
Citation: Qian, D.; He, L.; Zhang, Q.;

Li, W.; Tang, D.; Wu, C.; Yang, F.; Li,

K.; Zhang, H. Cathepsin K: A

Versatile Potential Biomarker and

Therapeutic Target for Various

Cancers. Curr. Oncol. 2022, 29,

5963–5987. https://doi.org/10.3390/

curroncol29080471

Received: 17 July 2022

Accepted: 21 August 2022

Published: 22 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Cathepsin K: A Versatile Potential Biomarker and Therapeutic
Target for Various Cancers
Die Qian 1,† , Lisha He 1,†, Qing Zhang 1, Wenqing Li 1, Dandan Tang 1, Chunjie Wu 1 , Fei Yang 2, Ke Li 2,*
and Hong Zhang 3,*

1 Chengdu University of Traditional Chinese Medicine, Chengdu 611137, China
2 Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu 610075, China
3 Institute of Interdisciplinary Integrative Medicine Research, Shanghai University of Traditional Chinese

Medicine, Shanghai 201203, China
* Correspondence: like_cdutcm@163.com (K.L.); zhanghong@shutcm.edu.cn (H.Z.)
† These authors contributed equally to this paper, and both of them should be considered as first author.

Abstract: Cancer, a common malignant disease, is one of the predominant causes of diseases that
lead to death. Additionally, cancer is often detected in advanced stages and cannot be radically
cured. Consequently, there is an urgent need for reliable and easily detectable markers to identify
and monitor cancer onset and progression as early as possible. Our aim was to systematically review
the relevant roles of cathepsin K (CTSK) in various possible cancers in existing studies. CTSK, a
well-known key enzyme in the bone resorption process and most studied for its roles in the effective
degradation of the bone extracellular matrix, is expressed in various organs. Nowadays, CTSK has
been involved in various cancers such as prostate cancer, breast cancer, bone cancer, renal carcinoma,
lung cancer and other cancers. In addition, CTSK can promote tumor cells proliferation, invasion
and migration, and its mechanism may be related to RANK/RANKL, TGF-β, mTOR and the Wnt/β-
catenin signaling pathway. Clinically, some progress has been made with the use of cathepsin
K inhibitors in the treatment of certain cancers. This paper reviewed our current understanding of
the possible roles of CTSK in various cancers and discussed its potential as a biomarker and/or novel
molecular target for various cancers.
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1. Introduction

It is known that cancer is one of the predominant causes of diseases that lead to death
worldwide. In addition, cancers are often definitely diagnosed in advanced stages and
cannot be radically cured due to the cancer cells easily metastasizing to other organs of
the body [1]. According to the latest epidemic statistics, a total number of 18 million new
cancer cases were diagnosed in 2018, and the most common cancer types include lung
cancer, breast cancer, liver cancers and other malignant cancers. Cancer is currently the
second worldwide cause of death (8.97 million deaths) after ischemic heart disease, but
it will likely become the first by 2060 (18.63 million deaths) [2]. Consequently, there is an
urgent need for reliable and easily detectable markers to identify and monitor cancer onset
and progression as early as possible.

Cancer cells are mutated cells that, in addition to dividing out of control, invade
normal surrounding tissues and even migrate to other parts of the body through the
circulatory system or lymphatic system. Cancer cells have large nuclei and can proliferate
indefinitely, because the adhesion between cancer cells is weakened. It is easy to be
agglutinated by lectin, and the adhesion of the wall is reduced, so it promotes its dispersion
and metastasis in the body [3]. In cancer therapy, a principal goal is to kill cancer cells
while minimizing the death of normal cells [4]. Currently, besides surgery, the main ways
for treating malignant cancers include chemotherapy, radiotherapy and biological therapy.
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However, the therapeutic efficiencies remain unsatisfactory, and therefore, finding new
therapeutic targets for cancer treatment has become a prioritized task.

Cysteine cathepsin K (CTSK, Figure 1) is a type of lysosomal cysteine protease that be-
longs to the papain-like cysteine peptidase family. It is highly expressed in osteoclasts [5,6]
and plays a special role in bone resorption [7]. Compared with other cysteines, CTSK is
the most active mammalian collagenase [8]. Physiologically, CTSK functions by mediating
various aspects of the extracellular matrix turnover, collagen degradation, bone resorption
and remodeling of the extracellular matrix, which plays an important role in cancer [9].
CTSK deficiency can lead to severe bone abnormalities, because it is the main peptidase
involved in osteoclast bone remodeling [10,11]. CTSK is commonly highly expressed in
osteoclasts of bone and would be upregulated under osteoporosis or rheumatoid arthritis;
moreover, CTSK overexpression is also found in other tissue lesions, such as malignant
cancers and heart failure [12–16]. Increasing reports have suggested that upregulated CTSK
could be found in patients with breast cancer [17], giant cell tumors of bone [18], prostate
cancer [19] and many other types of epithelial-derived cell cancers [20–22]. Increasing
studies have reported that the overexpression of CTSK is associated with cancer metastatic
disease, indicating its potential diagnostic and prognostic value. In this review, we summa-
rize our current understanding of the role of CTSK in cancer and evaluate its potential as a
biomarker and/or novel therapeutic target for cancers.
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Figure 1. Three-dimensional structure of pro-cathepsin k and cathepsin k. Structures generated on
the PDB.

2. CTSK and the Cancers Development

As a cysteine proteolytic enzyme, the hydrolytic activity might play an important role
during the development of various cancers. Matrix metalloproteinase (MMP) promotes
the cell migration of breast cancer [23] and tumor metastasis in the lungs [24]. CTSK can
activate pro-MMP-9 under acidic conditions to produce MMP-9 [25]. In addition, CTSK can
degrade the extracellular matrix (ECM) and play a critical role in matrix remodeling [26].
The overexpression of CTSK derived from bone marrow promotes the occurrence of bone
metastasis and contributes to the pathogenesis of bone tumor progression [27,28]. The
imbalance between the resorption of osteoclasts and the formation of osteoblasts can lead
to the occurrence of bone metastatic disease. Especially, tumor cells inhibit the formation
of osteoblasts, leading to this imbalance [29]. Tumor cells and multiple myelomas secrete
factors that stimulate osteoclast (OC) activity by activating the RANKL/RANK signal-
ing pathway and mediating the resorption of osteoclasts [30,31]. Previous studies have
demonstrated that the inhibition of CTSK can significantly decreased the phosphorylation
of mTOR at S2448 in Caki cells and reduced tumor growth and induced cell death in a
xenograft model [32]. The mTOR signaling pathway plays an important role in maintaining
cell growth, proliferation, motility and survival and is involved in the development of a
variety of cancers. In addition, the inhibition of mTOR can strengthen the sensitivity of
anticancer drugs [33].
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3. CTSK in Prostate Cancer

