
Cysteine Cathepsins | Encyclopedia.pub

https://encyclopedia.pub/entry/6982 1/18

Cysteine Cathepsins
Subjects: Pathology

Contributor: Alessandro Parodi

Cysteine cathepsins are lysosomal enzymes belonging to the papain family. Their expression is misregulated in a

wide variety of tumors, and ample data prove their involvement in cancer progression, angiogenesis, metastasis,

and in the occurrence of drug resistance.

cysteine cathepsins  cancer progression  drug resistance

1. Introduction

Cathepsins are lysosomal proteases and, according to their active site, they can be classified into cysteine,

aspartate, and serine cathepsins . Human cysteine cathepsins (Cts) are ubiquitously present in all organisms

ranging from prokaryotes to mammals and have a highly conserved residue of cysteine in their active site. They

are essential in the degradation of the proteins that are internalized in the lysosomes through endocytosis,

phagocytosis, and autophagocytosis . Furthermore, they are involved in the cellular protein digestion, zymogen

activation, and extracellular matrix (ECM) remodeling . Under physiological conditions, Cts are fundamental in

maintaining tissue homeostasis, and they are involved in different processes such as immune response, apoptosis,

development, and differentiation . Alterations in Cts expression, localization, and activity have been associated

with several pathological disorders, including cancer progression , and their ectopic expression is usually

associated with poor prognosis .

Recent data have demonstrated that Cts localization is not limited to the endolysosomal compartment, but they

were also found in the cell cytoplasm, nucleus, mitochondria, and extracellular space, indicating their broad

biological activity . In the context of cancerogenesis, secreted Cts contribute to the tumor ECM degradation

and remodeling, while intracellular cathepsins are pivotal components of signaling pathways, which can enhance

cancer cell growth and inflammation . Also, Cts are engaged in response to anticancer therapy within the

tumor microenvironment, and they can have crucial roles in the development of resistance phenomena to the

therapeutics .

2. Cts Synthesis, Structure, and Localization

The family of Cts proteases includes the subtypes B, C, F, H, K, L, O, S, V, W, and X , which are synthesized as

inactive zymogens and processed into their mature forms in the acidic environment of the lysosomes. In addition to

the pH and the redox status of the surrounding microenvironment, their proteolytic activity is regulated by biological

activators and inhibitors, such as cytokines, growth factors, collagen peptides, and endogenous inhibitors .
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According to their proteolytic activity, they can be further classified into exopeptidases (Cts C and X) or

endopeptidases (F, O, S, K, V, L, and W), with Cts H and B possessing both endo- and exopeptidase activities

(Figure 1a) .

Figure 1. (a) Cysteine cathepsins (Cts) functional sequences. Representation of Cts according to their number of

amino acids, length of domains (signal peptide, prodomain, and mature domain), and peptidase property. (b)

Structure of cathepsin L. Cys138–His276–Asn300 triad at the active side is colored (model created with SWISS-

MODEL and PyMOL). (c) Scheme Cts maturation as the function of endolysosomal pH. The mannose-6-phosphate

pathway favors Cts delivery to endosomes, where they are eventually sorted into the lysosomes. At acidic pH, the

pro-peptide is removed, and an active single-chain intermediate is generated. The removal of propeptide is

mediated by other proteases (independent of autocatalytic activity). The single-chain molecule is further processed

into mature two-chain form comprising an amino-terminal light chain and a carboxyl-terminal heavy chain.

Cts B, L, and H are expressed in most cell types, and they are involved in lysosomal nonspecific bulk protein

degradation , while Cts S, K, V, F, C, and W show more tissue-specific expression and function . All Cts

are monomeric and single domain enzymes, and their structures are composed of two subdomains referred to as

the L (left)- and the R (right)-domain, except for CtsC, which is present as a homotetramer (Figure 1b) . In its

native form, the Cts amino acid sequence includes a signal peptide, a propeptide, and a catalytic domain. The

signal peptides can vary between 10 and 20 amino acids and mediate Cts translocation into the endoplasmic

reticulum where, after they are cleaved, the inactive precursor is glycosylated . These proteins are further

transported to the Golgi apparatus, where the mannose oligosaccharides are phosphorylated, inducing their further

translocation into the lysosomes via interaction with the mannose-6-phosphate receptor (M6PR) .

