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Abstract

Proteases, including intracellular proteases, play roles at many different stages of malignant 

progression. Our focus here is cathepsin B, a lysosomal cysteine cathepsin. High levels of 

cathepsin B are found in a wide variety of human cancers, levels that often induce secretion and 

association of cathepsin B with the tumor cell membrane. In experimental models, such as 

transgenic models of murine pancreatic and mammary carcinomas, causal roles for cathepsin B 

have been demonstrated in initiation, growth/tumor cell proliferation, angiogenesis, invasion, and 

metastasis. Tumor growth in transgenic models is promoted by cathepsin B in tumor-associated 

cells, for example, tumor-associated macrophages, as well as in tumor cells. In transgenic models, 

the absence of cathepsin B has been associated with enhanced apoptosis, yet cathepsin B also has 

been shown to contribute to apoptosis. Cathepsin B is part of a proteolytic pathway identified in 

xenograft models of human glioma; targeting only cathepsin B in these tumors is less effective 

than targeting cathepsin B in combination with other proteases or protease receptors. 

Understanding the mechanisms responsible for increased expression of cathepsin B in tumors and 

association of cathepsin B with tumor cell membranes is needed to determine whether targeting 

cathepsin B could be of therapeutic benefit.

Keywords

Cancer; Cathepsin B; Cysteine proteases

1 Introduction

Proteases perform essential functions in such processes as ovulation [1,2], fertilization [3], 

bone remodeling [4], cell migration [5–8], inflammation [9–12], angiogenesis [13,14], and 

apoptosis [15–18]. Proteases not only perform nonspecific roles, such as hydrolysis of 

dietary proteins by pancreatic proteases [19], but also act as processing enzymes that can 

perform highly selective and limited cleavage of substrates as seen for such proteases as 

calpains [20]. Changes in the expression patterns of proteases underlie numerous human 

pathological processes, including arthritis [21–23], neurodegenerative disorders [24, 25], 
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inflammatory processes [9], and cardiovascular diseases [26]. Critical functions for 

proteases in a wide variety of cancers have been identified as evidenced by the more than 

7000 reviews on this topic to date. There are approximately 600 proteases in the human 

genome [27] that are classified as aspartic, cysteine, metallo, serine, or threonine.

Cathepsin B (EC 3.4.22.1), a lysosomal cysteine protease that is structurally similar to the 

papaya enzyme papain [28], is one of 11 human cysteine cathepsins (B, C, F, H, L, K, O, S, 

V, W, X/Z). All the members of the family have been identified in the human genome and 

characterized molecularly and structurally (for review, see [29]). Cathepsin B is expressed 

constitutively and linked to general protein turnover in lysosomes. Cathepsin B is 

synthesized on the rough endoplasmic reticulum (RER) as a preproenzyme of 339 amino 

acids [30, 31] with a signal peptide of 17 amino acids (Fig. 1). The signal peptide directs the 

protein into the lumen of RER where the signal peptide is removed and an inactive 43/46 

kDa precursor form, procathepsin B, is formed. Procathepsin B is then transported through 

the RER to the Golgi apparatus where it is glycosylated at two asparagine residues by 

mannose-containing oligosaccharides with phosphorylated mannose residues. The 

phosphorylated protein binds to mannose-6-phosphate receptors in the trans-Golgi network 

and is transported to lysosomes via transport vesicles. The propeptide functions as an 

inhibitor as well as to stabilize the enzyme. In the acidic environment of lysosomes, 

procathepsin B can undergo autocatalytic activation as a result of proteolytic cleavage and 

dissociation of the propeptide, leading to formation of active cathepsin B. Alternatively, 

cathepsin B can be activated by cathepsin D, an aspartic protease [32], and the serine 

proteases cathepsin G, urokinase-type plasminogen activator (uPAR), tissue-type 

plasminogen activator, and elastase [33, 34]. The removal of the propeptide along with six 

amino acid residues from the C terminus generates a 31 kDa mature single chain form of 

cathepsin B. A proteolytic cleavage between residues 47 and 50 and excision of the 

dipeptide generates the double chain form consisting of a heavy chain of 25 kDa and a light 

chain of 5 kDa (Fig. 1) [30, 31, 35, 36].

