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Abstract
Cysteine cathepsins are a family of lysosomal proteases that are often upregulated 

in various human cancers, and have been implicated in distinct tumorigenic processes 
such as angiogenesis, proliferation, apoptosis and invasion. During cancer progression, 
cathepsins are often translocated to the cell surface of tumor cells or are secreted into 
the extracellular milieu, where they can promote tumor invasion through several possible 
mechanisms. First, they can directly cleave components of the extracellular matrix and 
basement membrane, essentially clearing a path for the migration of tumor cells away 
from the primary tumor mass. Second, at the cell membrane, cathepsins can direct a 
proteolytic cascade in which they activate other proteases such as matrix metallopro‑
teinases and urokinase plasminogen activator, which in turn promote invasion. Finally, 
cleavage of the cell adhesion protein, E‑cadherin, at the cell surface can disrupt adherens 
junctions and thus facilitate cancer cell migration and invasion. Therefore, cathepsins are 
now emerging as major players in tumor progression, making them potential drug targets 
for a wide range of human cancers.

Metastatic progression still remains the biggest challenge facing the development of 
effective therapies for the treatment of cancer today. In fact, the majority of patients with 
solid tumors die not because of their primary tumor burden, but due to the formation of 
metastases at distant sites. Metastasis is a complex process consisting of a series of discrete 
steps, leading to the spread of malignant cells to new locations, typically far from where 
the primary cancerous mass formed. The first step in the process is invasion of tumor cells 
into the surrounding tissue, resulting from alterations in cell‑cell adherence, changes in 
anchorage to the stroma and modifications to the extracellular matrix (ECM). Proteolysis 
plays a crucial role in this initial step of invasion through the cleavage of proteins involved 
in mediating adherence to neighboring cells, such as E‑cadherin, thereby promoting the 
ability of solitary cancer cells to break away from the bulk of the tumor and migrate. 
Additionally, protein degradation can promote invasion when it is directed toward compo-
nents of the ECM itself, thus creating a path for the invading tumor cells and facilitating 
their access to the circulation. Local invasion is then followed by limited degradation of 
the basement membrane (BM), a specialized sheet of ECM underlying all epithelial cells, 
and intravasation into the blood or lymphatic vessels. Again, proteases play important 
roles in allowing the migrating cells to traverse the vessel walls and enter the circulation, 
where they are transported until the metastatic destination is reached. Tumor cells that 
are endowed with the ability to survive in the circulation and extravasate at the secondary 
location may survive to establish a metastatic lesion. Proteolysis can help the cancer cells 
at this step as well by remodeling the tissue at the metastatic site through cleavage of ECM 
components, which not only facilitates expansion of the tumor mass, but also stimulates 
tumor growth, invasion and angiogenesis through the release of growth factors embedded 
in the surrounding matrix.

Given the critical importance of proteolysis at multiple stages in the metastatic cascade, 
identifying the precise mechanisms and key players that contribute to this process should 
further the development of novel therapeutic agents and treatment regimens. Several 
protease families have been implicated in invasion due to their ability to directly degrade 
components of both the basement membrane and the surrounding ECM, thereby allowing 
cancer cells to escape the primary tumor mass. Until recently, most of the attention in the 
field of proteolysis and cancer was focused on the matrix metalloproteinases (MMPs)—a 
family of 23 endopeptidases that have been implicated in many aspects of tumor progres-
sion including invasion and metastasis.1,2 The serine protease urokinase plasminogen 
activator (uPA) has also been associated with cancer spread through the activation of a 
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proteolytic cascade, ultimately resulting in ECM degradation.3 By 
comparison, relatively little is known about the contribution of 
cysteine proteases, such as cathepsins, to cancer. In recent years there 
have been several reports describing their involvement in distinct 
tumorigenic processes in vivo that require proteolysis; namely angio-
genesis, invasion and metastasis,4‑8 and it is now becoming clear that 
cysteine cathepsins play pivotal roles in cancer progression.

