or absence of KGP94.  
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Figure 4-4.  CTSL enhances endothelial tube forming capacity. A) Quantification of total 
number of tubes formed by CTSL or tumor conditioned media stimulated 
endothelial cells treated with or without KGP94. B) Representative images of 
tubes from each experimental group.   
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Figure 4-5.  CTSL promotes endothelial cell proliferation. A) Measurement of 
proliferation of endothelial cells exposed to increasing concentrations of purified CTSL 
using WST-1 dye. B) Representative cell density images of endothelial cells stimulated 
with indicated concentrations of CTSL taken 24 h after initial exposure. C) Quantification 
of DNA  synthesis upon 24 h exposure to various concentrations of purified CTSL based 
on extent of BrdU incorporation. D) Measurement of the effect of KGP94 on CTSL 
stimulated endothelial cell proliferation.   

Control 10ng/ml CTSL 100ng/ml CTSL 

 

B 

A 

D 

CTSL (ng/ml) 

C 



 

89 

 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-6.  CTSL inhibition abrogates in-vivo tumor angiogenesis. A) Intradermal assay 

testing the effect of CTSL abrogation through KGP94 treatment or knockdown  
on MDA-MB-231 tumor angiogenesis. n = 16. B) Representative images of 
tumor nodules. 
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CHAPTER 5 
PRE-CLINICAL EVALUATION OF CATHEPSIN L INHIBITOR KGP94 IN A PROSTATE 

CANCER BONE METASTASIS MODEL 

Approximately 90% of advanced prostate cancer patients suffer from bone 

metastases. This chapter evaluates the in-vivo anti-metastatic effects of KGP94 in a 

prostate cancer bone metastasis model. 

Background 

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 

2014 alone, about 233,000 new cases will be diagnosed and 29,480 men will die of 

prostate cancer with the bulk of tumor burden in the bone at the time of death (2). 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 (242). Indeed, the extent of metastatic disease in the bone serves 

as a strong predictor of disease outcome (243). 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 (244, 245). 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. 
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Tumor secreted proteases play significant role in many stages of the tumor cell 

dissemination process including detachment from the primary site, degradation of 

interstitial matrices and basement membrane, intravasation and extravasation across 

the capillary/lymphatic system and activation of latent growth factors to promote 

colonization at the secondary site (4, 5). One such protease cathepsin L (CTSL), a key 

member of the cathepsin family of cysteine proteases has emerged as a promising 

target in strategies seeking to impede the metastatic process (5). CTSL upregulation 

has been reported in a wide range of human cancers including prostate carcinoma (50). 

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 (36, 37). However, tumor cells possess the ability to to shunt this 

lysosomal enzyme into the secretory pathway via a variety of different mechanisms (56-

58, 67, 68, 81-83). Transformation dependent CTSL secretion has been shown to aid 

metastatic dissemination of tumor cells through dissolution of cell adhesion molecules 

and proteolytic degradation of extracellular matrix and basement membrane barriers 

(62, 67, 97, 106, 246, 247). 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 (101-103). Studies including our own have also shown that 

tumor secreted CTSL plays a pivotal role in hypoxia and acidosis triggered metastatic 

aggressiveness of tumor cells (117, 118). The significance of CTSL upregulation in 

malignant progression is further supported by a number of clinical studies reporting a 
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strong correlation between tumor CTSL levels and metastatic incidence, disease 

relapse and overall survival (119-121, 193, 194, 197). 

In addition to promoting tumor cell dissemination, CTSL may also contribute to 

the subsequent development of metastasis associated skeletal morbidities. Although 

osteoclastic CTSL levels are typically low during normal bone remodeling, in the 

presence of tumor cell secreted cytokines osteoclastic CTSL activity increases several 

fold and the enzyme begins to play a significant, non-redundant role in the process of 

pathological bone resorption (125, 139-143, 151, 157, 248). 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 (130, 249). Conceivably, inhibition of CTSL function will disengage this 

vicious cycle and cause not only alleviation of bone resorption, but will also decrease 

the tumor burden in the bone. 

Our previous findings have shown that the small molecule CTSL inhibitor 3-

bromophenyl-3-hydroxyphenyl-ketone thiosemicarbazone (KGP94) significantly 

impedes metastasis associated tumor cell attributes such as migration and invasion 

(117). Thus, 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. 