The propeptide sequences, which can range from 38 to 251 amino acids (Figure 1a) , have a pivotal role in

regulating the folding of the catalytic domains, favoring Cts transport in the endo-lysosomal compartment and

inhibiting the premature activation of the catalytic domain . Exceptions to this process include CtsH, which is
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trafficked from the Golgi to the lysosome via the sortilin receptor . The maturation of these zymogens occurs via

autocatalytic cleavage at low pH for the endopeptidases (CtsH, L, S, K, V, F, B, and H), whereas the exopeptidases

(CtsC and X) are processed by other endopeptidases, such as the CtsS and the CtsL (Figure 1c)  The

mature form of Cts contains a disulfide-linked heavy and light chain subunit, and it has an overall molecular weight

that ranges from 20 to 35 kDa (except for CtsC that has a molecular weight of 50 kDa). Cts are usually localized in

the acidic and reducing environment of the endo-lysosomal vesicles, but their expression and activity have also

been detected in the cell nucleus, the plasma membrane, and cytoplasm. For example, CtsW is expressed in the

endoplasmic reticulum of natural killer cells, and Cts K was found extracellularly and intracellularly in vesicles,

granules, and vacuoles of osteoclasts and chondroclasts. In dendritic cells, Cts F is located in the Golgi apparatus

of immature cells, while it is transferred to the endosomal/lysosomal vesicles in mature cells . The nuclear

localization of CtsL and localization of CtsB in plasma membrane correlated with metastatic tumors .

3. Cell Death

The endo/lysosomal compartment was shown to be involved in cell death, and many pieces of evidence support

the hypothesis that some Cts could be involved in the regulation of apoptosis . However, Cts positive or negative

involvement in the cell death regulation depends on the cellular context, the Cts type , and, above all,

on their release into the cell cytoplasm . While apoptosis is frequently described as a result of caspase cascade

activation, Cts can initiate, during the early phases of cell death, a possible caspase-independent process together

with calpains and serine proteases . CtsB, H, L, and S play an essential role in cleaving the classic caspase

substrates, such as procaspase-1,-3,-7-8 , and in the release of pro-apoptotic factors such as cytochrome c

from mitochondria , which leads to caspase activation and apoptosis. In this context, Cts were shown to

target Bid (BH3 interacting domain death agonist) and/or degrade prosurvival Bcl-2 homologs, thereby triggering

the pro-apoptotic activity of Bak (BCL2 antagonist/killer) and Bax (BCL2 associated X, apoptosis regulator) 

. Moreover, XIAP (X-chromosome-linked inhibitor of apoptosis) was also found to be a target of Cts, suggesting

that they can also mediate mitochondria caspase-dependent apoptosis .

The release of the Cts in the cell cytoplasm can occur through different mechanisms/factors including the activation

of membrane receptors (such as tumor necrosis factor receptor 1 ) or the generation of reactive oxygen

species (ROS) . It was reported that the ligation of the tumor necrosis factor (TNF) receptor-1 by TNF-α in

hepatocytes could cause the activation of caspase-8, which in turn labilizes the lysosomes favoring the release of

CtsB. As a result of this phenomenon, mitochondrial release of cytochrome c (activating caspase-9 and eventually

caspase-3) occurs, leading to apoptotic cell death . The lysosome destabilization via ROS is regulated by an

intraorganelle pool of redox-active iron, which sensitizes lysosomes to oxidative damage . Furthermore, after

UVA irradiation, the extracellular lysosomal contents are released and accompanied by translocation of lysosome-

associated membrane protein-1 (LAMP-1) to the plasma membrane, which provides evidence for lysosomal

exocytosis under stress conditions . While new therapeutic interventions based on lysosomal permeabilization

are under investigation to target apoptosis-resistant cancer cells , the release of the Cts into the cell cytoplasm

can also be a result of chemotherapy . In human hormone-refractory prostate cancer cells (HRPC), docetaxel
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treatment induced caspase-independent cell death through CtsB activity . A similar mechanism was shown in

non-small cell lung cancer (NSCLC) cells, where the microtubules stabilizing agent paclitaxel activates the release

of CtsB via disruption of lysosomes in the cell cytoplasm, favoring cell death .