The human cysteine cathepsin family comprises 11 members (Cat 
B, C, F, H, L, K, O, S, V, W, X/Z), all of which share a conserved 
active site that is formed by cysteine and histidine residues.9 Some 
of the proteases are endopeptidases; others are exopeptidases, while 
some possess both enzymatic activities,10 resulting in potentially 
distinct substrate preferences for individual cathepsins. All cathepsins 
are synthesized as inactive precursors, which are typically activated in 
the acidic environment of the lysosomes. Historically, the major func-
tion of cathepsins was thought to be restricted to terminal protein 
degradation in the lysosomes, which is not an exclusive property of 
any one cathepsin. However, the results from generation of knockout 
mice have revealed additional physiological roles for specific cathep-
sins. For example, cathepsin S was shown to be important for MHC 
class II‑associated antigen processing and presentation.11 On the 
other hand, mice deficient for cathepsin L have epidermal hyperplasia, 
periodic hair loss and develop cardiomyopathy with age, indicating 
the importance of that particular protease in skin morphogenesis, 
hair cell cycle and heart function.12,13 Cathepsin C is known to be a 
processing enzyme involved in the activation of several serine prote-
ases such as granzyme A and B; thus mice in which this cathepsin 
is deleted have defects in cytotoxic T cell‑induced apoptosis.14 The 
phenotype of cathepsin B null mice is very subtle and these animals 
can only be distinguished from their littermates when subjected to 
experimental pancreatitis and liver injury, to which they are resis-
tant.15,16 Although all of the individual cathepsin knockout mice 
engineered to date are viable and fertile, when mice are mutant for 
both cathepsin B and L, they die shortly after birth with severe brain 
atrophy associated with selective neuronal loss in the cerebral cortex 
and in the cerebellar Purkinje and granule cell layers,17 implicating 
redundant actions of both enzymes in the maturity and integrity of 
the postnatal central nervous system.

In addition to their involvement in normal physiological processes, 
several cathepsins have also been implicated in cancer progression. 
Many studies have reported the increased expression, activity and 
mis‑localization of individual cathepsins in human cancers. Cathepsin 
upregulation has been reported in cancers of both epithelial and 
mesenchymal origin, including breast, brain, lung, gastrointestinal, 
colorectal cancer and melanoma among others (reviewed in refs. 
18 and 19). Moreover, increased expression of certain cathepsins 
has diagnostic and prognostic value in several types of cancer. 
For example, elevated cathepsin B expression correlates with poor 
prognosis in lung, breast, ovarian, brain, head and neck cancer and 
melanoma (reviewed in ref. 19). Similarly, increased cathepsin L 
activity has been observed in multiple tumor types and can be used as 
a prognostic indicator of shorter survival rates in patients with breast, 
colorectal and head and neck cancers.18 Recently, we found that both 
cathepsin B and L are also implicated in human pancreatic endocrine 
tumors.6 Using a tissue microarray composed of 80 lesions, including 
primary pancreatic endocrine neoplasms and associated metastases, 
we demonstrated that these two proteases are progressively upregu-
lated as pancreatic cancers become more malignant. Cathepsin B 
expression was particularly intense in invasive cancer cells as well as 
in pancreatic tumor cells that had metastasized to the lymph nodes, 

suggesting a role for this protease in the metastatic cascade. Cathepsin 
B has been observed at the invasive tumor margin in samples from 
patients with other cancers as well,20,21 indicating that members 
of the cysteine cathepsin family are not innocent bystanders in the 
tumorigenic process, but are actively involved in promoting cancer 
cell invasion and metastasis.

Following these initial observations, numerous studies have estab-
lished the importance of some members of the cathepsin family in 
mediating tumor invasion using in vitro assays. Most reports have 
focused on cathepsins B and L since these are also the two members 
of the family most commonly found to be upregulated in human 
cancers. Downregulation of cathepsin B expression using siRNA in 
several different cancer cell lines resulted in decreased motility and 
invasion, as assessed by Matrigel assays.22,23 Similarly, inhibition 
of cathepsin activity using broad spectrum or cathepsin B‑specific 
inhibitors also diminished invasion in vitro.24,25 Conversely, over-
expression of cathepsin B in a weakly metastatic melanoma cell line 
increased invasion through reconstituted Matrigel ECM at least 
three‑fold.23 Analogous studies have been performed for cathepsin L 
and yielded similar results. Human melanoma cells stably transfected 
with a single chain variable segment from an anti‑cathepsin L mono-
clonal antibody showed impaired invasiveness in Matrigel as well as 
diminished metastatic properties in an experimental lung metastasis 
assay.26 Downregulation of cathepsin L by RNAi in a glioma cell 
line also decreased invasion in transwell Matrigel assays.27 These 
studies have collectively confirmed the clinical correlation between 
elevated expression of certain cathepsins and advanced malignancy 
in multiple cancers.