Recently, large-scale sequencing efforts have allowed a better understanding of the ge-
nomic landscape of prostate cancer [34]. Germline or somatic aberrations in DNA damage
repair genes are found in 19% of primary prostate cancers and almost 23% of metastatic
castration-resistant prostate cancers and compromise the genomic integrity. Patients with
BRCA2 pathogenic sequence variants have increased levels of PSA at diagnosis, an in-
creased proportion of high Gleason tumors, elevated rates of nodal and distant metastases
and high recurrence rates [35,36]. Bone metastasis is one of the most common complications
of PCa in bone microenvironmental components [37]. Currently, studies have revealed
that many growth factors such as insulin-like growth factors (IGFs), bone morphogenetic
proteins (BMPs), transforming growth factor-beta 1 (TGF-β1) and platelet-derived growth
factors (PDGFs) are found in the bone matrix, which participated in the process of bone
metastasis [38–40]. Moreover, osteoclasts (OCs) are a type of bone cell, and osteoclast
resorption is followed by osteocyte apoptosis [41]. It is well-known that the bone matrix
components include type I collagen and bone minerals, which can increase bone strength
and rigidity [42]. More importantly, CTSK is a key enzyme in the resorption process of os-
teoclasts and can effectively degrade type I collagen, thereby promoting the bone metastasis
of cancers [43] (Figure 2).
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receptor activator of NF-κB (RANK) and proinflammatory factors such as interleukin 6 (IL-6).

4. CTSK in Breast Cancer

Breast cancer is the most frequently diagnosed cancer in women and the incidence of
female malignant cancers in the first place worldwide [44]. Breast cancer is a heterogeneous
disease with multiple histological features and complex molecular mechanisms. The
pathology of breast cancer is characterized by the formation of the proliferation of mammary
epithelial cells out of control, which is related to a variety of carcinogenic factors. Currently,
we have no exact cause for breast cancer, but increasing evidence shows that endogenous
estrogens [45], progestogens and other hormones (e.g., androgens and prolactin) [46] are
linked to the development of breast cancer. In 2018, Tian et al. demonstrated that estrogen
and progesterone promotes breast cancer MCF-7 cell proliferation as a result of inducing
the expression of cyclin G1 [47]. In addition, studies have shown that CTSK is strongly
expressed in human breast cancers with primary or developing bone metastases [17,48].

Mammary epithelial cells are sheathed by the basement membrane (BM), which is one
of the main types of ECM and separates epithelium from stroma and will affect the normal
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development of glands [49]. Breast cancer is the most prone to bone metastasis cancer.
Cintrón et al. [50] studied the effect of ECM on the migration distance of breast cancer
MDA-MB-231, and they suggested breast fibroblasts and ECM proteins modulate breast
cancer cell migration through MMPs. Approximately two-thirds of patients with advanced
breast cancer show osteolytic bone metastases, and RANKL/RANK signaling plays an
important role in the migration of breast cancer [51]. RANKL induces the migration of
MDA-MB-231, Hs578T and MCF7 breast cancer cells [52]. It is reported that OC-derived
bone sialoprotein promotes OC differentiation in an autocrine manner activated by CTSK,
resulting in promoting the osteolytic metastasis of breast cancer [53]. Therefore, it is
plausible that CTSK has the ability to promote the invasion and migration of breast cancer
cells via degrading ECM [17].

In the process of OCs differentiation, both RANKL and TGF-β induce transcription
factor NFATc1 to accumulate in the nucleus, resulting in the expressions of the proteins (Src
and CTSK) involved in OC-mediated bone resorption [54]. Motyckova et al. suggested
CTSK is the transcription target of Mitf and TFE3 through the three consensus elements
in the CTSK promoter [55]. The expression of CTSK in breast cancer progression is also
associated with other factors. Montgomery et al. reported that, in MDA-MB-231Hi cells,
Hyaluronan (HA) induced the overexpression of CTSK and MT1-MMP, and the HA receptor
CD44 signal can upregulate cysteine protease CTSK and matrix metalloproteinase MT1-
MMP. When CD44 is absent, the expression of CTSK and MT1-MMP is reduced, which
reduces the collagen degradation activity of cells and weakens the invasion of cells through
collagen [56]. Additionally, Hsu et al. [57] analyzed clinical cases of patients with breast
invasive ductal carcinoma, which showed that proinflammatory factor IL-20 is highly
expressed in breast cancer bone metastases. IL-20 upregulates CTSK and MMP-9 to promote
the proliferation and migration of breast cancer cells in vitro (Figure 3).
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cer cells, especially bone metastasis. There are multiple signaling pathways involved in this process,
including RANKL/RANK signaling, NF-κB signal pathways, TGF-β and mTOR signal pathways.

5. CTSK in Bone Cancer

The giant cell tumor (GCT) of bone is a benign neoplasm of bone with a typical clinical
manifestation of eccentric osteolytic lesions. The tumor is characterized by local osteolysis
and strong invasiveness [58]. Histologically, the characteristic appearance of GCT shows a
large number of osteoclast-like multinucleated giant cells, which resulted in the classifica-
tion “osteoclastoma” or “giant cell tumor” [59]. Therefore, a giant cell tumor of bone, also
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known as osteoclastoma, is one of the primary bone tissue cancers. CTSK has a direct effect
on bone, degrading the collagen matrix. The research has shown that CTSK is abundantly
expressed in multinucleated giant cells and significantly revealed that the CTSK/V-ATPase
system is primarily proteolytic factors leading to the osteolysis of GCT [18]. CTSK has
a high enzymatic activity, which was more than 100-fold higher than activities found in
other tissues expressing CTSK and is mainly responsible for the degradation of the collagen
matrix in bone [18]. CTSK plays an important role in maintaining bone homeostasis: the
overexpression of CTSK is closely related to the imbalance of bone turnover, leading to bone
loss [60]. That is, if CTSK activity is impaired, bone resorption is also impaired. Reportedly,
CTSK knockout mice developed profound osteosclerosis [61]. Consequently, based on its
important role in bone, CTSK may serve as a potential therapeutic target.