Materials and methods 

Cell culture 

PC-3ML is a highly metastatic subline isolated from prostate cancer PC-3 cells 

through serial in-vivo selection of bone metastases (202). PC-3ML and mouse pre-

osteoclastic RAW264.7 cells were cultured in HAM’s F12 nutrient mixture and DMEM 
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media respectively supplemented with 10 % FBS . Cells were maintained at 37 oC in a 

humidified atmosphere of 5 % CO2 in air. 

CTSL Knockdown 

1.25 x 105 PC-3ML cells were seeded in a 6 well dish. 48 hr later the cells were 

transfected with CTSL shRNA plasmids (Origene TG305172) using Lipofectiamine 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 >80% knockdown efficiency were used for in-vivo and 

in-vitro studies. 

Drug preparation 

For in-vitro assays, KGP94 was dissolved in sterile DMSO to obtain a stock 

concentration of 25 mM and stored at -20 0C. For treatment, the stock was further 

diluted in cell culture media to achieve a working concentration of 25 µM. 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 0C.  

Bone metastasis assay 

All in-vivo experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of Florida. 1x105 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 20mg/kg KGP94 (at 10 µL per 

gram of mouse) 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 intra-peritoneal administration of D-Luciferin.  
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Histomorphometric analysis 

Mice were euthanized and bones 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 0C. After 

complete decalcification, the bones were kept in a 30 % sucrose solution overnight 

followed by OCT embedding. For quantifying tumor burden, GFP positive areas on 

consecutive bone sections were imaged using a Leica MZ 16 F camera. Tumor area 

was then quantified by outlining the region of interest using ImageJ software.  

Intradermal assay 

Induction of angiogenesis by PC-3ML cells and the ability of KGP94 to inhibit 

tumor angiogenesis were measured by performing the intradermal angiogenesis assay 

as described previously (230). 1 x 105 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 tumor cell inoculation. 10 or 20 mg/kg KGP94 was 

administered IP on a daily basis. 3 days later, the mice were euthanized and their skin 

flaps were removed. Tumor angiogenesis was evaluated by counting the number of 

blood vessels growing into the tumor nodule using a Zeiss Stemi SV 6 dissecting 

microscope. Tumor nodule images were captured using a Leica MZ 16 F camera and 

Leica Application Suite software.  

Osteoclast formation and TRAP staining 

2.85 x 105 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). 4 days later, the cells were fixed and stained for tartarate resistant acid 



 

95 

phosphatase using the acid phosphatase, leukocyte kit (Sigma Aldrich) as per 

manufacturer’s instructions. TRAP positive multinucleate osteoclasts were quantified 

under a Zeiuss Stemi SV 6 dissecting microscope and imaged using a Leica DMI 4000 

B microscope.   

Pit formation assay 

100 µm thick 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 2.85x105 RAW 264.7 cells in the presence of 35 

ng/mL RANKL and 25 µM KGP94. 4 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 by 

outlining the area of interest using the ImageJ software.  

Viability assay 

4.8 x 104 RAW264.7 cells were seeded in a 96 well dish in the presence or 

absence of various concentrations of KGP94 or purified CTSL. 3 days later, cell culture 

medium was replaced with WST-1 reagent (Dojindo) in phenol red free medium. 4 hr 

later viability was determined by measuring the amount of 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 

Following intracardiac injection of luciferase and GFP labeled prostate cancer 

PC-3ML cells, the mice were treated daily with 20 mg/kg KGP94 and metastatic 
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progression was monitored by weekly bioluminescence imaging using the firefly 

luciferase reporter system. 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 (Figure 1A - C). 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 (Figure 1D and E). Further quantification of bone lesions revealed a significant 

decrease in the number of metastatic foci in KGP94 treated mice mediated reduction in 

metastatic burden was at least in part due to a significant decrease in the number of 

metastatic foci (Figure 1F and G). 

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 (Figure 2). The results showed that compared to 

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). For comparison, CTSL knockdown PC-3ML cells induced 72 % fewer 

blood vessels than PC3-ML cells transfected with an empty vector. 