While such reports have consistently documented a role for 
cathepsins B and L in invasion in vitro, functional analyses of 
cathepsin involvement in tumorigenesis in animal models have 
been limited. Several recent studies using mouse models of cancer 
have now provided critical in vivo evidence supporting the role of 
cathepsin family members in promoting cancer progression and inva-
sion. Cathepsins B, C, H, L, S and X were shown to be upregulated 
in the RIP1‑Tag2 mouse model of pancreatic islet cell cancer using 
microarray expression profiling.4 Furthermore, using a fluorescently 
tagged probe to detect the active form of the proteases, it was deter-
mined that there was an increase in the activity of cathepsins in vivo, 
particularly at the invasive tumor margins. Treatment of mice with 
a broad‑spectrum cathepsin inhibitor led to a significantly reduced 
tumor burden and a decrease in the invasiveness of the resulting 
lesions. This study was extended to a mouse model of human 
cervical cancer, in which the human papillomavirus 16 oncogenes 
are expressed under the keratin 14 promoter, where a comparable 
increase in cathepsin activity was visualized in vivo.4 Similarly, in a 
conditional K‑rasG12D mouse lung adenocarcinoma model, upregu-
lation of cathepsin B, H and L was observed at the protein level in 
the tumors, while expression in normal tissues was below the level of 
detection.28 These reports have demonstrated that the upregulation 
observed in human cancer samples is replicated in mouse models, 
thus warranting the use of such experimental systems to investigate 
cathepsin involvement in tumorigenesis.

While the above studies showed the general importance of the 
cathepsin family in cancer progression in animal models, an essential 
question that remained was which of the eleven cathepsins are the 
key players in tumorigenesis. In particular, the individual importance 
of these proteases in key processes such as tumor cell proliferation, 
apoptosis, angiogenesis and invasion was unclear. We proposed a 
model that integrated the stage‑specificity of increased expression 
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of individual cathepsins, with the tumorigenic processes required at 
these different steps in cancer progression. This allowed us to make 
a number of predictions regarding the possible function(s) of indi-
vidual cathepsins, based on their temporal and spatial expression.5 
We recently tested this model using a genetic approach to determine 
the individual functions, if any, of cathepsin B, C, L and S in cancer.6 
We crossed mice null for each of the four cathepsins to RIP1‑Tag2 
(RT2) mice to determine the role of each protease in pancreatic 
islet cell cancer. We showed that RT2 mice null for cathepsin B, L 
or S had a significantly reduced tumor burden, as summarized in 
(Table 1). We found that deletion of cathepsin B or S reduced tumor 
angiogenesis, while cathepsin B or L knockouts had decreased tumor 
cell proliferation. Critically, deletion of any one of the three cathep-
sins resulted in decreased tumor invasion with a shift towards more 
benign lesions.6 The importance of cathepsin B in tumor growth and 
metastasis has also been established in the polyoma middle T antigen 
(PyMT) mouse model of mammary cancer.7 It was determined that 
deleting one or both alleles of cathepsin B in MMTV‑PyMT mice 
delayed mammary tumor growth and decreased the formation of 
lung metastasis. Interestingly, cathepsin X, another member of the 
cathepsin family, was found to partially compensate for the absence 
of cathepsin B, and its inhibition by a neutralizing antibody caused 
an even further reduction in invasion of cathepsin B null PyMT cells 
in culture. Therefore, while individual cathepsins clearly contribute 
to tumor growth and metastasis, collectively inhibiting several 
pro‑tumorigenic family members might prove to be a more successful 
therapeutic strategy in potentially treating human cancers. However, 
more research is needed to determine the general applicability of 
these findings, for example by investigating a wider range of preclin-
ical models, before the administration of broad‑spectrum or specific 
inhibitors in a clinical setting.

The contribution of cathepsins to invasion in both human and 
murine cancers is well documented, although the precise mechanisms 
through which cathepsins are exerting their effects is still under 
active investigation. In normal cells, cathepsins are typically local-
ized to lysosomes in the perinuclear region, whereas during cancer 
development they are often translocated to the cell surface or secreted 
(reviewed in Refs. 29,30). At the cell surface, cathepsins can activate 
other proteases, thereby affecting invasion indirectly by participating 
in proteolytic cascades (Fig. 1A). For example, cathepsin B has been 
shown to directly activate MMP‑1 and MMP‑3,31 which in turn 
can cleave components of the ECM such as collagens, gelatin and 
tenascin, thus facilitating the migration of tumor cells through the 
extracellular space. Cathepsin B and L can also convert the precursor 
form of urokinase‑type plasminogen activator (uPA) to the active 
enzyme, which once activated catalyzes the cleavage of plasminogen 
into plasmin.32,33 Plasmin, a broad‑spectrum serine protease, directly 

degrades ECM components and 
activates MMPs thereby promoting 
cell invasion and cancer spread.34 
Therefore it is not surprising that 
collective inhibition of several of 
these enzyme classes would be more 
effective than blocking a single 
protease. Indeed, RNAi‑mediated 
inhibition of both cathepsin B and 
MMP‑9, or cathepsin B and the 
uPA receptor, reduced in vitro inva-
sion of a glioblastoma cell line.35,36

