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10.1 Introduction 

Cathepsins (CTS), lysosomal proteases, also known as papain-like enzymes, are members 
of the C1 family of cysteine proteases (Zaidi et al., 2008). Although CTS show exopeptidase 
activity, CTS B only functions as an exopeptidase, making cysteine CTS principally 
endopeptidases (Erickson, 1989). It is understood that such enzymes have functions other 
than only lysosomal protein breakdown. Evidence shows that CTS reside in other cell 
structures, such as the nucleus. Furthermore, several clinical diseases verified their existence 
in the extracellular environment (Yadati et al., 2020). The CTS K, W, and S are more specific, 
whereas CTS are expressed in human cells (Joyce et al., 2004). The bulk of the epithelial cells, 
osteoclasts, and synovial fibroblasts in rheumatoid arthritis joints were shown to have CTS 
K. The immune system's cells express other family members such as CTS S and W (Tan et al., 
2013). In particular, CTS S and CTS W were discovered in different kinds of antigen- 
presenting cells. Finally, only the thymus and testes express CTS V, often known as L2 due 
to their great homology (Reiser et al., 2010).

Three-dimensional structural analysis of actinidin and papain revealed the highly 
comparable folds of human CTS B and L (Topham et al., 1991). The determination of 
the CTS C, H, K, S, V, and X structural details came next (Pauly et al., 2003). According to the 
claim, CTS molecules are expected to have comparable folds since they share a conservative 
amino acid sequence (Simões & Faro, 2004). The left (L) and the right domain (R) are the two 
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domains that make up CTS. CTS L is the representative for this group of proteases. The 
enzyme's active site cleft, which contains catalytic Cys and His residues, divides its two 
domains (Stoka et al., 2005). The catalytic Cys residue is located in the L domain, mostly 
comprised of α-helical regions (Turk et al., 2001). The R domain's structure is described as a 
β-sheet (Altschuh et al., 1994).

Before becoming fully functional molecules, CTS must undergo further maturation 
processes after being produced as pre-proenzymes (Brix et al., 2008). This safety measure 
inhibits the unintentional hydrolysis of targets. The propeptide portion of the enzyme's 
surface is folded to provide this safety. The propeptide reaches the active-site cleft opposing 
the substrate, making substrate recruitment difficult (Lazure, 2002). Rough endoplasmic 
reticulum (ER) is where the majority of CTS are produced (Tedelind et al., 2010). The 
enzyme molecules are transported across the ER in the subsequent step after entering via the 
ER lumen. After being processed by the trans-Golgi network, they get organized into 
vesicles and sent on their way to the late endosomes (Ni et al., 2022). Mannose-6-phosphate 
receptors, which facilitate the process, separate from the CTS once it reaches its target 
because of the acidic endosomal location (Laurent-Matha et al., 1998). As in the case of 
keratinocytes, where CTS are carried through a retrograde process to the cell surface and 
released into the extracellular space, several different routes may be used to transport CTS to 
various cell organells (Morretta et al., 2022).

CTS maturation necessitates the removal of the propeptide region. Divergent procedures 
may result in the elimination. CTS D, an aspartic protease, is one candidate for the 
proteolytic enzyme that aids in fragment removal (Rochefort et al., 1990). Alternatively, the 
propeptide might undergo autocatalytic cleavage, creating a functional molecule and so 
initiating a proteolytic cascade (Maubach et al., 1997). This active molecule might mediate 
the maturation of another one. This hypothetical idea was tested on CTS B, and it was 
discovered that the proenzyme can cleave the propeptide region in an acidic environment. It 
was discovered that negatively charged compounds like glycosaminoglycans or dextran 
sulfate significantly accelerated the process (Rozman et al., 1999).