KGP94 suppresses the bone resorptive capacity of osteoclasts 

Progressive growth of bone metastases is strongly dependent on reciprocal 

interactions between tumor cells and bone resorbing osteoclasts and bone forming 

osteoblasts (131). Both osteolytic and osteoblastic metastases secrete osteoclast 
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activating cytokines leading to unrestrained 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. To test whether KGP94 treatment could 

disrupt osteoclast mediated bone resorption by interfering with either osteoclast 

formation or, the osteolytic function of mature osteoclasts we tested the impact of 

KGP94 in murine pre-osteoclastic RAW264.7 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 

RAW264.7 cells undergo fusion and differentiation to form multinucleate, tartarate 

resistant acid phosphatase (TRAP) positive osteoclasts (Figure 3A and B). However, in 

the presence of KGP94, the number of mature osteoclasts was significantly reduced 

and gene expression analysis of osteoclast marker genes confirmed a significant 

inhibition of osteoclast formation (Figure 3C). Viability assay revealed that the reduction 

was not due to a cytotoxic effect of KGP94 (Figure 3D). Next, we investigated the effect 

of CTSL inhibition on the bone resorptive function of mature osteoclast. Compared to 

the RANKL alone controls, RAW264.7 cells stimulated with RANKL in the presence of 

KGP94 showed a significant reduction in their bone pit forming capacity as 

demonstrated by a decrease in toluidine staining intensity (Figure 3E and F). These 

data collectively suggest that KGP94 affects bone resorption by inhibiting both 

osteoclast formation and the osteolytic activity of mature osteoclasts. 
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CTSL promotes osteoclast formation in a synergistic fashion 

While the role of CTSL in pathological osteoclastic activity is well documented, its 

involvement in the osteoclast formation process remains less explored. Thus, in order to 

validate our observations on osteoclast formation in the presence of KGP94, we tested 

the effect of purified CTSL on osteoclastogenesis. While CTSL alone had no impact on 

RAW264.7 cell proliferation or differentiation, combined treatment of CTSL with sub-

optimal concentrations of RANKL led to a striking increase in osteoclastogenesis 

approaching that seen by treatment with 35ng/mL of RANKL (Figure. 4B and C). 

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 (250, 251). Approximately 90% of these advanced prostate 

cancer patients develop bone metastases at which point the disease is considered 

highly incurable (252). While the new generation anti-resorptive agents such as 

bisphosphonates, RANKL quenchers and cathepsin K inhibitors provide effective 

palliative care and reduced morbidity, they exhibit little if any anti-metastatic efficacy 

(253-257). Thus novel therapeutic agents that can serve both as effective anti-

metastatic agents 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 (106, 121, 149, 258). Promising 

outcomes of various CTSL targeting approaches ranging from gene knockout to ectopic 

expression of endogenous inhibitors or antisense, at curbing tumor progression and 
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metastatic disease place further emphasis on the importance of development and pre-

clinical evaluation of effective CTSL targeting agents (106, 129, 167-169, 171). 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 (172, 173). The 

present study investigates the anti-metastatic efficacy of a thiosemicarbazone based 

CTSL specific inhibitor KGP94, which selectively impairs CTSL proteolytic function by 

targeting its active site (179, 183).  

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 (106). Further, 

KGP94 mediated CTSL inhibition has been shown to result in a substantial inhibition of 

tumor microenvironment potentiated metastatic capacity of tumor cells (117). In 

agreement with these findings, our present study shows that CTSL inactivation resulted 

in a significant reduction in metastatic burden in the bone (Figure 1). This decrease in 

tumor burden was associated with a significant decline in metastatic incidence and an 

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 establishment of a constructive interaction with the new 

microenvironment; disruption of any of these processes could result in a similar decline 

in metastatic burden. Hence we explored the various mechanisms through which 
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KGP94 could possibly impair the metastatic process. Since formation of new blood 

vessels is critical to support the nutritional and oxygen demands of metastases, we 

tested whether KGP94 treatment could mediate its anti-metastatic effect through 

inhibition of tumor angiogenesis. Both pharmacological and genetic ablation of CTSL 

were found to lead to a significant reduction in PC-3ML tumor cell induced vasculature 

(Figure 2). Although the role of CTSL in tumor angiogenesis remains poorly understood, 

observations made in other pathological disorders are strongly suggestive of its 

proangiogenic function (214, 237, 239, 259). Rebbaa et al. have demonstrated that 

CTSL inhibition significantly suppressed angiogenesis by repressing endothelial cell 

extracellular matrix digestive capacity (239). 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 (214). 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 

(260-262). These cytokines have been shown to selectively upregulate osteoclastic 
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CTSL synthesis in order to promote active resorption of bone matrix components 

including type I collagen (140, 149, 248). Such osteolytic events in turn release several 

active growth factors stored within the bone matrix to support aggressive growth of 

metastases (263). In the present investigation we demonstrated that KGP94 treatment 

actively interferes with osteoclastic bone resorption. In the presence of KGP94, RANKL 

stimulated osteoclasts exhibited a striking reduction in their pit forming capacity (Figure 

3). 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 (140). Thus CTSL 

knockout mice displayed a marked resistance to osteoporosis upon ovariectomy (35). 