Besides their participation in 
proteolytic cascades, it has been known for some time that cathep-
sins can also directly cleave components of the BM/ ECM such as 
laminin,37 fibronectin,38,39 tenascin‑C40 and type IV collagen,38,41 
which leads to limited proteolysis of the ECM (Fig. 1B). Most 
cathepsins require slightly acidic pH for optimal activity,42 but since 
the extracellular microenvironment of tumors is generally acidic 
from the excessive production of cellular acid, primarily in response 
to hypoxia,43 these proteases can still function even when secreted 
into the extracellular space. Indeed, reduced pericellular pH has been 
shown to cause the redistribution of vesicles containing cathepsin B 
toward the cell periphery in macrophages and fibroblasts, leading to 
increased secretion of the active form of the enzyme.44 Once at the 
cell surface or the extracellular space, cathepsins have easy access to 
their ECM substrates, although some studies have demonstrated that 
degradation of ECM components can also occur intracellularly, thus 
not requiring translocation of cathepsins to the outer membrane. 
For example, type IV collagen cleavage by cathepsin B was visualized 
intracellularly in human breast cancer cell lines as well as human 
glioma cells by using a quenched fluorescent type IV collagen 
matrix (DQ‑collagen IV).45,46 Moreover, treatment of the cells 
with a membrane‑permeant cathepsin B specific inhibitor decreased 
intracellular collagen degradation by nearly 90%, showing that 
ECM components could also be degraded within cancer cells.45 The 
importance of intracellular cathepsin activity has been confirmed by 
other reports, where using membrane permeable inhibitors was most 
effective in decreasing the invasion of human melanoma and prostate 
carcinoma cell lines.23 Whether cathepsins are acting primarily inside 
or outside of the cell to promote invasion and metastasis in human 
cancers still remains unclear.

A novel cathepsin substrate we recently identified is E‑cadherin, 
which is cleaved by cathepsin B, L and S, thus demonstrating 
another mechanism by which invasion could be achieved6 (Fig. 1C). 
E‑cadherin is the main component of adherens junctions and medi-
ates cell‑cell adhesion in epithelial cells.47 Its importance in cancer 
has been well established as most epithelial cancers lose E‑cadherin 
function when they become malignant, which abrogates its adhesive 
properties, thus promoting cell invasiveness and metastasis. Indeed, 
in the RIP1‑Tag2 model it was demonstrated that loss of E‑cadherin 
mediates the transition from adenoma to carcinoma and promotes 
an invasive phenotype.48 Common mechanisms of E‑cadherin 
downregulation include transcriptional repression, gene mutations, 
epigenetic silencing47 as well as proteolytic cleavage of the ectodo-
main by proteases such as MMP‑3 and ‑ 7 or ADAM10 among 
others.49,50 We found that tumors from cathepsin B, L or S null RT2 
mice displayed a consistent maintenance of E‑cadherin levels, as 
opposed to the typical protein downregulation observed in invasive 
tumors from wild‑type or cathepsin C null RT2 mice.6 To confirm 

Table 1	 Summary of the effects of cathepsin deletion on RT2 tumorigenesis

	C at B-/- RT2	C at C-/- RT2	C at L-/- RT2	C at S-/- RT2
Angiogenic switching	 24% decrease	 No change	 No change	 24% decrease
Tumor volume	 72% decrease	 No change	 88% decrease	 47% decrease
Tumor microvascular 	 56% decrease	 No change	 No change	 48% decrease 
density				  
Apoptosis	 229% increase	 No change	 337% increase	 164% increase
Cell proliferation	 44% decrease	 No change	 58% decrease	 No change
Tumor invasion	 Significant reduction	 No change	 Significant reduction	 Significant reduction
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that these three cathepsins could cleave E‑cadherin 
directly, the in vivo observations were followed by 
in vitro cleavage assays using recombinant proteins.6 
Incubation of cathepsin B, L or S with the adherens 
junction component resulted in E‑cadherin cleavage 
in the extracellular portion of the enzyme, which we 
hypothesize would lead to loss of cell‑cell adhesion 
and therefore enhance tumor invasion (Fig. 1C). 
The exact cellular mechanism, and the interaction 
between tumor and host cells in this process (see 
below) are currently under investigation.