Osteolytic protease mRNA expression profiles revealed that CTSK, cathepsin L and
MMP-9 were the preferentially expressed collagenases [18]. The role of CTSK in a giant
cell tumor of bone should not be ignored. Recently, the treatment of GCT of bone included
surgery and radiation therapy; however, it is more inclined to targeted systemic ther-
apy [62]. RANK–RANKL interaction and macrophage colony-stimulating factor (M-CSF)
play important roles in osteoclastogenesis by stimulating the recruitment of osteoclas-
tic cells from blood-born mononuclear osteoclast precursor cells that differentiate into
multinucleated osteoclast-like giant cells [63]. The study suggested that denosumab is a
fully human monoclonal antibody and is also a RANKL inhibitor that blocks osteoclast
maturation and, thus, its osteolytic properties and has become a new treatment option for
the locally advanced GCT of bone [64]. In addition, denosumab has been approved by
the U.S. Food and Drug Administration for the treatment of adults and skeletally mature
adolescents with GCTB that is unresectable or when surgical resection is likely to result in
severe morbidity [65]. Interestingly, CTSK is closely associated with RANK–RANKL in the
mediation of OC resorption.

6. CTSK in Renal Carcinoma

Currently, the incidences of kidney cancer continue to rise worldwide [66]. There are
many subtypes of renal cell carcinoma, including clear cell, papillary and chromophobe
renal cell carcinoma [67]. The role of CTSK in renal cancers has been extensively studied,
since it was first described in a translocated renal cell carcinoma in 2009 [68]. It is reported
that almost all Xp11 translocation renal cancers can express CTSK but cannot be expressed
in common renal cell carcinoma as clear cell, papillary and chromophobe renal cell carci-
nomas [69,70]. Increasing researchers have shown that mTOR plays a crucial role in the
development of renal cell carcinoma [71–73], and CTSK is closely related to the mTOR
signaling pathway. Recent studies have revealed that the inhibition of mTORC1 leads to
decreased bone resorption and increased bone mass in mice, indicating that it can control
osteoclast activities, such as CTSK expressions [13]. Additionally, CTSK inhibitors can
significantly reduce the phosphorylation of mTOR in Caki cells [74]. Hence, CTSK plays a
key role in the progression of kidney cancers [75–78].

In an ErK rat model of experimental TSC2 gene mutation, CTSK was used as a
detection marker for renal cancer cells [79,80]. Moreover, CTSK is positive in eosinophilic
solid and cystic renal cell carcinomas, which are relatively rare cancers, and also similar to
epithelioid angiomyolipoma [81,82]. Interestingly, TSC mutations or TFE3 rearrangements
have been reported in pure epithelioid PEComa/epithelioid angiomyolipoma, and CTSK is
also positive [83]. Other studies have also shown that the expression of CTSK is increased
in primary renal cell carcinoma [84]. CTSK has been investigated in the primary kidney
cancers of primary or transplanted kidneys in patients, and the study regarding urology
experts performed a histological examination of renal cell carcinoma, and they also included
CTSK as one of the immunodiagnostic signs [85] (Figure 4).
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Mainly involved in the mTOR signaling pathway, TSC mutations or TFE3 rearrangements or TFEB
amplification, which made a vital contribution.

7. CTSK in Lung Cancer

Lung cancer is the most common primary lung malignant tumor and is commonly
divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). CTSK
is expressed in NSCLC, including adenocarcinoma (ADC), adenosquamous carcinoma,
squamous cell carcinoma (SqCC) and large cell carcinoma (LCC), but it is rarely studied in
SCLC. As a matter of fact, the expression of CTSK was detected in normal lung tissue, such
as bronchial and alveolar epithelial cells, as well as alveolar macrophages [86]. Bühling et al.
first reported that CTSK plays a vital effect in pulmonary homeostasis through collagen
cleavage via studying on mice and patients with pulmonary fibrosis, which have shown
that CTSK has a protective effect, and CTSK expression was significantly upregulated [87].
Zhang et al. [88] found that CTSK is necessary to maintain the structural integrity of the
airway by means of the lung airways of wild-type mice. At the same time, TGF-β1 was
proven as an efficient substrate of CTSK. Moreover, CTSK was found to be widely and
strongly expressed in a pulmonary perivascular epithelioid tumor, which may be a potential
biomarker to identify this disease. We focus on reviewing the potential role of CTSK in
lung cancer. In 2006, Li et al. [89] reported that osteopontin may promote the migration
of osteoclasts by mediating its affinity for CD44 and contains a large number of oblique
positive osteoclasts expressing the CD44 immune response. CD44 can promote tumor
metastasis, and then, CTSK and MMP-9 were detected, and both were positive. In 2009,
Naumnik et al. [90] found that the CTSK inhibitor cystatin C (CystC) concentration was
higher than healthy people via the studying of patients with advanced NSCLC. In 2011,
Wang et al. reported that the level of CTSK is elevated in tumor-associated macrophages
(TAMs) from NSCLC [91]. In 2020, Yang et al. [92] reported CTSK was significantly
increased in A549 cells and dispersed in the cytoplasm, and the overexpression of CTSK
promotes the proliferation, migration and invasion of A549 cells via the activation of
mTOR, which can be blocked by CTSK knockout, suggesting that CTSK may promote the
progression of NSCLC by activating the mTOR signaling pathway (Figure 5).
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8. CTSK in Colorectal Cancer

Colorectal cancer (CRC) is the most common digestive tract cancer in the world [93].
CRC is characterized by diverse molecular features and different cancer stages, with two ma-
jor mechanisms of genetic instability leading to such changes: chromosomal instability and
microsatellite instability (MSI). Although there are challenges in distilling the biological
and technical heterogeneity of MSI testing down to usable data, colon cancer screening for
defective DNA mismatch repair using the immunohistochemistry and/or MSI test should
still be recommended. It has been reported in the literature that immunohistochemistry
testing of the mismatch repair machinery may give different results for a given germline
mutation and has been suggested that this may be due to somatic mutations [94]. The
study showed that DNA somatic copy number alterations, showing common mutations
in APC, TP53, KRAS, SMAD4 and PIK3CA, trigger CRC [95]. Furthermore, CRC often
arises from the intestinal lining, and its pathological characteristics are complex. There-
fore, it is particularly important to explore accurate and convenient diagnostic markers or
therapeutic targets.