4. Autophagy

Autophagy is a lysosomal-dependent, intracellular self-digestion process in which damaged proteins and

organelles are transported to the lysosome for degradation to maintain cellular homeostasis. Autophagy prevents

cancer onset by removing damaged proteins and organelles, reducing ROS, and promoting the autophagic cell

death. During apoptosis, Cts are released from the lysosomes into the cytoplasm, activating degradation cascades,

whereas in autophagy, the lysosomes fuse with autophagosomes, forming the autophagolysosomes .

Alternatively, at very aggressive stages of tumor development, autophagy supports cancer development by

protecting the malignant cells from cellular stress, supporting cancer progression . Autophagy is initiated by the

generation of a phagophore followed by autophagosomal formation and lysosomal fusion (autolysosome) .

Under stress conditions (e.g., hydrogen peroxide or starvation) the number of lysosomes decreases due to their

continuous fusion with autophagosomes, which in turn increase . This phenomenon is also responsible for

clearing damaged lysosomes after permeabilization . Recently it was shown that there is an active role of the

Cts in the molecular switch between apoptosis and autophagy. In MCF-7-breast cancer cells, the treatment with the

Cts inhibitor E64d increased autophagosome formation even when used in combination with the apoptosis inducer

camptothecin . The inhibition of CtsB and L was shown to favor autophagocytosis over apoptosis, where this

process was accompanied by an accumulation of cellular stress and autophagic markers. The un-degraded

proteins led to the induction of apoptosis, indicating that the balance between these two phenomena is controlled

by many factors . In neuroblastoma models, the inhibition of these two Cts resulted in significant

accumulation in the cell cytoplasm of large cytoplasmic electron-dense vesicles and generation of multivesicular

bodies, while in a double knockout model for CTSB and L, autophagic-like vacuoles accumulated over time . Cts

inhibition and consequent autophagocytosis were eventually linked to the dysregulation of the IGF-1

receptor/MAPK/Akt pathway, which is required for tumor cell growth and survival . Interestingly, the inhibition of

autophagy using Thymoquinone in glioblastoma cells induced CtsB leakage into the cytosol and caused activation

of caspase-independent apoptosis , demonstrating that these phenomena are strictly linked to each other.

We can summarize that Cts may be key regulators of pro-survival autophagy in cancer cells, and Cts inhibition

could increase the efficacy of cancer treatment focused at inhibiting autophagy. On the other hand, lysosomal

destabilization could inhibit the metabolization of substrates generated through autophagy, prevent clearance of

ROS, and increase Cts release in the cell cytoplasm where their activity can amplify the apoptotic signaling.

5. Tumor Matrix Cellular Degradation

The EMT is considered an essential process at the base of tumor cell motility and invasiveness. EMT is triggered

by multiple transcriptional and biochemical cascades, and it results in the acquisition of migratory and invasive
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properties typical of mesenchymal cells .

In this context, the CtsL is involved in EMT, and its overexpression in lung cancer cells leads—via nuclear factor

kappa B (NF-κB) signaling—to the upregulation of nuclear factors belonging to the snail family transcriptional

repressors Snail and Slug, and the zinc finger e-box binding homeobox proteins ZEB1 and ZEB2 . Also, Snail

can promote the nuclear translocation of CtsL where it degrades its substrate homeobox protein Cux-1, leading to

the inhibition of E-cadherin expression and the induction of Snail transcription that promotes EMT . Similar

observations were described in cell lines derived from lung and breast cancer (A549 and MCF-7, respectively),

where EMT induced by TGF-β activation was associated with the increased protein expression of CtsL and Snail

via phosphatidylinositol 3-kinase (PI3K)-AKT and Wnt signaling pathways. Additionally, CTSL knock-down in A549

cells favored mesenchymal to epithelial transition (MET) in vivo, inhibiting xenograft tumor growth . EMT

regulation by CtsB is connected via the E-box element regulation, which controls EMT activator factors .