Structurally, cathepsin B is a bilobal protein with cysteine, histidine, and aspartic acid 

forming active site of the enzyme at the interface between the two lobes [37]. Cathepsin B 

can function as an endopeptidase, cleaving internal peptide bonds, as well as an 

exopeptidase (carboxydipeptidase activity) [37, 38]. This dual activity is due to the presence 

of an occluding loop that interferes with access of substrates to the active site [39]. At acidic 

pH, the occluding loop partially blocks the active site of the molecule preventing large 

substrates from entering the active site, yet allowing access of synthetic substrates or the 

carboxy terminus of proteins. Thus, cathepsin B has carboxydipeptidase activity at acidic 

pH. At neutral pH, the loop is displaced and no longer blocks the active site, therefore large 

substrates can enter the active site and cathepsin B can function as an endopeptidase [39,40].

2 Regulation of cathepsin B

Cathepsin B is regulated at multiple levels from transcription through posttranslational 

processing and trafficking to activation and inhibition. High levels of expression of 

cathepsin B at both transcriptional and protein levels have been observed in cancers, for 

example, esophageal [41], gastric [42], prostate [43], glioblastoma [44, 45], breast [46]. 
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Cathepsin B, a single copy gene located on chromosome 8p22, spans about 27 kilo-bases in 

the genome [47]. In Barrett’s esophagus, a premalignant lesion, there is amplification of 

cathepsin B as a result of its location within a novel amplicon [41]. Multiple promoters for 

the gene have been identified, including in glioma [47]. Upstream of exon 1 is a 2.2 kilobase 

promoter region that is rich in GC content, yet lacks the characteristic TATA and CAAT 

boxes. This region has six specificity protein 1 (Sp1) binding sites, four E-twenty six (Ets) 

binding sites, and one enhancer box (E-box) that regulate transcription (Fig. 2) [45]. Ets1, 

Sp1, and Sp3 have been shown to activate transcription of cathepsin B [45]. Elevated levels 

of cathepsin B in cancers thus correlate with Sp1 and Sp3 proteins being high in cancer cells 

and tissues [48]. Ets1 is a proto-oncogene that enhances invasiveness of carcinoma cells and 

endothelial cells and is predictive of poor prognosis [49]. In breast cancer, Etsl is 

overexpressed [50], is elevated in drug resistant cell lines [51], and regulates matrix 

metalloproteinases (MMPs) that are associated with an invasive phenotype [52]. The E-box 

in the cathepsin B promoter region is indispensable for promoter activity [53,54]. Upstream 

stimulatory factors (USFs) increase or repress expression of cathepsin B by binding to the E-

box [53, 54]. Intriguingly, USFs are stress-responsive transcription factors [55] and can 

modulate hypoxia-inducible factor mediated transcription [56], which has been linked to 

metastasis of breast cancers [57]. In the case of cathepsin B, expression is increased by 

binding of USF1 and USF2 to the E-box and repressed by binding of USF2c, an 

alternatively spliced form of USF2 [54].

Posttranscriptionally, cathepsin B is regulated by alternative splicing. Thirty-five splice 

variants and 27 protein products have been identified (Ensembl). Two 5’ splice variants of 

cathepsin B are found commonly in pathologies, such as cancer and osteoarthritis [58]. One 

mRNA lacks exon 2 (i.e., splice variant CB(−2)) and encodes full-length enzyme, but is 

translated twice as efficiently as the unspliced transcript [59]. This may be due to exon 2 

deriving from an Alu element [60] as Alu sequences have been shown to affect gene 

expression [61]. The second common mRNA is lacking exons 2 and 3 (i.e., splice variant 

CB(−2,3)). Exon 3 encodes the signal peptide and the first 34 of the 62 amino acids of the 

propeptide that includes the glycosylation site for binding to mannose phosphate receptors. 

Therefore, translation of CB(−2,3) produces a truncated form of cathepsin B that does not 

traffic to the endosomal-lysosomal compartment [59]. Mehtani et al. [62] demonstrated that 

in vitro translation of CB(−2,3) results in a product that can be folded into an active 

protease. On the other hand, Baici et al. have shown that CB(−2,3) cannot be properly folded 

in situ and thus truncated cathepsin B is catalytically inactive [58, 63]. Truncated cathepsin 

B is targeted to mitochondria [64] at which location the enzyme is involved in cell death 

[58]. Alternative splicing of cathepsin B to transcripts lacking exon 2 or exons 2 and 3 in 

cancer and osteoarthritis is likely related to the increased expression of cathepsin B protein 

in these pathologies as well as to the changes in cathepsin B forms and in its trafficking, 

both intracellularly and pericellularly, in these pathologies.