CTSK has been proposed as a mediator for gut microbiota imbalances causing CRC
metastasis, because the serum CTSK levels were significantly higher in a mouse gut micro-
biota imbalance. A higher CTSK expression in MC38 cells was reported [96], and CTSK was
the only upregulated gene in SW480 cells and the RKO cell lines. Recently, Arthur et al. [97]
reported that inflammatory factors alter the microbial composition and induce genotoxic
microbial expansion to promote tumorigenesis. Additionally, IL-17 increases the levels
of cytokines and chemokines produced by myeloid cells; alters the tissue environment
and microbiota of CRC and is involved in CRC growth, angiogenesis and metastasis [98].
Interestingly, CTSK could stimulate M2-TAMs to secrete cytokines such as IL10 and IL17
and then promote the invasion and metastasis of CRC cells through the NF-κB pathway [99].
They also demonstrated that tumor-secreted CTSK binds to Toll-like receptor 4 (TLR4) and
stimulates the M2 polarization of TAMs through an mTOR-dependent pathway. Clinically,
CRC often metastasizes later, which is the main cause of death in patients. As a secretory
protein, CTSK was discovered as a novel CRC metastasis pathway, and it is also associated
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with CRC metastasis and poor prognosis [100]. These results suggest that CTSK is a novel
predictive biomarker and a feasible therapeutic target for CRC.

9. CTSK in Other Cancers
9.1. Ovarian Cancer

Ovarian cancer (OCa) is one of the common malignant cancers of the female reproduc-
tive system [101]. Moreover, OCa has often metastasized to other sites. Genomic alterations
in the DNA damage repair pathway are emerging as novel targets for the treatment of
ovarian cancer. Platinum compounds and PARP inhibitors are the two main classes of drugs
active against cancer cells harboring DNA damage repair alterations. On the other hand, as
PD-L1 expression remains rare in ovarian cancer, it is necessary to further investigate the
potential predictive biomarkers for immune checkpoint inhibitors [102]. According to Xu
et al. [103], they reported that the serum levels of CTSK, CA125 and HE4 in OC patients
were significantly higher than those in normal controls; compared with the pre-operation,
the serum concentrations of CTSK in the samples were reduced by 47% on average after
the operation; among the three indicators, the level of decline was higher. In addition, the
expression of CTSK in peritoneal metastatic ovarian carcinomas is dramatically higher than
that in primary Oca, which is based on immumohistochemical staining results. This makes
it possible to diagnose and differentiate between these two types of OCas.

The role of CTSK in OCa has been reported, and Tingting et al. [104] revealed that
downregulating CTSK can inhibit cell metastasis and the proliferation of epithelial ovarian
cancer cells via suppressing epithelial–mesenchymal transition (EMT). In addition, Zhao
et al. [105] revealed that N-myc downstream regulatory gene 1 (NDRG1) can regulate the
invasive potential of OCa cells, and their results showed that the downregulation of NDRG1
can also cause the downregulation of CTSK, MMP7and TMPRSS4. In the clinical setting,
OCa markers CA125 and HE4 have been widely used [106]. The CA125 glycoprotein
commonly appears in epithelial OCa (serous cancers) and has high sensitivity, but its
specificity is poor. The study found that CTSK combined with CA125 and HE4 can be more
specific to predict OCa with enhanced specificity [103].

9.2. Gastric Cancer

Gastric cancer is an idiosyncratic disease, ranking the fourth most common cancer
in the world [107]. In addition, patients are usually diagnosed with advanced gastric
cancer and have already metastasized, resulting in a low survival rate [26]. Ren et al. [108]
reported that CTSK as a downstream factor of cytoskeletal protein coronin 3 promotes
gastric cancer metastasis, also including MMP-9. The expression of MMP-9 and CTSK was
significantly positively correlated with the expression of coronin 3. It is well-known that
tumor cell metastasis is a multi-step process, also called the invasion–metastasis cascade,
the first critical step of which is the invasion of the surrounding ECM and stromal cell
layers by the primary cancer cells. The study showed that CTSK can rapidly degrade the
ECM and promote the metastasis of tumor cells [109]. Moreover, MMP-9 can be cleaved
and activated by CTSK in acidic environments, such as tumor and bone resorption [25].
This finding is beneficial to link CTSK to ECM remodeling activated by MMP-9, which may
be the key to promoting tumor cell proliferation and migration.

9.3. Melanoma

Melanoma, also known as malignant melanoma, is a kind of malignant tumor derived
from melanocytes [110]. It is a kind of tumor with a high degree of malignancy and poor
prognosis and is prone to distant metastasis [111], and recently, it was published that
patients with melanoma of an unknown primary site seem to present better outcomes
compared to those with stage-matched melanoma of a known primary site, probably due
to the higher immunogenicity, as reflected in the immunologically mediated primary site
regression. As such, the melanoma of unknown primary site patients on immunotherapy
probably displayed better outcomes when compared to the melanoma of the known primary
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site subset [112]. What distinguishes melanoma from other cancers is its inherent ability
to express melanogenesis enzymes, as well as the corresponding structural proteins to
synthesize melanin.