Divergent cysteine proteases in this area exhibit considerable differences, as shown by 
the examination of the fragments' propeptide sequences (Boon et al., 2020). Possible 
selective inhibition during endosomal compartment trafficking is proposed as a possible 
explanation for this phenomena (Duffy, 1996). The discovery of a highly conserved 
ERFNIN motif resulted from an extensive database search of propeptide sequences 
(Yamamoto et al., 2002). As a result, two sets of cysteine proteases might be formed. The 
CTS L-like enzymes (L, F, K, S, W, and V) include the ERFNIN motif and the GNFD motif. 
However, CTS B, C H, O, and X, also known as the CTS B-like subfamily, lack this early 
motif (Koblinski et al., 2000). It must be made clear that this divide only arises due to 
variations in the propeptide region.

A groundbreaking investigation carried out by Schechter and Berger in 1967 aimed to 
identify the catalytic mechanism of CTS (Abramowitz et al., 1967). Papain, regarded as a 
paradigm instance, was the subject of their study. Schechter and Berger could identify 
seven pockets in the papain molecule (Turk et al., 1998). Additionally, they established 
the substrate-enzyme interactions in papain and gave the nomenclature for those 
locations. P1 to P4 and P1' to P3' refer to the residues of the substrate molecule found 
in the active site during proteolysis. While primed residues stretch toward the 
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C-terminus, unprimed residues extend from the cleavage point to the amino-terminal side 
(Templeton et al., 1990). The L-domain's two protruding loops, linked by a disulfide 
bridge, and the R-domain's two bigger loops make up the substrate-binding site. The 
substrate's prolonged conformational binding was shown. The S1 and S1' subsites, along 
with S2 provide the binding surface and deep pocket. In general, CTS have a low degree 
of specificity because the S3 and S4 subsites are extremely nonspecific, even though they 
favor cleavage after hydrophobic residues (Benes et al., 2008). The discovery of CTS- 
specific substrates would make the development of more effective inhibitors possible. 
Although recent research has favored noncovalent transition state mimics such as 
phosphopeptides, most known CTS inhibitors work by covalently attaching to the 
catalytic cysteine residue (Löser & Pietzsch, 2015).

10.2 Role of cathepsins in apoptosis 

According to recent studies, CTS may be crucial in the control of apoptosis (Chwieralski 
et al., 2006). It has been shown that they can interact with caspases leading to programmed 
cell death. CTS must be released from lysosomes into the cytosol to perform proapoptotic 
actions (Leist & Jäättelä, 2001). Lysosomal instability or lysosomal membrane permeabiliza
tion may both be used to accomplish this. Despite the discovery of a number of chemicals 
that target the lysosomal membrane, the latter process is the subject of intensive study at the 
present time (Saravanan et al., 2022; Vasiljeva & Turk, 2008). These include the well-known 
tumor necrosis factor and antitumorigenic substances. Lysosomotropic substances 
include sphingosine, L-leucyl-L-leucine methyl ester, and O-methyl-serine dodecylamide 
hydrochloride in a separate category (Conus & Simon, 2008).

CTS were shown to have intracellular apoptosis-related targets (Mustafa et al., 2023). Bid, 
a member of the Bcl-2 family and a key player in the intrinsic route of apoptosis' 
permeabilization of the mitochondrial membrane was the first to be characterized 
(Vila-Julià et al., 2023). The finding that inhibiting the release of cytochrome c after 
incubation of mitochondria from Bid-deficient cell lines supported the idea that processing 
of Bid could be important in lysosomal CTS-mediated apoptosis. Uncertainty persists about 
the function of lysosomal membrane permeabilization in programmed cell death (Patra 
et al., 2023). The main point of contention is whether permeabilization happens before or 
after the proteolytic, apoptotic cascade. Caspase-8 might contribute to the rupture of the 
lysosomal membrane in response to death stimuli, which might support the upstream 
notion (Zhong et al., 2020).