Besides, it was shown that the Cts B expression knock-down was followed by an increase in Cts X expression

compensating the absence of this protease . Cts X overexpression was also associated with EMT of

hepatocellular cancer and with the upregulation of matrix metalloproteinases (MMP2, MMP3, and MMP9) .

In this scenario, Cts cover a central role in tumor progression when they are released in the ECM. They can be

secreted or associated with the plasma membrane and caveolae . When secreted, Cts can favor cancer cell

spreading by modifying and degrading the ECM and/or activating the matrix metalloproteinases (MMPs) and

urokinase plasminogen activator . Also, the acidic extracellular environment of the tumor is ideal for favoring

the proteolytic activation of the Cts when they are secreted . It was demonstrated that ECM degradation by

the active form of Cts B and X increased the release of growth factors, including TGFβ-1, an EMT activator ,

while regulating cell adhesion.

In the context of the tumor neo-angiogenesis and cell–cell communication, cancer cells can stimulate endothelial

cells through two main ways: (1) in a direct manner via secretion of soluble factors and expression of adhesion

receptors, gap junctions/tunneling nanotubes, and microvesicles (MVs) ; and (2) in an indirect manner by

secretion of proteases into the extracellular space or by changing the pH . One of the causes of

resistance to anti-angiogenic therapies has been attributed to the ability of cancer cells to communicate with

endothelial cells . Lysosomal exocytosis of Cts such as B, H, and L can regulate this phenomenon in various

tissues . For example, the increased secretion of CtsL via lysosome exocytosis was correlated with

enhanced tumor cell migration and invasion . HT 1080 cells were shown to secrete CtsL directly into the medium

through a lysosome exocytosis independent pathway, and the secreted protein was approximately 10-fold more

active (32 kDa) than that detected in the cells .

Inhibition of the gene expression of Cts B in glioblastoma cells attenuated their migration and invasion while

reducing cell–cell interaction in human microvascular endothelial cells in both in vitro and in vivo models .

The acidification of the tumor microenvironment has been shown to increase invasiveness and metastasis,

suggesting that it offers a favorable advantage for cancer development, while it is toxic for healthy stromal cells .
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Also, tumor acidic cell environment increases the bioavailability of many growth factors (e.g., VEGF) by inducing

MVs rupture in the microenvironment , also favoring the release of CtsB , as shown in ovarian, breast, and

colon carcinoma three-dimensional (3D) cultures . The remodeling of the ECM is critical for the

tubulogenesis of endothelial cells during cancer vascularization. CtsB was found in human umbilical vein

endothelial cells to co-localize within intracellular vesicles and caveolae and participate in cell polarization and

migration via secretion of MVs . It was reported that active CtsS controls the production of matrix-derived

angiogenic factors such as type IV collagen, canstatin, arresten, and tumstatin . The anti-Cts S antibody

Fsn0503 also potentiated the antiangiogenic effects of anti-VEGF therapies .

CtsL plays a crucial role in the invasive and the functional capacities of endothelial progenitor cells (EPC) in the

EPC-mediated neovascularization process . Gene expression analysis on breast tissues revealed significant

upregulation of CTSL and strong correlation with increased relapse and metastatic incidence. Silencing of CTSL

using shRNA or KGP94 (a small inhibitor of CtsL) treatment led to a significant reduction in MDA-MB-231 cells to

induce angiogenesis in vivo. Moreover, the analyses with KGP94 in vitro demonstrated a considerable decrease in

angiogenic properties such as cell sprouting, migration, invasion, tube formation, and proliferation . CtsK and Cts

B are essential for extracellular components, such as type I and IV collagens or elastin , and many studies

demonstrated the critical role of CtsK and Cts B in neovascularization . The increase of CtsX expression in

tumor cells and tumor-associated immune cells is associated with progression and metastasis of gastric cancer,

prostate cancer, hepatocellular carcinoma, and malignant melanoma . CtsX modulates cell adhesion

and migration by modulating the interaction with integrin receptors, thus supporting invasion through the ECM 

.