CTSK was reported to be significantly expressed in the skin and fibroblasts [113].
Studies have shown that CTSK plays a vital role in melanoma cell proliferation, migration
and invasion. Quintanilla-Dieck et al. [114] reported that CTSK is positive in most primary
melanomas and in all cutaneous melanoma metastases. In turn, the inhibition of CTSK
greatly reduced the invasion of melanoma cells through the basement membrane matrix
and increased the detection of internalized collagen. Obviously, CTSK enhanced tumor cell
invasiveness. Furthermore, Petricevic et al. [115] suggested that CTSK in the primary tumor
significantly promotes the occurrence of metastasis and is an independent predictor of the
occurrence of metastasis. Melanomas secrete MMP and CTSK through lymph and blood to
cut the internal collagen and promote melanoma cells to penetrate the dermis and realize
distant metastasis. Then, Rao et al. [116] reported that, using immunohistochemical meth-
ods, melanoma patients were studied, and CTSK was measured in comparison with other
common markers, such as MITF, HMB45, Melan-A and S100. Their results demonstrated
that CTSK is consistently and strongly expressed in melanocytic lesions and has value
in distinguishing malignant melanoma from most human cancers. CTSK may mediate
the degradation of matrix proteins after phagocytosis in the invasion and metastasis of
melanoma. In a word, the role of CTSK in melanoma cannot be ignored and may be a
potential target in the future. (Figure 6).
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Figure 6. CTSK is strongly expressed in colorectal cancer, ovarian cancer, gastric cancer and melanoma
and promotes the invasion and metastasis of these cancers. Mainly associated with the TLR signaling
pathway, CTSK binds to the TLR4 receptor and activates the pathway to function.

10. CTSK Is a Potential Biomarker for Cancers Diagnosis

It is known that most cancer patients are definitely diagnosed at the advanced stage
of cancer due to there being inadequate accurate biomarkers in clinical settings to reflect
the progress of tumor development. Therefore, specific biomarkers are urgently needed
for the diagnosis of tumors in clinical settings [116]. In addition, specific biomarkers can
also help to identify high-risk individuals, determine how aggressive a tumor is, whether it
has metastasized, closely monitor the tumor progression, develop customized therapies for
patients with different cancers and assess the efficacy and outcomes of disease treatment.

Although, the above-mentioned cancers also have corresponding biomarkers, such as
prostate-specific antigen (PSA) for early prostate cancer diagnosis. However, unnecessary
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biopsies might be needed for the determination, which would lead to numerous compli-
cations for patients, such as PSA determination with biopsies resulting in infection, pain,
inflammation and hematuresis. Importantly, CTSK has some advantages and specificity in
cancer diagnosis, owing to the physiological functions of CTSK, including mediating bone
resorption, degrading the extracellular matrix, participating in bone remodeling and other
physiological activities. CTSK is commonly highly expressed in osteoclasts of bone and
lowly expressed in other organs of normal conditions. However, it would be overexpressed
in other tissues due to cancer occurrence.

Currently, due to the lack of specific biomarkers, metastasis of the malignant cancers
is often difficult to diagnose. According to previous researchers, it has been reported that
the expression level of CTSK is higher after the metastasis of cancer cells. In preclinical or
clinical studies, it was found that the high expression of CTSK was detected in the serum
and tissues of cancer patients. Bone metastases will occur in most cancers at the advanced
stage, causing immeasurable harm to patients. Interestingly, the inhibition of CTSK could be
able to reduce the progression of osteolytic lesions, suggesting that CTSK may have greater
significance as a tumor biomarker. The CTSK promoter selectively overexpressed breast
cancer-associated gene 3 (BCA3), which is a pivotal regulator of NF-κB signaling [117].
CTSK can degrade the extracellular matrix (ECM) to promote the invasion and metastasis
of various human cancer types; therefore, the levels of CTSK might be an effective index
for assessing the tumor severity or predicting the prognosis of cancers. Bone metastases is
a common complication for advanced breast cancer patients with a sharply high mortality.
Additionally, bone metastases would induce metastatic bone disease (MBD) with bone
pain, fractures and hypercalcemia, which would seriously decrease the life quality of breast
cancer patients and increase mortality. In 2010, Jensen et al. reported that the CTSK inhibitor
odanacatib (ODN) could inhibit bone resorption in patients with breast cancer and bone
metastases, indicating the ODN can be used to treat MBD, and CTSK could be used as a
novel therapeutic target for treating MBD [118]. Besides breast cancer, it has been reported
that the CTSK inhibitor could suppress the bone metastasis of advanced prostate cancer, and
the CTSK inhibitor also diminished prostate cancer-induced bone lesions [37]. A previous
study showed that CTSK and TFE3 remain the most sensitive and specific biomarkers for
Xp11 translocation renal cell carcinoma [119]. Importantly, it has been reported that several
other specific extracellular matrix-associated proteins are highly expressed in cancers,
promote the invasion and metastasis of various cancers and have a relationship with CTSK,
which may enable CTSK as a new biological marker, providing strong evidence to further
improve the tumor identification and diagnostic accuracy. These proteins include MMP-9,
which can be used as a biomarker for cancer [120–122]; SPARC, an acidic secretory protein
rich in cysteine, was positively correlated with CTSK expression and predicted a poor
prognosis in prostate cancer and gastric adenocarcinoma [28,95,123]. Tenascin-C (TNC)
may also serve as a tumor biomarker that promotes epithelial–mesenchymal transition,
proliferation and the migration of cancer cells [124–126]. Interestingly, MMP-9 is activated
and cleaved by CTSK to function [25], suggesting that CTSK and MMP-9 combinations may
be particularly suitable for inclusion in biomarker panels. Additionally, the present study
has mentioned that the potential addition of CTSK as a biomarker to diagnose kidneys with
clear cell, papillary and eosinophilic features and to assess the severity of the development
of renal cancers is exemplified by the findings and distinguished common types of renal cell
carcinoma [70]. From all this evidence mentioned above, we have come to the conclusion
that CTSK might be a promising specific biomarker for cancers diagnosis combined with
other biomarkers or clinical cancer symptoms. We summarized the effects and mechanisms
of CTSK in some cancers, as shown in Table 1.
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Table 1. The effects and mechanisms of CTSK in cancers.

Cancer Type Research Samples Effects Mechanism Refs.

Prostate

Prostate cancer

LNCaP cells;
C4-2B cells;
PC3 cells;

Patient tissue;
Patient serum

CTSK promotes invasion and
metastasis of prostate cancer;

CTSK promotes cytokine
Release;

CTSK mediates bone matrix
degradation;

CTSK is involved in CCL2- and
Cox-2-driven pathways;

[44]

Breast

Breast cancer
MCF-7 cells;

MDA-MB-231 cells;
Hs578T cells

CTSK is highly expressed in
mammary fibroblasts;

CTSK promotes breast cancer
cells to metastasize to other

sites

CTSK interacts with
RANKL/RANK;

CTSK degrades ECM and activates
MMP-9 to promote breast cancer

metastasis;
CTSK promoter selectively

overexpresses BCA3, which interacts
with Rac1 and is associated with

NF-κB signaling.