10.3 Role of cathepsins in different cancer types 

Although CTS participation in apoptosis may be a positive indication that their deficiency 
might result in evasion, their role in altering the extracellular matrix is likely considerably 
significant (Zuzarte-Luis et al., 2007). This mechanism controls the organism's growth and 
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homeostasis preservation. But if changed, it may have detrimental pathological effects 
(Baici et al., 2006; Le et al., 2021). Environmental and cellular signals have a role in cancer's 
progression and dynamic character. In numerous common human malignancies, increased 
CTS levels and reduced CTS inhibitor levels have been documented (Konduri et al., 2001). 
Metastases, which are today a significant cause of mortality in cancer patients, arise as a 
result of the process ineluctably (Vizovišek et al., 2019). The CTS translocation mechanisms 
are disrupted during carcinogenesis, which causes the enzyme molecules to move onto 
specialized areas of the cell surface. Because of this, malignant cells' proteases may cleave 
otherwise inaccessible targets (Birkedal-Hansen, 1993). Numerous intricate interactions 
between diverse variables result in the proteolytic network that drives tumor development. 
CTS also destroy osteocin and other matricellular proteins that are not structural 
components of the extracellular matrix (Góra & Latajka, 2015).

10.3.1 Cathepsins B and L in cancer

The CTS B and L are most commonly referenced in papers about the study of cancer 
among the whole CTS family. Multiple cancer forms have abnormal expressions and 
patterns of CTS (Li et al., 2017; Sundaram et al., 2022). According to research by Werle 
et al., CTS B and L activity is elevated in lung cancer tissue (Xing et al., 1998). A relatively 
sizable sample of lung cancer patients participated in the case-control research. CTS L 
activity was measured using the specific substrate Z-Phe-Arg-AMC. To further guar
antee accurate results and prevent their deterioration, CA-074 was launched as a CTS B 
inhibitor. Similarly, the CTS B activity was evaluated in the sera of lung cancer patients 
assessed in another investigation (Chen et al., 2011). It has been shown that patients who 
have high levels of both CTS B and cystatin C have a much worse survival rate than other 
test participants. Patients with prostate cancer also had abnormalities in CTS B and L 
(Jedeszko & Sloane, 2004). Fernández et al. (2001) concluded that CTS B and S may be 
crucial in the invasion of prostate cancers. Additional reports of aberrant CTS B have 
been made in the context of a different prevalent human malignancy, colorectal cancer. 
Intraepithelial neoplasms are the primary cause of most invasive colorectal malignan
cies. In an indirect attempt to determine CTS B levels in individuals with colorectal 
cancer, the levels of CTS B-specific antigen were examined in 64 cases and compared 
with immunohistochemistry labeling of controls from background colon tissue (Hirai 
et al., 1999). It has been shown that cancer tissue has considerably more CTS B antigen 
than the comparable normal mucosa. In a set of paired malignant and adjacent normal 
colorectal tissues, the cytosolic concentration of CTS B and L was compared by Adenis 
et al. (1995). Activated cathepsin L in complex with its propeptide is shown in Fig. 10.1. 
They demonstrated that the CTS levels are higher than those in the nearby, nonmalignant 
tissues. However, they could not link the variations in expression to gender, age, 
location, or stage of the disease. However, Hirai and coworkers have shown that CTS B 
expression is increased in colorectal carcinomas by 3.7-fold at the mRNA level (Hirai 
et al., 1999). Throughout their investigation, they examined the distribution of CTS B in 
80 patients' malignant and normal tissues. CTS B expression was correlated with colon 
cancer survival by Chan et al. (2010). 457 of the 558 people who took part in their study 
had malignancies that were CTSB positive. Furthermore, it was shown that the 
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expression pattern was unrelated to the tumor stage. They found that overall mortality 
and a greater risk of colon cancer are associated with CTSB expression. Additionally, 
CTS B has been identified as a key player in encouraging cell proliferation and the 
development of distant metastases, making it an enzyme of paramount significance in 
different forms of cancer. According to research, CTS B silencing prevents growth (Bao 
et al., 2013) (Fig. 10.1).