In cancers, cathepsin B is found in lysosomes that are perinuclear as well as in vesicles 

throughout the cytoplasm and at the cell periphery [65, 66]. Subcellular fractionation of 

tumors established that cathepsin B sediments with both other lysosomal enzymes and 

plasma membrane markers [67]. Cathepsin B has been localized to the surface of oncogene 

transformed cells, for example, MCF10AneoT breast epithelial cells [66], and of a variety of 
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cancer cells [68–70]. Activity-based probes for cysteine cathepsins label tumor cell surface 

cathepsin B have shown that in cathepsin B deficient tumor cells another cysteine cathepsin, 

that is, cathepsin X, replaces cathepsin B on the tumor cell surface [71]. One of the 

mechanisms responsible for association of cathepsin B with the tumor cell surface is binding 

of cathepsin B to the light chain of the annexin II heterotetramer, which localizes to 

caveolae in the tumor cell membrane [72–74]. Proteases and receptors of the plasminogen 

cascade also bind to the annexin II heterotetramer, suggesting a role for the annexin II 

heterotetramer in the induction of proteolytic cascades. Both procathepsin B and active 

cathepsin B are secreted from tumor cells [75–78]. The secretion of cathepsin B can occur 

through shedding of membrane vesicles, microvesicles, or exosomes [79, 80]. For further 

discussion of potential mechanisms for tumor cell surface binding of cathepsin B, see 

Mohamed and Sloane [81].

The final step of regulation of cathepsin B is at the level of activity through endogenous 

cysteine protease inhibitors, the cystatins (for reviews, see [82–86]). Cystatins are 

subdivided into three families as follows: cystatin 1, 2, and 3 [86]. The type 1 and 2 

cystatins are single chain polypeptides. Type 1 cystatins, that is, cystatins A and B (also 

called stefins), are approximately 100 amino acids and are found mainly in the cytoplasm. 

Type 2 cystatins, for example, cystatins C, D, E/M and S, are approximately 120 amino acid 

residues and are secreted. Type 3 cystatins are multidomain, high molecular mass proteins 

(60–120 kDa), such as kininogens. Although cystatin A (stefin A) can inhibit cathepsin B, it 

is less effective against cathepsin B than against cathepsins L, V, and S due to the presence 

of the occluding loop in cathepsin B [87]. Cathepsin B is also inhibited by cystatin B (stefin 

B) [85] and cystatin C [87]. Low mRNA and protein levels of cystatin B are detected in 

atypical as compared to benign meningioma along with high protein levels of cathepsin B 

[88]. Changes in the expression of cystatins A and E/M have also been observed in 

advanced stage prostate and breast cancers, respectively [89–91]. These examples indicate 

that changes in expression of endogenous inhibitors in malignancy may affect activity of 

cathepsin B.

3 Cathepsin B and malignancy

Cathepsin B as a cysteine cathepsin often linked to cancer progression is considered a 

potential therapeutic target (for review, see [29,35,81,92–99]). Elevated levels of cathepsin 

B have been observed by both genomic and proteomic analyses (for reviews, see [93, 100]). 

In a proteome analysis, Ebert et al. [42] found that cathepsin B is overexpressed in 60% of 

gastric cancer patients. Elevated cathepsin B serum levels were present in advanced stage 

patients as compared to healthy individuals. Proteomic studies of breast, thyroid, and 

colorectal cancers also found increases in cathepsin B protein [101–103].

The finding that the expression of cathepsin B is high in many different tumors led to the 

hypothesis that this enzyme plays a causal role in progression of these tumors. Supporting 

this hypothesis are studies in which expression of cathepsin B has been downregulated by 

antisense, siRNA and shRNA technologies, studies that verified roles for cathepsin B at 

various stages of tumor development (Fig. 3). In brain tumors, Rao and his colleagues have 

performed a comprehensive analysis of the roles played by cathepsin B, downregulating 
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cathepsin B alone or in combination with members of other proteolytic pathways (for 

reviews, see [92, 98, 99]). Antisense downregulation of cathepsin B has also been shown to 

reduce motility and invasion of osteosarcoma cells [104] and shRNA downregulation of 

cathepsin B to reduce degradation of type I collagen in vitro and bone metastasis in vivo in a 

murine mammary carcinoma model [105]. Downregulation of cathepsin B in conjunction 

with downregulation of other proteases/protease receptors has shown that cathepsin B is part 

of a proteolytic network that involves MMPs and the plasminogen activator cascade. In 