[21,54,127,128]

Breast cancer with bone metastasis MDA-MB-231Hi cells

CTSK is strongly expressed
after bone metastases in

breast cancer;
CTSK degrade extracellular

matrix;

Both RANKL and TGF-β can induce
the transcription factor NFATc1 to

accumulate in the nucleus, and
NFATc1 binds to the promoter and

directly induces the expression of Src
and CTSK;

The high expression of IL-20
upregulates CTSK and MMP-9, and
promotes bone metastasis of breast

cancer

[66]

Bone

Giant cell tumor of bone osteoclast-like giant cells;
multinucleated giant cells

CTSK is abundantly
expressed in the

multinucleated giant cells
and its activity, which was
more than 100-fold higher

than activities found in other
tissues expressing CTSK

CTSK degrades collagen matrix;
CTSK/V-ATPase system is primarily

proteolytic factors leading to
osteolysis of GCT of bone

[18]

Kidney

CRC Xp11TRC cells;
Renal cells

CTSK is positive;
CTSK can be used as an

immunodiagnostic marker

CTSK is a transcriptional target of
Mitf and TFE3;

TFE3 gene rearrangement and TFEB
gene amplification lead to the

invasion and migration of renal cell
carcinoma, and the expression level

of CTSK is higher;
t (6;11) (p21; q12) translocation;
TSC1/TSC2 mutation promotes

renal cell carcinoma development;
CTSK inhibitor significantly reduced
mTOR phosphorylation at S2448 in
Caki cells and inhibited renal cell

carcinoma progression.

[76–78,119,122]

CCRCC CCRCC cells CTSK is positive CTSK and mTOR expression is
dysregulated [81,82]

PRCC PRCC cells CTSK is positive CTSK and mTOR expression is
dysregulated [28]

CRCC CRCC cells CTSK is positive CTSK and mTOR expression is
dysregulated [28]

Sporadic RCC RCC cells CTSK is positive CTSK and mTOR expression is
dysregulated [28,123]

Lung

NSCLC

SBC-5 cells;
A549 cells;

Patient tissues;
Patient serum;
Mice tissues

CTSK maintains airway
structural integrity;

CTSK strongly expressed;

CTSK binds to TGF-β1 and activates
the pathway to promote tumor

metastasis;
CTSK promotes NSCLC invasion

and metastasis by activating mTOR
signaling pathway;

mTOR/S6K/rS6; EGFR/Akt/mTOR
pathway plays a role;

[129–133]

ADC Patient tissues CTSK is positive TGF-β1 acts as a potent substrate for
CTSK. [133]

ADC Patient tissues CTSK is positive

CTSK activates mTOR signaling
pathway

mTOR/S6K/rS6 axis comes into
play;

[134]
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Table 1. Cont.

Cancer Type Research Samples Effects Mechanism Refs.

SqCC Patient tissues CTSK is positive
Increased expression of p-mTOR, so

it associated with the mTOR
pathway

[133,135]

LCC Patient tissues Not mentioned Not mentioned

Others

Colorectal cancer

MC38 cells;
SW480 cells;
RKO cells;

Mice serum

Serum CTSK levels were
significantly elevated in mice

with intestinal flora
imbalance;

CTSK contributes to the
aggressive phenotype of CRC

cells in vitro and in vivo;
CTSK as a prognostic

biomarker

APC, TP53, KRAS, SMAD4 and
PIK3CA mutations promote the
occurrence of colorectal cancer;

CTSK can stimulate M2-TAMs to
secrete cytokines such as IL-10 and

IL-17, and then promote the invasion
and metastasis of colorectal cancer
cells through the NF-κB pathway;

CTSK binds to TLR4 and stimulates
M2 polarization in tumor-associated

macrophages through mTOR
pathway.

TLR signaling leads to
phosphorylation and activation of

microphthalmia transcription factors
through p38, acting on the CTSK

promoter

[94,95,97,99]

Ovarian cancer OCa cells;
Patient serum

CTSK promotes the
metastasis of ovarian cancer;
The expression of CTSK in

peritoneal metastatic ovarian
cancer was significantly

higher than that in primary
ovarian cancer;

CTSK is a useful marker for
the diagnosis of primary OCs
with specific enhancement in
combination with CA25 and

HE4

AGAP2-AS1 inhibits cell metastasis
and proliferation by inhibiting

epithelial-mesenchymal transition by
downregulating CTSK;

Downregulation of NDRG1 reduces
the expression of pro-invasive genes

CTSK, MMP-7 and TMPRSS4

[101,104–106]

Gastric cancer

AGS cells;
Gastric epithelial cells and

macrophages;
Gastric parietal cells

high expression of CTSK in
gastric cancer cells;
CTSK promotes the

metastasis of gastric cancer;

CTSK promotes gastric cancer
metastasis as a downstream factor of

cytoskeletal protein Coronin 3;
CTSK rapidly degrades ECM;

CTSK cleaves and activates MMP-9
to promote gastric cancer cell
proliferation and migration;

[108]

Melanoma Melanoma cells

CTSK is significantly
expressed in skin and

fibroblasts;
CTSK is positive in most

primary melanomas and all
cutaneous melanoma

metastases;

Through the secretion of MMP and
CTSK through the lymph and blood,
the internal collagen is cut off, which

promotes the penetration of
melanoma cells into the dermis and

achieves distant metastasis;
CTSK may mediate the degradation
of matrix proteins after phagocytosis

and promote the invasion and
metastasis of melanocytes

[113–115]

11. CTSK Is a Potential Therapeutic Target for Cancers

This study found that tumor-derived exosomes not only promote tumor invasion and
metastasis but also inhibit osteoclast differentiation, and CTSK expression is downregu-
lated [136,137]. This suggests that there is some connection between the role of exosomes in
CTSK and cancer. However, in this manuscript, we focus on the role of CTSK in cancer. It is
known that some biomarkers are also the therapeutic target for cancers, and searching novel
CTSK inhibitors might be beneficial for the treatment and prevention of various cancers. As
mentioned above, CTSK is involved in the pathological process of cancer development, so
it seems that CTSK could be also a potential therapeutic target for cancer treatment. There
is no doubt that CTSK is a specific therapeutic target of osteoclasts [138,139]. However,
increasing current studies have also suggested that some non-osteoclast cell types also
express CTSK, which would be upregulated when the cancers occurred. CTSK has the
powerful ability to degrade the extracellular matrix (ECM), which would be beneficial
for the metastasis of various human cancer types, including breast, lung, prostate and
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melanoma [140]. Additionally, it was also reported that CTSK can promote the proliferation
and metastasis of cancer cells via activating the PAR-3 and PAR-4 receptors.