As discussed above, cathepsins can promote inva-
sion via several different mechanisms, which are in 
no way mutually exclusive. In the complex tumor 
microenvironment it is most likely that tumor cells 
exploit all possible means to facilitate their expansion 
and migration. However, cathepsins are not always 
expressed solely in the tumor cells. In fact, numerous 
reports have shown cathepsin expression in other cell 
types within the tumor microenvironment (reviewed 
in ref. 51). Many normal host cells, such as endothe-
lial cells, fibroblasts and macrophages are recruited 
to the lesion and can be coopted by tumor cells 
to execute pro‑tumorigenic functions.52‑54 Certain 
proteolytic enzymes can be supplied to the tumor 
by recruited stromal cells and promote invasion. 
For example, in the RT2 model it was found that 
while tumor cells preferentially expressed cathepsin 
L, infiltrating immune cells had high cathepsin B 
and S expression.4,6 Similarly, in the MMTV‑PyMT 
model it was determined that cathepsin B is supplied 
to the tumor by both cancer cells and infiltrating 
macrophages.7 In culture, macrophages have been 
shown to secrete active cathepsins B, L and S, 
which can then participate in ECM remodeling in 
pathophysiological conditions.55 In fact, coculturing 
a colon carcinoma cell line with monocytes led to 
a significant increase in cathepsin B expression in 
both the tumor as well as the nonmalignant cells.56 
Consequently, the presence of monocytes increased 
the invasive abilities of the tumor cells five‑fold, 
and this effect was ablated upon treatment with a siRNA construct 
targeting cathepsin B. Thus there could be an active interplay between 
the different cell types of the microenvironment contributing to 
tumor invasion, among other processes.

While our understanding of the roles of the cathepsins in 
tumor cells as well as in the host microenvironment has improved, 
there are many outstanding questions. The identification of some 
cathepsin targets has provided clues towards delineating the possible 
mechanisms through which they exert their pro‑tumorigenic effects, 
although discovering novel substrates would allow us to gain a 
more complete understanding of the involvement of cathepsins in 
cancer development and progression. Through genetic and phar-
macological approaches we have been able to identify some of the 
key tumor‑promoting cathepsins, and have begun to uncover the 
molecular mechanisms by which they elicit their functions in pancre-
atic cancer. Future studies in both preclinical models and clinical 
samples should now allow us determine whether these enzymes 
have similar or unique roles in different tumor microenvironments. 
This knowledge will ultimately help guide consideration of clinical 

applications to target cathepsins, alone or in combination with other 
anti‑tumor agents.

Reference
	 1.	 Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer progression. 

Nat Rev Cancer 2002; 2:161‑74.
	 2.	 Overall CM, Kleifeld O. Tumour microenvironment ‑ Opinion: Validating matrix metal-

loproteinases as drug targets and anti‑targets for cancer therapy. Nat Rev Cancer 2006; 
6:227‑39.

	 3.	 Laufs S, Schumacher J, Allgayer H. Urokinase‑receptor (u‑PAR): An essential player in 
multiple games of cancer: A review on its role in tumor progression, invasion, metastasis, 
proliferation/dormancy, clinical outcome and minimal residual disease. Cell Cycle 2006; 
5:1760‑71.

	 4.	 Joyce JA, Baruch A, Chehade K, Meyer‑Morse N, Giraudo E, Tsai FY, Greenbaum DC, 
Hager JH, Bogyo M, Hanahan D. Cathepsin cysteine proteases are effectors of invasive 
growth and angiogenesis during multistage tumorigenesis. Cancer Cell 2004; 5:443‑53.

	 5.	 Joyce JA, Hanahan D. Multiple roles for cysteine cathepsins in cancer. Cell Cycle 2004; 
3:1516‑619.

	 6.	 Gocheva V, Zeng W, Ke D, Klimstra D, Reinheckel T, Peters C, Hanahan D, Joyce JA. 
Distinct roles for cysteine cathepsin genes in multistage tumorigenesis. Genes Dev 2006; 
20:543‑56.

	 7.	 Vasiljeva O, Papazoglou A, Kruger A, Brodoefel H, Korovin M, Deussing J, Augustin 
N, Nielsen BS, Almholt K, Bogyo M, Peters C, Reinheckel T. Tumor cell‑derived and 
macrophage‑derived cathepsin B promotes progression and lung metastasis of mammary 
cancer. Cancer Res 2006; 66:5242‑50.