meningioma, down-regulation of cathepsin B and MMP9 reduces growth in vivo and 

reduces growth, invasion, angiogenesis, and regulation of downstream kinase signaling 

pathways in vitro [106], whereas downregulation of cathepsin B and uPAR reduces 

transforming growth factor β1 (TGF) induced signaling and invasion [107]. In glioma, 

inhibition of α3β1 integrin and the tetraspanin CD151 occurs when cathepsin B and uPAR 

are downregulated [108]. Other pathways implicated in cancer progression have also been 

shown to be linked to decreased expression of cathepsin B, for example, downregulation of 

secreted protein acidic and rich in cysteine [109], annexin A2 [110], β1-integrin [111], 

caveolin [73]. In myeloid tumor cells, increases in cathepsin B expression that are mediated 

by TGF-β1 enhance their carcinogenic potential [112]. Overexpressing cathepsin B and 

uPAR in meningioma cells in which the two proteases had been knocked down rescues 

phosphorylation of focal adhesion kinase and angiogenesis [113]. Similarly, overexpression 

of cathepsin B in mammary cancer cells increases their invasiveness in vitro and tumor 

progression in vivo [114, 115]. These studies thus establish that overexpression of cathepsin 

B promotes a malignant phenotype.

In vivo models have been used to establish causal roles for cathepsin B at multiple points 

during the development of tumors, that is, initiation, proliferation, angiogenesis, invasion, 

inflammation, apoptosis, and metastasis. Joyce and colleagues observed that, when 

cathepsin B knockout mice are crossed with a transgenic model for pancreatic islet cell 

carcinogenesis, there is a reduction in tumor initiation, proliferation, angiogenesis, and 

invasion [116]. In this model, genetic ablation of cathepsin B results in an increase in 

apoptosis [116]. In a model for squamous cell carcinoma, cathepsin B did not promote 

tumor development; however, another cysteine cathepsin, that is, cathepsin C, did [117]. 

Thus, there appear to be tissue specific roles for cysteine cathepsins, including cathepsin B, 

in promoting malignancy. In similar studies in which cathepsin B knockout mice are crossed 

with a transgenic model for mammary carcinoma, Peters, Reinheckel, and colleagues [71, 

118] demonstrated a role for cathepsin B in initiation, proliferation, invasion, and metastasis, 

including a role for macrophage cathepsin B in metastasis of the mammary carcinomas to 

the lungs. Cathepsin B does not have any effect on tumor necrosis factor (TNF) mediated 

apoptosis in this transgenic mammary tumor model [118]. However, in in vitro systems 

selective damage to lysosomal membranes (using lysosomotropic reagents like L-leucyl-L-

leucine methyl ester) induces release of lysosomal proteases, including cathepsin B. This 

leads to cathepsin B mediated cleavage of proapoptotic Bid to tBid and release of 

cytochrome c from mitochondria [119]. Cathepsin B has also been reported to cleave 

antiapoptotic proteins, such as Bcl-2, Bcl-xL, and Bak, thereby inactivating them [120]. 

Cathepsin B thus plays a role in TNF-triggered and caspase-initiated apoptotic cascades 

[121, 122] as well as in TNF-related apoptosis-inducing ligand mediated apoptosis [123]. 
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Spesetal. [124] have however recently reported that cysteine cathepsins, while involved, are 

not critical for TNF-related apoptosis-inducing ligand mediated apoptosis. These studies do 

not support those in vivo studies demonstrating that cathepsin B loss results in increased 

apoptosis and would be consistent with cathepsin B playing antagonistic roles in apoptosis, 

roles that will need to be defined for each cell type and tissue and that may change with 

malignant progression.

In order to evaluate whether high levels of cathepsin B alter malignant progression, mice 

overexpressing human cathepsin B have been crossed with the mouse mammary tumor virus 

polyoma middle T antigen transgenic mouse model of mammary carcinoma [115]. 

Mammary tumors in the double transgenic mice exhibit a 20-fold increase in cathepsin B 

activity and grow faster [115]. Lung metastases in these mice are larger and more frequent, 

supporting a tumor-promoting role for cathepsin B [115]. Using a double transgenic model 

in which human cathepsin B is overexpressed in either the mammary tumor cells, the 

stromal cells, or both cell types, Bengsch et al. [114] demonstrated that promotion of tumor 

progression is due to overexpression of cathepsin B in the tumor cells. In contrast, 

overexpression of cathepsin B in macrophages creates a microenvironment that is 

permissive for tumor growth, but does not directly affect the invasive phenotype [114]. 