Pharmacological intervention of CTSL also yielded similar suppression of bone 

resorption in osteoporotic mice (264). In addition to the anticipated decline in bone 

resorption, KGP94 also led to a drastic impairment of the osteoclast formation process 

(Figure 3). 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 (265). 

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. Antisense 

targeting of a closely related protease namely, Cathepsin K which is also the 
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predominant osteoclastic protease led to a similar reduction in osteoclast formation 

suggesting of a shared underlying role for cathepsins in the osteoclast differentiation 

process (266). In order to validate our observations on osteoclast formation in the 

presence of KGP94, we tested the effect of purified CTSL on osteoclastogenesis. While 

CTSL alone had no impact on RAW264.7 cell proliferation or differentiation, combined 

treatment of CTSL with sub-optimal concentrations of RANKL led to a striking increase 

in osteoclastogenesis approaching that seen by treatment with 35ng/mL of RANKL 

(Figure 4B and C). 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  

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 

(132, 267). In addition to cancer induced osteolysis, standard of care cytotoxic, 

glucocorticoid and androgen deprivation therapies have been proven to accelerate bone 

loss (162, 268, 269). 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. 

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 
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anti-resorptive effects of KGP94. Thus, selective CTSL inhibition by the small molecule 

agent KGP94 has the potential to significantly alleviate metastatic disease progression 

and associated skeletal morbidities in prostate cancer patients. 
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Figure 5-1.  KGP94 reduces metastatic incidence and tumor burden in the bone. A) 

Bioluminescence images of mice inoculated with luciferase labeled PC-3ML 
prostate cancer cells. Representative images of median mice from control 
and KGP94 treated group . B) Bone metastases burden in control and KGP94 
treated mice measured based on bioluminescence. n = 10 mice. C) Kaplan 
Meier survival curve of bone metastases bearing mice treated with or without 
20 mg/kg KGP94. D) Metastatic tumor burden in median mice from control 
and KGP94 treated group based on GFP imaging. E) Representative GFP 
and H&E images of bone metastases from each experimental group. F and 
G) Total number of metastases in mice treated with or without KGP94 
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Figure 5-2.  CTSL inhibition impairs tumor angiogenesis. A) Intradermal assay testing 

the effect of KGP94 treatment on PC-3ML tumor angiogenesis. n ≥ 12.  B) 
Representative images of tumor nodules 
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Figure 5-3.  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 absence of KGP94.  B) 
Representative images from each experimental group. C) Relative expression 
of osteoclastogenesis marker genes in the presence of KGP94. D) Effect of 
KGP94 on osteoclast precursor cell viability. E) Percent area of bone 
resorbed by RANKL stimulated osteoclasts treated with or without KGP94. F) 
Representative images of bone slices stained with O-toluidine for evaluating 
the extent of pit formation by osteoclasts under indicated conditions.   

 



 

109 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

RANK Nfatc-1 
C 

KGP94 (25µM) 

R
A

N
K

L 
(3

5
n

g/
m

l)
 

- 

- 

B 



 

110 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

D E 

control RANKL RANKL + 25uM KGP94 
F 



 

111 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-4.  CTSL promotes osteoclast formation in a synergistic fashion. A) Effect of 

various concentrations of purified CTSL on osteoclast percursor cell 
proliferation.B) Quantification of TRAP+ multinucleate osteoclasts 4 days after 
stimulation with indicated concentrations of purified CTSL and RANKL. C) 
Representative images from each experimental group  
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CHAPTER 6 
SUMMARY AND FUTURE DIRECTIONS 

The research presented here explored the involvement of cysteine protease 

CTSL in various aspects of metastatic progression and evaluated the therapeutic 

efficacy of a small molecule CTSL inhibitor KGP94. Our observation of a strong 

association between secreted CTSL level and invasive capacity of prostate and breast 

cancer cells and the suppressed metastatic capacity of CTSL deficient cells implicated 

the significance of CTSL in tumor cell dissemination process. The striking imbalance 

between secreted CTSL and endogenous inhibitor cystatin C levels provided a 

compelling rationale for the use of synthetic CTSL inhibitor as a means to curb 

metastatic capacity of tumor cells. Our results showed that treatment with small 

molecule CTSL inhibitor KGP94 led to a significant decrease in secreted CTSL activity 

paralleled by inhibition of two critical attributes of a metastatic tumor cell namely, 

migration and invasion.  