Figure 1. Potential mechanisms through which cathepsins promote tumor invasion. (A) Proteolytic 
cascade: Cathepsins expressed at the surface of tumor cells can activate other proteases such 
as pro‑MMPs or pro‑uPA. MMPs can then directly cleave ECM components thereby facilitat‑
ing cancer cell migration. uPA cleaves plasminogen into plasmin, which can activate MMPs 
or cleave ECM. (B) Degradation of the extracellular matrix and/ or basement membrane: 
Secreted cathepsins from the tumor cells or from stromal cells, such as macrophages, recruited 
to the invasive tumor edge can directly cleave ECM/ BM components. These proteins include 
laminin, fibronectin, tenascin‑C and type IV collagen among others. (C) Inactivation of cell 
adhesion proteins: Cathepsins can cleave the cell surface protein E‑cadherin, which is the 
principal component of adherens junctions. E‑cadherin cleavage abrogates its cell‑cell adhe‑
sion function and promotes tumor cell invasion.



Cysteine Cathepsins and the Cutting Edge of Cancer Invasion

64	 Cell Cycle	 2007; Vol. 6 Issue 1

	 8.	 Wang B, Sun J, Kitamoto S, Yang M, Grubb A, Chapman HA, Kalluri R, Shi GP. Cathepsin 
S controls angiogenesis and tumor growth via matrix‑derived angiogenic factors. J Biol 
Chem 2006; 281:6020‑9.

	 9.	 Turk D, Guncar G. Lysosomal cysteine proteases (cathepsins): Promising drug targets. Acta 
Crystallogr D Biol Crystallogr 2003; 59:203‑13.

	 10.	 Turk V, Turk B, Turk D. Lysosomal cysteine proteases: Facts and opportunities. Embo J 
2001; 20:4629‑33.

	 11.	 Shi GP, Villadangos JA, Dranoff G, Small C, Gu L, Haley KJ, Riese R, Ploegh HL, 
Chapman HA. Cathepsin S required for normal MHC class II peptide loading and germinal 
center development. Immunity 1999; 10:197‑206.

	 12.	 Roth W, Deussing J, Botchkarev VA, Pauly‑Evers M, Saftig P, Hafner A, Schmidt P, Schmahl 
W, Scherer J, Anton‑Lamprecht I, Von Figura K, Paus R, Peters C. Cathepsin L deficiency 
as molecular defect of furless: Hyperproliferation of keratinocytes and pertubation of hair 
follicle cycling. Faseb J 2000; 14:2075‑86.

	 13.	 Stypmann J, Glaser K, Roth W, Tobin DJ, Petermann I, Matthias R, Monnig G, 
Haverkamp W, Breithardt G, Schmahl W, Peters C, Reinheckel T. Dilated cardiomyopathy 
in mice deficient for the lysosomal cysteine peptidase cathepsin L. Proc Natl Acad Sci USA 
2002; 99:6234‑9.

	 14.	 Pham CT, Ley TJ. Dipeptidyl peptidase I is required for the processing and activation of 
granzymes A and B in vivo. Proc Natl Acad Sci USA 1999; 96:8627‑32.

	 15.	 Halangk W, Lerch MM, Brandt‑Nedelev B, Roth W, Ruthenbuerger M, Reinheckel T, 
Domschke W, Lippert H, Peters C, Deussing J. Role of cathepsin B in intracellular tryp-
sinogen activation and the onset of acute pancreatitis. J Clin Invest 2000; 106:773‑81.

	 16.	 Guicciardi ME, Miyoshi H, Bronk SF, Gores GJ. Cathepsin B knockout mice are resistant 
to tumor necrosis factor‑alpha‑mediated hepatocyte apoptosis and liver injury: Implications 
for therapeutic applications. Am J Pathol 2001; 159:2045‑54.

	 17.	 Felbor U, Kessler B, Mothes W, Goebel HH, Ploegh HL, Bronson RT, Olsen BR. Neuronal 
loss and brain atrophy in mice lacking cathepsins B and L. Proc Natl Acad Sci USA 2002; 
99:7883‑8.

	 18.	 Berdowska I. Cysteine proteases as disease markers. Clin Chim Acta 2004; 342:41‑69.
	 19.	 Jedeszko C, Sloane BF. Cysteine cathepsins in human cancer. Biol Chem 2004; 

385:1017‑27.
	 20.	 Emmert‑Buck MR, Roth MJ, Zhuang Z, Campo E, Rozhin J, Sloane BF, Liotta LA, 

Stetler‑Stevenson WG. Increased gelatinase A (MMP‑2) and cathepsin B activity in invasive 
tumor regions of human colon cancer samples. Am J Pathol 1994; 145:1285‑90.