6. Crosstalk between Cell Death, Autophagy, and Tumor
Matrix Degradation

The aforementioned biological processes (cell death, autophagy, and tumor matrix degradation) may synergistically

contribute to a cancer drug resistance. While chemotherapeutics were designed to induce apoptosis, their

prolonged administration can increase the chance to develop drug resistance phenomena. In this scenario, the

induction of autophagic death can be a promising approach to overcome cancer drug resistance. . Autophagy

and apoptosis are catabolic pathways essential for homeostasis, and usually they are both considered tumor

suppressors. Whereas autophagy is a self-degradative process removing misfolded/aggregated proteins and

degraded organelles, apoptosis is the canonical programmed cell death. Several molecular pathways interconnect

autophagy and apoptosis, thus any misregulation of these processes can favor cancer cell proliferation. However,

autophagy plays a dual role in cancer, as it has recently been shown that this process can also facilitate the

survival of tumor cells in stress conditions such as hypoxia or low-nutrition environments . Cts are engaged in

all of these biochemical pathways, and they can alternatively favor or inhibit tumor growth. The material destined

for degradation enters the lysosomes primarily via endocytosis, autophagy, and phagocytosis and is degraded

through the action of hydrolases, including Cts . In autophagy, the functional integrity of the lysosomal

compartment provides active degradation, which can counteract apoptosis. In situations when Cts are released into
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the cytosol upon lysosomal membrane permeabilization, they can amplify the apoptotic signaling or initiate the

lysosomal pathway of apoptosis via Bid and/or Bak/Bim cleavage.  (Figure 2a,b).

Figure 2. Role of Cts in cell death, autophagy, and ECM degradation. (a) Cts are released into the cytosol and are

involved in apoptotic pathways. The first pathway includes a direct cleavage of Bid and/or Bak/Bim, translocation of

these pro-apoptotic proteins to the mitochondrial outer membrane, which induces the release of apoptogenic

factors such as cytochrome c and subsequent activation of downstream caspases and apoptosis. The second

pathway involves a direct cleavage of caspases followed by cleavage of Bid and/or Bax, translocation of these

proteins to mitochondria, and similar downstream events leading to apoptosis. The third option is independent-

caspase apoptosis. (b) Upon induction of autophagy, cytoplasmic materials are sequestered by a double-

membraned structure, autophagosome, which fuses with lysosomes to become autolysosomes. In autolysosome,

the sequestered cargos are degraded and recycled. (c) Within the Golgi, Cts are transported into lysosomes via

the mannose-6-phosphate (m6p receptor) pathway, but a minor population of Cts (~5%) is not converted to the

m6p form and as a result is shunted into the exocytosis pathway . Additionally, this direct secretion pathway of

CtsL was detected in human fibrosarcoma cells (HT 1080) . In the extracellular space, Cts cleave different

targets. e.g., cell adhesion molecules (CAM), cell–cell contacts, and proteins of ECM, which affect cell adhesion

and migration. Proteolytic products of these cleavages can act as signaling molecules and influence growth and

invasion of cancer. Next, the cleave of receptors by Cts can result in either constantly triggered or inhibited

signalings.