Although CTSL upregulation has been widely associated with metastatic 

aggressiveness, its activity and function under conditions prevalent within the tumor 

microenvironment remained unexplored. Hence, we evaluated the effect of hypoxia and 

acidosis on CTSL level and metastasis associated functions. We observed a significant 

upregulation of CTSL secretion in response to both hypoxia as well as acidosis; 

particularly in response to acute rather than prolonged exposures. This upregulation 

was achieved either through increased intracellular levels or exocytosis of lysosomal 

contents including CTSL into the extracellular milieu or, a combination of both 

mechanisms depending on the tumor type. Elevated CTSL secretion was also 

paralleled by an increase in migratory and invasive capacities of tumor cells. These 
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findings were consistent with the observations made in experimental metastatic models 

that a transient exposure to hypoxia or acidosis promotes metastasis to a greater extent 

than chronic exposures. The ability of KGP94 to suppress tumor microenvironment 

potentiated metastatic capacities of prostate and breast cancer cells further validated 

the therapeutic value of KGP94 as an anti-metastatic agent. 

A significant proportion of prostate and breast cancer patients harbor overt 

metastases and clinically undetectable micrometastases at the time of diagnosis. If left 

untreated, these micro-metastases may lead to disease relapse and possibly death. 

Therefore, in addition to inhibiting tumor cell dissemination, an effective anti-metastatic 

agent should also be able to suppress the growth of these pre-established micro-

metastases. Since the growth of both primary tumor as well as distant metastases is 

dependent on the formation of oxygen and nutrient supplying blood vessels, we tested 

whether CTSL participates in tumor angiogenesis. We observed that both purified and 

conditioned media derived CTSL stimulated in-vitro angiogenic functions such as 

endothelial cell sprouting, migration, invasion, tube formation and proliferation. KGP94 

treatment resulted in a significant suppression of CTSL stimulated angiogenic 

properties. Similarly, both pharmacological and genetic intervention of CTSL led to 

significant suppression of in-vivo tumor angiogenesis across both prostate and breast 

cancer models. While CTSL mediated augmentation of endothelial cell sprouting, tube 

formation and invasion through collagen or matrigel could be attributed to its proteolytic 

effects on extracellular matrix components, its role in endothelial cell proliferation 

remains obscure. Some gene expression and signaling pathway analyses are currently 
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underway to unravel the mechanism through which CTSL stimulates endothelial cell 

proliferation. 

Bone metastases are frequently associated with debilitating morbidities such as 

unbearable bone pain, pathological fractures and nerve compression syndromes which 

severely impinge on the survival and quality of life. Since these skeletal complications 

are triggered by unrestrained bone resorption and because CTSL has been implicated 

in other bone related pathologies, we tested whether KGP94 can inhibit bone 

resorption. In vitro assessment revealed that KGP94 mediated its anti-resorptive effects 

by inhibiting both osteoclast formation and bone resorptive function of mature 

osteoclasts. These encouraging in-vitro findings await in vivo validation of the anti-

resorptive effect of KGP94 in an intra-tibial bone metastases model. 

Encouraged by the promising outcomes of KGP94 treatment on metastatic 

properties of tumor cells under normal as well as aberrant microenvironmental 

conditions, tumor angiogenesis and bone resorption we tested the in-vivo effects of 

KGP94 on tumor metastasis. Since bone metastases are the primary cause of mortality 

and morbidity in advanced prostate cancer patients, we evaluated the anti-metastatic 

efficacy of KGP94 in a bone metastasis model. KGP94 treatment resulted in a 

significant decrease in metastatic incidence, tumor burden and a significant 

improvement in the overall survival of tumor bearing mice. These effects on metastatic 

burden were attributable at least in part, to the anti-angiogenic and anti-bone resorptive 

functions of KGP94.  

In addition to participating in bulk protein turnover within the lysosomes, CTSL is 

involved in numerous other activities critical to normal tissue functioning. CTSL is 
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responsible for activation of several key pituitary neuropeptides including β-endorphin, 

enkephalin, α-melanocyte stimulating hormone and adrenocorticotropic hormone 

present within zymogenic granules (27-29). CTSL also plays a cardioprotective role 

through inhibition of apoptosis promoting Akt signaling pathway in cardiomyocytes (30). 

The significance of CTSL in normal tissue functioning is reflected by numerous 

pathological conditions that stem from CTSL deficiency such as dilated cardiomyopathy, 

metabolic syndromes, brain atrophy, epithelial hyperplasia and hypotrichosis (31-35). 