Another example of a paracrine action of cathepsin B has been shown for invasion of 

esophageal epithelial cells. This invasion is mediated as a result of activation of fibroblasts 

by TGF-β1 [125], which is activated by cathepsin B [126]. Thus, cathepsin B is playing a 

critical role in crosstalk between tumor cells and other cells in the tumor microenvironment, 

in some cases resulting in increased invasion and in others being permissive for tumor 

growth.

There is an extensive literature indicating a role for proteolytic pathways and the ability of 

one protease to compensate for the loss of another, including striking evidence in transgenic 

models of compensation for the loss of cathepsin B. In a transgenic mouse model of 

pancreatic ductal adenocarcinoma, cathepsin B deficiency delays progression of 

premalignant lesions and pancreatic carcinoma [127]. In these, tumors cathepsin L is 

upregulated, thus compensating for the loss of cathepsin B. In the mouse mammary tumor 

virus polyoma middle T antigen mammary carcinoma model, there is compensation not just 

for a loss of cathepsin B, but specifically for the loss of cathepsin B on the tumor cell 

surface. Cathepsin X is redistributed to the tumor cell surface of cathepsin B deficient 

mammary carcinoma cells [71]. Cathepsin X in contrast to cathepsin B is exclusively a 

carboxypeptidase and thus these findings would be consistent with tumor cell surface 

cathepsin B functioning as a carboxypeptidase. The ability of cathepsin X to compensate for 

loss of cathepsin B has also been observed in premalignant intestinal polyps that form in 

mice with a truncated adenomatous polyposis coli gene [128]. Knockdown of cathepsin B 

reduces polyposis and infiltration of myeloid-derived suppressor cells (MDSCs), yet 

increases expression of cathepsin X. An important role for cathepsin B in MDSC also has 

been observed in two mouse models of pancreatic neuroendocrine carcinogenesis [129]. In 

these tumors ablation of MMP-9 results in homing of cathepsin B expressing MDSC to the 

invasive front of the tumors. Cathepsin B in MSDC is thus compensating for the absence of 

MMP-9 in tumor cells, indicating that proteases of different classes can compensate for one 
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another and that a protease in one cell type can compensate for a protease in another cell 

type, an observation that emphasizes the critical role played by the tumor microenvironment.

A noncellular aspect of the tumor microenvironment is the generation of an acidic 

microenvironment around solid tumors [130–133]. This is relevant to cathepsin B as this 

“lysosomal enzyme” is optimally active at slightly acidic pH [36]. Furthermore, secretion of 

cathepsin B from malignant cells can be increased by exposing the cells to a slightly acidic 

extracellular pH [69, 134]. In collaborative studies with the Gillies laboratory, we have 

shown that tumor invasion occurs in regions of low pH and established a role for cathepsin 

B in the acid-mediated invasion [135]. We have recently demonstrated that increased 

degradation of the basement membrane protein type-IV collagen at acidic pH is mediated by 

cathepsin B [137]. The pattern of pericellular degradation of type-IV collagen observed is 

consistent with an active role for tumor cell surface cathepsin B, perhaps cathepsin B bound 

to the light chain of the annexin II heterotetramer in caveolae and on invadopodia [136]. 

Based on our studies in breast cancer and building on those of Cardelli and colleagues on 

prostate cancer [137], we propose a model wherein extracellular acidosis is transduced via 

acid-stimulated ion channels into a signal impinging on the phosphoinositide 3-kinase 

pathway, microtubules, and RhoA to promote the secretion of cathepsin B at the acidic and 

invasive edges of tumors, thus, enhancing matrix degradation and tumor invasion.

4 Conclusion

We do not yet have a thorough understanding of all the functions of cathepsin B, including 

all the functions of this highly promiscuous protease [36] in cancer. Targeting this enzyme 

may thus reveal yet unknown roles for cathepsin B in cancer and may result in unexpected 

findings that reflect the specificity of the inhibitors for cathepsin B or compensatory 

mechanisms, such as elevation in levels/membrane association of cathepsin X as discussed 

above [71, 128]. Preclinical studies in mouse tumor models have shown that targeting 

cathepsin B, along with other cysteine cathepsins, with broad-spectrum inhibitors can be 

efficacious. This is the case in pancreatic islet tumors [138, 139], yet is not true in mammary 

tumors as a result of tissue differences in inhibitor bioavailability [140]. On the other hand, 

clinical use of broad-spectrum inhibitors for cysteine cathepsins is likely to encounter the 