	 21.	 Goldmann T, Suter L, Ribbert D, Otto F. The expression of proteolytic enzymes at the 
dermal invading front of primary cutaneous melanoma predicts metastasis. Pathol Res Pract 
1999; 195:171‑5.

	 22.	 Krueger S, Haeckel C, Buehling F, Roessner A. Inhibitory effects of antisense cathepsin B 
cDNA transfection on invasion and motility in a human osteosarcoma cell line. Cancer Res 
1999; 59:6010‑4.

	 23.	 Szpaderska AM, Frankfater A. An intracellular form of cathepsin B contributes to invasive-
ness in cancer. Cancer Res 2001; 61:3493‑500.

	 24.	 Premzl A, Zavasnik‑Bergant V, Turk V, Kos J. Intracellular and extracellular cathepsin B 
facilitate invasion of MCF‑10A neoT cells through reconstituted extracellular matrix in 
vitro. Exp Cell Res 2003; 283:206‑14.

	 25.	 Navab R, Mort JS, Brodt P. Inhibition of carcinoma cell invasion and liver metastases forma-
tion by the cysteine proteinase inhibitor E‑64. Clin Exp Metastasis 1997; 15:121‑9.

	 26.	 Rousselet N, Mills L, Jean D, Tellez C, Bar‑Eli M, Frade R. Inhibition of tumorigenicity 
and metastasis of human melanoma cells by anti‑cathepsin L single chain variable fragment. 
Cancer Res 2004; 64:146‑51.

	 27.	 Levicar N, Dewey RA, Daley E, Bates TE, Davies D, Kos J, Pilkington GJ, Lah TT. Selective 
suppression of cathepsin L by antisense cDNA impairs human brain tumor cell invasion in 
vitro and promotes apoptosis. Cancer Gene Ther 2003; 10:141‑51.

	 28.	 Grimm J, Kirsch DG, Windsor SD, Kim CF, Santiago PM, Ntziachristos V, Jacks T, 
Weissleder R. Use of gene expression profiling to direct in vivo molecular imaging of lung 
cancer. Proc Natl Acad Sci USA 2005; 102:14404‑9.

	 29.	 Roshy S, Sloane BF, Moin K. Pericellular cathepsin B and malignant progression. Cancer 
Metastasis Rev 2003; 22:271‑86.

	 30.	 Frosch BA, Berquin I, Emmert‑Buck MR, Moin K, Sloane BF. Molecular regulation, mem-
brane association and secretion of tumor cathepsin B. Apmis 1999; 107:28‑37.

	 31.	 Eeckhout Y, Vaes G. Further studies on the activation of procollagenase, the latent precursor 
of bone collagenase. Effects of lysosomal cathepsin B, plasmin and kallikrein, and spontane-
ous activation. Biochem J 1977; 166:21‑31.

	 32.	 Guo M, Mathieu PA, Linebaugh B, Sloane BF, Reiners Jr JJ. Phorbol ester activation of a 
proteolytic cascade capable of activating latent transforming growth factor‑betaL a process 
initiated by the exocytosis of cathepsin B. J Biol Chem 2002; 277:14829‑37.

	 33.	 Goretzki L, Schmitt M, Mann K, Calvete J, Chucholowski N, Kramer M, Gunzler WA, 
Janicke F, Graeff H. Effective activation of the proenzyme form of the urokinase‑type 
plasminogen activator (pro‑uPA) by the cysteine protease cathepsin L. FEBS Lett 1992; 
297:112‑8.

	 34.	 Rao JS. Molecular mechanisms of glioma invasiveness: The role of proteases. Nat Rev 
Cancer 2003; 3:489‑501.

	 35.	 Gondi CS, Lakka SS, Dinh DH, Olivero WC, Gujrati M, Rao JS. RNAi‑mediated inhibi-
tion of cathepsin B and uPAR leads to decreased cell invasion, angiogenesis and tumor 
growth in gliomas. Oncogene 2004; 23:8486‑96.

	 36.	 Lakka SS, Gondi CS, Yanamandra N, Olivero WC, Dinh DH, Gujrati M, Rao JS. 
Inhibition of cathepsin B and MMP‑9 gene expression in glioblastoma cell line via RNA 
interference reduces tumor cell invasion, tumor growth and angiogenesis. Oncogene 2004; 
23:4681‑9.