While most of these normal tissue functions are furnished by intracellular CTSL, 

metastasis associated functions are mainly mediated through extracellular CTSL. 

Selective targeting of extracellular CTSL could therefore broaden the therapeutic 

window of CTSL inhibition strategies by obviating any toxicity resulting from inhibition of 

intracellular functions.  In fact, the cell impermeable JPM-OEt inhibitor was able to 

achieve a significant inhibition of tumor growth, angiogenesis and invasion without 

exerting any overt normal tissue toxicity (173). 

Long term administration of selective inhibitors of CTSL poses a potential risk of 

therapeutic resistance through compensation by other members of the cathepsin family. 

Thus simultaneous inhibition of CTSL and other critical tumor promoting cathepsins 

could potentially yield a better outcome. Since CTSB has also been shown to promote 

tumor metastasis, it might be valuable to test the efficacy of CTS L+B dual targeting 

agents. Thus such protease inhibition approaches require careful deliberation supported 

by studies in conditional knockout models in order to achieve maximum anti-tumor 

effects while obviating normal tissue toxicity. Studies have shown that CTSL inhibition 

improves the therapeutic window of various chemotherapeutic agents by lowering the 



 

116 

effective concentrations at which they mediate cytotoxic effects (258, 270). Zheng et al., 

demonstrated that CTSL inhibition not only prevents the emergence of a drug resistant 

phenotype but also effectively reverses resistance to various cytotoxic and targeted 

agents including doxorubicin, etoposide, imatinib, trichostatin A and tamoxifen. While 

administration of highest tolerable dose of doxorubicin had no impact on the growth of 

doxorubicin resistant tumors, CTSL inhibitor iCL alone yielded a 40% reduction in tumor 

growth, and combined treatment with iCL and doxorubin restored the sensitivity to 

doxorubicin and led to a 90% reduction in tumor growth. Majority of cancer related 

deaths can be attributed to either inherent or acquired resistance to chemotherapeutic 

or targeted agents. Conceivably, if drug sensitivity restoration by CTSL inhibition could 

be successfully translated to the clinic it might have a significant impact on patient 

outcome. Thus it might be of interest to test the impact of CTSL inhibitors on drug 

resistance. 

Despite the promising results of CTSL inhibition in preclinical models, it has a 

long way to go before it gets ready for being tested in clinical trials. Numerous questions 

on protease targeting raised by the unanticipated outcome of MMP clinical trials need to 

be resolved. One such issue is the development of reliable tools for the identification of 

patients who might serve as candidates for anti-CTSL therapy. While methodologies 

such as CTSL immunohistochemistry of tumor tissue and measurement of CTSL 

level/activity in serum samples have been proposed, it is critical to evaluate the 

reliability of these techniques towards successful identification of patients with increased 

CTSL activity. Recently, activity based probes (ABPs) have been developed as a non-

invasive imaging tool that not only lends itself to patient identification but could also be 



 

117 

used for monitoring treatment response (271, 272). ABPs are comprised of three 

distinct elements namely (i) a reactive warhead that covalently links to the active site of 

target enzyme based on its activity status, (ii) a target recognition motif that confers 

specificity towards its target enzyme and (iii) a reporter tag that enables direct 

visualization of probe labeled proteins. In contrast to the passive measurement of 

protein abundance offered by widely used proteomic tools that depend on antibody 

labeling, ABPs provide a direct readout of the activity status of its target enzyme both in-

vivo and ex-vivo. These features of ABPs allow longitudinal in-vivo assessment of 

response to enzyme inhibitors using non-invasive imaging techniques (272, 273). 

However, most ABPs that have been developed for the assessment of cysteine 

proteinases were designed based on broad spectrum inhibitor warheads and are thus 

not amenable for detection of CTSL alone (271, 272). Like CTSL inhibitors, the 

development of CTSL specific ABP has been hindered by the high degree of similarity 

between the substrate recognition pockets of different members of the cathepsin family. 

However, Torkar et al., recently developed a novel non-cell permeable CTSL specific 

photo-affinity based probe that could be utilized for the measurement of secreted CTSL 

activity ex-vivo (182).  

Although preclinical findings on the role of CTSL inhibition in tumor progression 

look promising, various issues such as comparison of effectiveness of intracellular 

versus extracellular CTSL targeting, patient identification and therapeutic response 

assessment need to be addressed before embarking on clinical trials. 
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