The malignant phenotype of cancer cells is accompanied by ECM degradation and morphological changes, which

are typical events characterizing EMT. As a result of this transformation, cells modulate the profile of adhesion

proteins, cell receptors, cytoskeleton polarization, and secretion of molecules, such as cytokines, growth factors,

and proteases (Figure 2c) . All these events can upregulate cancer motility and invasion properties of tumor

cells. Overexpression of primary factors such as Twist, Zeb, Slug, and the activation of signaling pathways such as

Hedgehog and TGFβ/Smad4 is induced during EMT and correlates with the onset of drug resistance phenomena

. Furthermore, the metastatic spreading relies on newly formed vessels, which are accompanied by proteolytic

degradation of the endothelial basement and ECM .
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7. Drug Resistance

Cancer drug resistance can have many different origins, such as drug inactivation, increased or decreased

expression of efflux and influx pumps, respectively, modulation of specific mechanisms of cell death, autophagy,

the occurrence of EMT, aberrant cell–cell communication, and epigenetic alterations, amongst others. These

phenomena can occur individually or concurrently while affecting the efficacy of a wide range of cancer

therapeutics . One of these phenomena is strongly connected to the biology of the lysosomes, since many of

the classical chemotherapeutics are sequestered in the acidic pH lumen of these organelles , reducing their

ability to interact with their targets. It was shown that the amount of drug accumulating in the lysosomes is directly

proportional to the cellular tolerance against the cytotoxic effects of the therapeutic . Weakly basic,

hydrophobic anticancer drugs after internalization may undergo rapid incorporation into lysosomes. Upon

entrapment in lysosomes, lysosomotropic compounds appear to inflict various deleterious effects on the membrane

of the lysosomes, provoking lysosomal recycling, biogenesis, and exocytosis. As a result of this phenomenon, the

lysosomal sequestration of chemotherapeutic drugs in lysosomes prevents them from reaching their intracellular

target sites . This was observed for several classical chemotherapeutics, including Doxorubicin ,

Mitoxantrone , Sunitinib  and Daunorubicin , where their internalization was followed by their

accumulation in the lysosomes .

Another mechanism of drug resistance is related to lysosomal exocytosis, a process in which lysosomes are

recruited to the cell surface and fuse with the plasma membrane via a Ca -dependent process releasing their

cargo (and the entrapped drug) into the extracellular milieu . This phenomenon occurs as an adaptation of cells

to the hypoxic and the acidic environment of the tumor. Hypoxia leads to the acidification of the tumor

microenvironment, which can trigger proteases secretion, including Cts, from cancer cells to the extracellular

space, enhancing the tumor invasiveness . Interestingly, it was shown that oral administration of buffer, which

neutralized intratumoral pH, reduced metastasis of cancer cells that was accompanied by lower CtsB activity .

The specific contribution of Cts in the occurrence of chemoresistance phenomena is currently under debate. The

overexpression of CtsB and L was associated with increased drug inactivation and, above all, with increased

lysosome trafficking to the plasma membrane and secretion of lysosomal cargo . As a result of this

phenomenon, CTSL knock-down in ovarian cancer cells SCOV3 resulted in increased apoptosis induced by

paclitaxel (the most common drug in the management of ovarian cancer) . Also, Cts L played a role in inhibiting

the cell senescence process in different tumor cell lines, providing an additional mechanism of protease-mediated

drug target elimination (trapping a drug in lysosomes) and drug resistance . Treatment of drug-resistant

neuroblastoma cells with doxorubicin and pan-caspase inhibitor (Q-VD-OPH) significantly decreased cell viability

and senescence phenotype, as evidenced by an increased p21/WAF1 expression, senescence-associated β-

galactosidase activity, and cell growth arrest. Experiments have established that this phenomenon was the result of

CtsL inhibition .

In this context, Cts L inhibition increased Doxorubicin cell accumulation and a more favorable nuclear distribution of

the drug in the cells despite P-gp expression . The CstL inhibition stabilized and enhanced the availability of
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cytoplasmic and nuclear drug targets such as estrogen receptor-α, Bcr-Abl, topoisomerase-IIα, histone deacetylase

1, and the androgen receptor I, increasing the cellular response for different therapeutics drugs (doxorubicin,

tamoxifen, imatinib, trichostatin A, and flutamide) .

These findings provide evidence for the potential role of Cts as targets, and their inhibitors can represent a tool to

suppress cancer resistance to chemotherapy and increase their sensitivity to the drugs.
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