In the acidified environment of the bone resorption cavity, CTSK hydrolase could also
degrade the type I collagen and bone organic matrix, which can increase the bone metastasis
of various human cancers. During bone resorption, CTSK-positive cells accumulate at the
tumor–bone interface until the bone is destroyed. It is the mechanism by which CTSK
mediates osteoclast resorption. Additionally, in areas of active bone turnover, both bone
formation and bone resorption promote tumor cell proliferation [141]. In addition, it was
reported that 70% of patients with metastatic prostate and breast cancers have bone metas-
tases, and bone is a common site of metastasis in most solid cancers [142]. Grabowskal
et al. [143] reported that CTSK inhibitors are the first drugs to prevent bone resorption
without affecting bone formation, thereby improving bone quality and strength. Given
the critical role of CTSK in bone remodeling, CTSK inhibitors should benefit the treatment
of cancers characterized by extracellular matrix degradation. For instance, in animal ex-
periments studying breast cancer, the intravenous inoculation of CTSK-expressing human
B02 breast cancer cells resulted in the formation of bone metastases. Le et al. [48] revealed
that CTSK may be a therapeutic target for bone metastases, because the use of CTSK in-
hibitor CKI can reduce the progression of osteolytic lesions and inhibit osteoclast resorption,
thereby reducing the skeletal muscle tumor burden. Vashum et al. [144] indicated that ODN
has no effect on the osteoclast number, and it was proven that ODN prevents osteolytic
metastasis by interacting with the NF-κB pathway to inhibit bone resorption cytokines and
growth factors. The CatK inhibitor L-235 (100 mg/kg) significantly reduced the intratibial
tumor volume by 63% and is more effective than 56% zoledronic acid (ZOL) in reducing
breast cancer invasion [145]. Liang et al. [146] studied the effects of CTSK inhibitors on
prostate cancer in mice. There are three main effects of CTSK inhibitors: inhibition of PCa
cell invasiveness, dose-dependent inhibition of PCa-conditioned mediator-induced bone
resorption and the effective prevention of tumor formation. Thus, selective CTSK inhibitors
may prevent the establishment and progression of breast cancer and prostate cancer in the
bone, becoming a new treatment for advanced cancers. In addition, CTSK has also shown
its potential as a therapeutic target in lung cancer and melanoma and has been clinically
validated [92,115,147]. Clinically, this study on healthy volunteers showed that the adverse
reactions of a single dose of ODN are transient, mild to moderate and commonly headache
and gastroenteritis, with a half-life period of 40–80 h, indicating that it is well-tolerated
and has efficacy [148]. Consequently, CTSK may serve as a versatile therapeutic target for
various human cancers, and the inhibition of CTSK is of great significance for the treatment
of cancers.

Currently, there are a variety of CTSK inhibitors reported in the previous literature
(Table 2), and some of them have been studied in preclinical studies, such as relacatib
(SB-462795) [149], L-235 [150], balicatib (AAE-581) [151], odanacatib [152] and ONO-
5334 [153]. They are taken orally and are able to significantly reduce the biochemical
markers of bone resorption, serum CTX and urinary NTX levels and increase the bone
mineral density. Of note, among the CTSK inhibitors, only odanacatib has been studied in
the setting of a phase III clinical trial [154]. Therefore, we will focus on odanacatib-related
research. ODN is a selective and reversible inhibitor of CTSK. By studying ovariectomized
adult rhesus monkeys, it was shown that ODN increased the bone mass, improved bone
strength at the hip and displayed site-specific effects on this process [152]. The inhibition
of CTSK achieves the balance of bone turnover and reduces bone loss [155]. Additionally,
in postmenopausal women administered 50 mg ODN, reductions in the serum CTx of
−66%, and urine NTx/creatinine (uNTx/Cr) of −51% relative to the placebo were ob-
served at 24 h. At 168 h, reductions in the serum CTx (−70%) and uNTx/Cr (−78%) were
observed relative to the baseline [148]. It has a long metabolic half-life in vivo and a low
clearance rate, indicating that it can exert a long-term drug effect [156]. The cross-linked
N-terminal (NTx) and C-terminal (CTx) telopeptides of type I collagen are generated by
the enzymatic action of CTSK on collagen. CTSK cleaves the N-telopeptide of collagen to
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generate NTx. CTx and NTx were used throughout phases I, II and III of ODN clinical
studies [157]. Therefore, CTSK effects can be assessed by detecting CTx in the serum and
NTx in urine [158,159]. To sum up the above, CTSK plays an important regulatory role in
tumor invasion and metastasis by degrading the collagen matrix.

Here, we need to point out a fact. Owing to its prominent role in bone resorption,
CTSK has become a therapeutic target for osteoporosis [160]. In fact, CTSK not only plays
an important role in bone, but its activity has profound effects on various organs beyond
bone. Evidence from human and animal studies has documented that CTSK is involved in
the development of the central nervous system, cardiovascular system, respiratory system
and related diseases [161]. For example, according to the study by Hua et al., the knockout
of CTSK can reduce cardiac hypertrophy caused by a pressure overload, suggesting that
CTSK may serve as its therapeutic target [162]. Furthermore, combined bone metastases
are a common and devastating consequence of most cancers. Based on recent research
findings, this article reviews the role of CTSK in various cancers, which is expected to be
a potential therapeutic target. Cancer growth in bone requires the activation of various
signaling pathways in cancer cells and stromal cells, including those stimulated by TGF-β
and RANKL and mediated through Src tyrosine kinase, mTOR signaling mediated by
mutations in TSC2 and the Wnt/β-catenin pathway [79,163]. CTSK is associated with the
activation of these signaling pathways and is arguably a novel target for cancer-induced
bone resorption. The specific and clear mechanisms of the effects related to CTSK needs to
be verified by further experiments.