	 37.	 Lah TT, Buck MR, Honn KV, Crissman JD, Rao NC, Liotta LA, Sloane BF. Degradation 
of laminin by human tumor cathepsin B. Clin Exp Metastasis 1989; 7:461‑8.

	 38.	 Buck MR, Karustis DG, Day NA, Honn KV, Sloane BF. Degradation of extracellular‑matrix 
proteins by human cathepsin B from normal and tumour tissues. Biochem J 1992; 282(Pt 
1):273‑8.

	 39.	 Ishidoh K, Kominami E. Procathepsin L degrades extracellular matrix proteins in the pres-
ence of glycosaminoglycans in vitro. Biochem Biophys Res Commun 1995; 217:624‑31.

	 40.	 Mai J, Sameni M, Mikkelsen T, Sloane BF. Degradation of extracellular matrix protein 
tenascin‑C by cathepsin B: An interaction involved in the progression of gliomas. Biol 
Chem 2002; 383:1407‑13.

	 41.	 Guinec N, Dalet‑Fumeron V, Pagano M. “In vitro” study of basement membrane degrada-
tion by the cysteine proteinases, cathepsins B, B‑like and L. Digestion of collagen IV, lam-
inin, fibronectin, and release of gelatinase activities from basement membrane fibronectin. 
Biol Chem Hoppe Seyler 1993; 374:1135‑46.

	 42.	 Turk V, Turk B, Guncar G, Turk D, Kos J. Lysosomal cathepsins: Structure, role in antigen 
processing and presentation, and cancer. Adv Enzyme Regul 2002; 42:285‑303.

	 43.	 Stubbs M, McSheehy PM, Griffiths JR, Bashford CL. Causes and consequences of tumour 
acidity and implications for treatment. Mol Med Today 2000; 6:15‑9.

	 44.	 Rozhin J, Sameni M, Ziegler G, Sloane BF. Pericellular pH affects distribution and secretion 
of cathepsin B in malignant cells. Cancer Res 1994; 54:6517‑25.

	 45.	 Sameni M, Moin K, Sloane BF. Imaging proteolysis by living human breast cancer cells. 
Neoplasia 2000; 2:496‑504.

	 46.	 Sameni M, Dosescu J, Sloane BF. Imaging proteolysis by living human glioma cells. Biol 
Chem 2001; 382:785‑8.

	 47.	 Cavallaro U, Christofori G. Cell adhesion and signalling by cadherins and Ig‑CAMs in 
cancer. Nat Rev Cancer 2004; 4:118‑32.

	 48.	 Perl AK, Wilgenbus P, Dahl U, Semb H, Christofori G. A causal role for E‑cadherin in the 
transition from adenoma to carcinoma. Nature 1998; 392:190‑3.

	 49.	 Noe V, Fingleton B, Jacobs K, Crawford HC, Vermeulen S, Steelant W, Bruyneel E, 
Matrisian LM, Mareel M. Release of an invasion promoter E‑cadherin fragment by matri-
lysin and stromelysin‑1. J Cell Sci 2001; 114:111‑8.

	 50.	 Maretzky T, Reiss K, Ludwig A, Buchholz J, Scholz F, Proksch E, de Strooper B, Hartmann 
D, Saftig P. ADAM10 mediates E‑cadherin shedding and regulates epithelial cell‑cell 
adhesion, migration, and beta‑catenin translocation. Proc Natl Acad Sci USA 2005; 
102:9182‑7.

	 51.	 Mohamed MM, Sloane BF. Cysteine cathepsins: Multifunctional enzymes in cancer. Nat 
Rev Cancer 2006; 6:764‑75.

	 52.	 Bissell MJ, Radisky D. Putting tumours in context. Nat Rev Cancer 2001; 1:46‑54.
	 53.	 Joyce JA. Therapeutic targeting of the tumor microenvironment. Cancer Cell 2005; 

7:513‑20.
	 54.	 Gadea BB, Joyce JA. Tumor‑host interactions: Implications for developing anti‑cancer 

therapies. Expert Opinion in Molecular Medicine 2006; 8:1-32.
	 55.	 Reddy VY, Zhang QY, Weiss SJ. Pericellular mobilization of the tissue‑destructive cysteine 

proteinases, cathepsins B, L, and S, by human monocyte‑derived macrophages. Proc Natl 
Acad Sci USA 1995; 92:3849‑53.

	 56.	 Krueger S, Kalinski T, Wolf H, Kellner U, Roessner A. Interactions between human colon 
carcinoma cells, fibroblasts and monocytic cells in coculture‑regulation of cathepsin B 
expression and invasiveness. Cancer Lett 2005; 223:313‑22.