Compared to normal endometrium and endometrial atypical hyperplasia tissues, 
cancerous endometrial tissues were shown to have significantly elevated levels of CTS B. 
Based on these results, CTS B was identified as a potential therapeutic target for the 
treatment of endometrial cancer. Three single-nucleotide polymorphisms (SNPs) in the CTS 
B encoding genes were also evaluated for their role in carcinogen-induced mouth cancer 
susceptibility (Chen et al., 2012). All three abnormalities were shown to have a substantial 
impact on the probability of developing mouth cancer. There was a strong correlation 
between one SNP and an increased likelihood of oral cancer developing clinicopathologi
cally, and another SNP may dramatically increase sensitivity to environmental carcinogen- 
mediated oral cancer. In the context of breast cancer, the function of CTS B inhibition was 
also investigated (Withana et al., 2012). According to the findings, inhibiting CTS B activity 
with CA-074 prevents bone metastases in vivo and reduces collagen I degradation in vitro. 
The degree of CTS B expression was also linked with the depth of tumor invasion and 
lymphatic metastasis in cervical cancer (Wu et al., 2012). The investigation used 169 clinical 

FIGURE 10.1 Activated cathepsin (CTS) L in complex with its propeptide. The Protein Databank identifier is 
3F75. The CTS L is shown as a cartoon whereas propeptide is shown as sticks. Visualization of activated CTS L in 
complex with its propeptide, as represented by Protein Data Bank identifier 3F75. The figure depicts CTS L as a 
cartoon model, highlighting its overall structure and active site, while the propeptide is shown as stick models, 
illustrating its precise interaction with the enzyme. This complex formation is crucial for regulating CTS L activity 
and its role in various physiological and pathological processes.
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samples in a series. According to the findings, CTS B production is noticeably greater and 
may be used as a diagnostic for cervical cancer.

10.3.2 Role of cathepsins K

In normal situations, the CTS K enzyme helps with bone rebuilding and resorption, and it 
has a high amount of kinin affinity that sets it apart. However, studies of CTS K's aberrant 
expression and its connection to many malignancies may be found in the literature (Kawai 
et al., 2023). A team led by Bühling looked into how CTS K is expressed in the lungs and 
airways (Bühling et al., 2002). Using quantitative RT-PCR, they established that the levels of 
CTS K-mRNA are increased in lung cancer tissues. Since CTS K actively contributes to bone 
remodeling and degeneration and prostate cancer often exhibits enhanced bone formation 
and resorption, its probable involvement in prostate cancer was widely predicted. Cathepsin 
K complexed with a cyanamide-based inhibitor is shown in Fig. 10.2. Another research have 
reported anomalies associated with CTS K in cases of prostate cancer (Jedeszko & Sloane, 
2004). Additionally, a team headed by Brubaker looked at the role of CTS K in prostate 

FIGURE 10.2 Cathepsin (CTS) K complexed with a cyanamide-based inhibitor. The Protein Databank identifier 
is 1YK8. The CTS K is shown as cartoon model whereas ligand is shown as sticks. Depiction of CTS K complexed 
with a cyanamide-based inhibitor, based on Protein Data Bank identifier 1YK8. The figure shows CTS K as a 
cartoon model, providing a detailed view of its three-dimensional structure and active site, while the cyanamide- 
based inhibitor is represented as a stick model, illustrating its binding interactions within the enzyme's active site. 
This complex showcases the inhibitor's mode of action and its potential for therapeutic targeting of CTS K in 
various diseases.
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cancer (Bühling et al., no date). RT-PCR was utilized in their work to analyze the mRNA 
fragments quantitatively. The accumulated data showed higher CTS K levels in cancer 
tissue, consistent with the original premise.