same problems that were found in clinical trials of MMP inhibitors, that is, that some 

proteases protect against tumor development [97]. In the case of cysteine cathepsins, 

cathepsin L has been shown to be protective in two mouse models of skin carcinogenesis, 

one transgenic and one chemically induced [141, 142]. A highly selective inhibitor of 

cathepsin B, CA074, has been shown to reduce metastasis of a syngeneic mouse mammary 

tumor to bone [105]. Nonetheless, given the compensatory changes observed in other 

cysteine cathepsins in mice deficient in cathepsin B [71, 118, 127], use of an inhibitor that is 

highly selective for cathepsin B may not prove to be effective over the extended time frame 

needed for treatment in the clinic. Studies by Rao and colleagues on brain tumors [15, 106–

108, 113] suggest that cathepsin B is part of a proteolytic cascade that involves proteases of 

several classes and thus that targeting cathepsin B as well as other protease pathways, for 

example, the plasminogen cascade through uPAR, is needed. Another type of combination 

therapy that has been shown to have efficacy is the use of chemotherapeutics and broad-

spectrum cysteine cathepsin inhibitors, which greatly reduces both growth and invasion of 
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murine pancreatic islet tumors [138]. Whether cathepsin B will prove to be a druggable 

target requires further information as we do not yet know whether cathepsin B is an 

appropriate therapeutic target in a given tumor type or for an individual patient or when 

during the course of tumor progression that anticathepsin B therapies might prove most 

effective. We do not know whether the functions of cathepsin B are dynamic and change 

during the course of malignant progression; whether the cathepsin B playing critical roles in 

malignant progression comes from tumor cells, tumor-associated cells, or both, factors that 

need to be considered in designing therapeutic strategies; the mechanisms by which 

cathepsin B is affected by interactions of the tumor with both its cellular and noncellular 

microenvironment; etc. Elevated expression of cathepsin B can be documented at the 

transcript and protein levels in many tumors, as described here. This elevated expression 

does not, however, necessarily translate into elevated activity as cathepsin B is synthesized 

as an inactive proenzyme that requires activation. In addition, as noted, there are changes in 

tumors in the expression of endogenous cysteine protease inhibitors that impact cathepsin B 

activity. Of note is that elevated activities of cathepsin B at the membrane of tumor cells can 

be used in activating prodrugs to treat tumors. This has been shown recently in a preclinical 

study of the efficacy of a cathepsin B cleavable doxorubicin prodrug against hepatocellular 

carcinoma, in which the prodrug reduced metastasis and exhibited less toxicity than 

doxorubicin [143]. Clearly further studies defining the multiple and temporal roles of 

cathepsin B in cancer as well as its cellular localization and interactions with other pathways 

that contribute to malignancy are needed if cathepsin is to be targeted therapeutically.
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Abbreviations

E-box enhancer box

Ets E-twenty six

MDSC myeloid-derived suppressor cells

MMP matrix metalloproteinase

RER rough endoplasmic reticulum

Sp specificity protein

TGF transforming growth factor

TNF tumor necrosis factor

uPAR urokinase plasminogen activator receptor

USF upstream stimulatory factors
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Figure 1. 
Schematic of cathepsin B protein depicting the signal sequence, propeptide, and single chain 

and double chain forms. Cathepsin B is compared with other cysteine cathepsins that are 

implicated in cancer progression. Number of amino acids for each domain is indicated in 

boxes: cathepsin B [31], cathepsin X/Z [144], cathepsin L [145], cathepsin V [146], 

cathepsin S [147].
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Figure 2. 
Diagram of cathepsin B promoter. The promoter of cathepsin B is compared to promoters of 

other cysteine cathepsins that are implicated in cancer progression. These promoters are GC 

rich, do not have a well-defined transcription start site (lack a TATA-box), and have 

multiple transcription factor binding sites: cathepsin B [60, 148], cathepsin X/Z [149], 

cathepsin L [150], cathepsin V [151], cathepsin S [147]. Bakhshi et al. [152] and Seth et al. 

[153] have described two alternative cathepsin L promoters with several putative 

transcription factor binding sites, but here we depict three sites that Jean et al. [150] 

confirmed to interact with transcription factors. EBS, Ets binding site.
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Figure 3. 
Cancers and stages of initiation and progression in which cathepsin B has been demonstrated 

by in vivo experimentation to play a causal role. See text for further details; names of 

cancers are shown italics; cartoon is adapted from [97].
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