10.4 Other important types of cathepsins 

Members of the CTS family that are less often expressed, such as CTS H, S, and X, have 
also been linked to cancer instances. Using ELISA as the preferred technique, Schweiger 
et al. explored the function of CTS H in lung cancer (Schweiger et al., 2000). The amounts of 
CTS H were tested in 171 people with cancerous tumors, 34 people with harmless lung 
diseases, and 47 healthy people who were used as standards. The results show that CTS H is 
expressed 0.64 times more in cancer tissue than in normal lung tissue. Also, they have 
shown that people with high amounts of CTS H in their tumors who smoke have a lower 
chance of living longer than people who don't smoke. Waghray and colleagues (Waghray 
et al., 2002) also observed a considerable rise in CTS H expression in neoplasia carcinoma. 
They also used cDNA probes to find a shortened variant of CTS H in the tumor 
environment. They uncovered evidence throughout the research that deletion will likely 
happen at the RNA processing level. Eventually, the loss inside the propeptide segment was 
identified as the cause of the CTS H trafficking problems. In 2000, an analysis of CTS H 
protein types and activity levels in human colorectal cancer was conducted (Re et al., 2000). 
Seventy-seven people with colorectal cancer participated in the research. It was determined 
that tumor cells have enhanced CTS H-specific activity. A relationship between the tumor 
stage and CTS H level was also established. For example, CTS H levels were commonly 
reported to be high in the C-stage carcinomas from Duke. Kos et al. (2001) examined the 
amounts of CTS S in the tissue cytosols of lymph nodes and lung tumors. The tumor cells 
were from 11 instances of secondary tumors and 62 individuals with nonsmall cell lung 
cancer. The study of the samples revealed that tumor tissue had a 1.5-fold higher expression 
of CTS S than the nearby, noncancerous tissues. According to other investigations, CTS S 
may be involved in instances of prostate cancer (Fernández et al., 2001). Finally, it is 
important to note that 56 men who had radical therapy for prostate cancer had matched 
malignant and nonmalignant tissues evaluated to assess the significance of CTS X in prostate 
cancers (Nägler et al., 2004). Multiple techniques were used in the study to quantify enzyme 
expression: RT-PCR, in situ hybridization, immunohistochemistry, and Western blotting. 
The findings demonstrate that the CTS X-chromosome region is often amplified in prostate 
cancer, consistent with increased CTS expression.

10.5 Conclusion 

Members of the protease family are crucial to several crucial biological activities. 
Numerous studies have shown that different family members were involved in various 
cancer instances. In reality, it is evident when one considers CTS involvement. Numerous 
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data suggest that various malignancies have increased CTS levels and activity. The CTS B 
and L are the two members that get the greatest attention. However, other members of this 
family of enzymes may also be discovered to be the focus of cancer research. Most of the 
most common types of human cancer, including colorectal, prostate, and lung malignancies, 
showed abnormal CTS expression levels. Aberrant caspases aid in evading apoptosis, but 
elevated CTS levels play a different role in tumor formation. Consequently, CTS are crucial 
in the migration of malignant cells.

Given that CTS have established themselves as important biomarkers for cancer, we may 
predict that they will soon be widely employed in diagnostics and early disease detection. 
Additionally, CTS B-cleavable chemotherapeutic drugs are an important area of future 
medical study. Due to the limited substrate specificity of this class of enzymes, it is difficult 
to construct highly selective CTS inhibitors. However, computational investigation of the 
binding pockets of several CTS family members may help with this. Identifying new lead 
compounds may be accomplished theoretically using quantum chemistry or molecular 
dynamics techniques, often less expensive than experimental procedures. This indicates that 
they have a role in developing metastases, constituting a significant obstacle in the battle 
against cancer. Based on the information acquired, we believe that CTS should be prioritized 
in tumor-related research since they may serve as therapeutic targets or prognostic 
indicators in cancer treatment. Cysteine proteases are used in prognostics in a very simple 
manner. Overall, it is obvious that cysteine proteases play a role in cancer, and this fact must 
be considered in any future approaches to cancer therapy, diagnosis, and prognosis.
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