Table 2. The reported potential inhibitors of CTSK.

Compound Formula Chemical Structure Bioactivity Reference

Odanacatib C25H27F4N3O3S
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(Table 2), and some of them have been studied in preclinical studies, such as relacatib (SB-

462795) [149], L-235 [150], balicatib (AAE-581) [151], odanacatib [152] and ONO-5334 

[153]. They are taken orally and are able to significantly reduce the biochemical markers 

of bone resorption, serum CTX and urinary NTX levels and increase the bone mineral 

density. Of note, among the CTSK inhibitors, only odanacatib has been studied in the set-

ting of a phase III clinical trial [154]. Therefore, we will focus on odanacatib-related re-

search. ODN is a selective and reversible inhibitor of CTSK. By studying ovariectomized 

adult rhesus monkeys, it was shown that ODN increased the bone mass, improved bone 

strength at the hip and displayed site-specific effects on this process [152]. The inhibition 

of CTSK achieves the balance of bone turnover and reduces bone loss [155]. Additionally, 

in postmenopausal women administered 50 mg ODN, reductions in the serum CTx of 

−66%, and urine NTx/creatinine (uNTx/Cr) of −51% relative to the placebo were observed 

at 24 h. At 168 h, reductions in the serum CTx (−70%) and uNTx/Cr (−78%) were observed 

relative to the baseline [148]. It has a long metabolic half-life in vivo and a low clearance 

rate, indicating that it can exert a long-term drug effect [156]. The cross-linked N-terminal 

(NTx) and C-terminal (CTx) telopeptides of type I collagen are generated by the enzymatic 

action of CTSK on collagen. CTSK cleaves the N-telopeptide of collagen to generate NTx. 

CTx and NTx were used throughout phases I, II and III of ODN clinical studies [157]. 

Therefore, CTSK effects can be assessed by detecting CTx in the serum and NTx in urine 

[158,159]. To sum up the above, CTSK plays an important regulatory role in tumor inva-

sion and metastasis by degrading the collagen matrix. 

Here, we need to point out a fact. Owing to its prominent role in bone resorption, 

CTSK has become a therapeutic target for osteoporosis [160]. In fact, CTSK not only plays 

an important role in bone, but its activity has profound effects on various organs beyond 

bone. Evidence from human and animal studies has documented that CTSK is involved 

in the development of the central nervous system, cardiovascular system, respiratory sys-

tem and related diseases [161]. For example, according to the study by Hua et al., the 

knockout of CTSK can reduce cardiac hypertrophy caused by a pressure overload, sug-

gesting that CTSK may serve as its therapeutic target [162]. Furthermore, combined bone 

metastases are a common and devastating consequence of most cancers. Based on recent 

research findings, this article reviews the role of CTSK in various cancers, which is ex-

pected to be a potential therapeutic target. Cancer growth in bone requires the activation 

of various signaling pathways in cancer cells and stromal cells, including those stimulated 

by TGF-β and RANKL and mediated through Src tyrosine kinase, mTOR signaling medi-

ated by mutations in TSC2 and the Wnt/β-catenin pathway [79,163]. CTSK is associated 

with the activation of these signaling pathways and is arguably a novel target for cancer-

induced bone resorption. The specific and clear mechanisms of the effects related to CTSK 

needs to be verified by further experiments. 

Table 2. The reported potential inhibitors of CTSK. 

Compound Formula Chemical Structure Bioactivity Reference 

Odanacatib C25H27F4N3O3S 

 

Inhibitor, IC50 = 0.2 nM (Hu-

man), IC50 = 1 nM (Rabbit); 

odanacatib (30 mg/kg/day, 

orally) can persistently sup-

press bone resorption in OVX 

monkeys. 

[155,164,165] 

Inhibitor, IC50 = 0.2 nM (Human),
IC50 = 1 nM (Rabbit);

odanacatib (30 mg/kg/day, orally) can
persistently suppress bone resorption

in OVX monkeys.

[155,164,165]
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, IC50 = 0.4 nM [166]

L-873724 C23H26F3N3O3S
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, IC50 = 0.2 nM [167,168]

Balicatib/AAE581 C23H33N5O2
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, IC50 = 1.4 nM; IC50 = 56 nM
(Rat); IC50 = 480 nM (mouse) [169]

NC-2300/VEL-0230 C14H24NO5 -
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, IC50 = 46 nM; IC50 = 319 nM
(Rat); IC50 = 102 nM (mouse) [169]
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, Ki = 0.91 nM [170]

Gü2602 C16H22N4O3
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, Ki = 0.013 nM [170]

Cathepsin K inhibitor 2 C30H33F4N5O3
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

[171]

Cathepsin inhibitor 1 C20H24ClN5O2
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, IC50 = 5.5 nM [172]

Relacatib/
SB-462795 C27H32N4O6S
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, Ki = 0.041 nM [149,173]

BML-244 C11H21NO3
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, 1 µM [174]

4S-7-cis-methylazepanone C27H32N4O6S
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, Ki = 0.16 nM (human) [173]

4S-parent azepanone C26H30N4O6S
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, Ki = 0.16 nM (human) [173,175]

Compound 24 C40H47N5O7
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MK-0674 C26H27F6N3O2 

 

Inhibitor, IC50 = 0.4 nM [166] 

L-873724 C23H26F3N3O3S 

 

Inhibitor, IC50 = 0.2 nM [167,168] 

Balicatib/AAE581 C23H33N5O2 

 

Inhibitor, IC50 = 1.4 nM; IC50 

= 56 nM (Rat); IC50 = 480 nM 

(mouse) 

[169] 

NC-2300/VEL-0230 C14H24NO5 - 

 

Inhibitor, IC50 = 46 nM; IC50 = 

319 nM (Rat); IC50 = 102 nM 

(mouse) 

[169] 

Gü1303 C20H22N4O3 

 

Inhibitor, Ki =0.91 nM [170] 

Gü2602 C16H22N4O3 

 

Inhibitor, Ki =0.013 nM [170] 

Cathepsin K inhibitor 2 C30H33F4N5O3 

 

 [171] 

Cathepsin inhibitor 1 C20H24ClN5O2 

 

Inhibitor, IC50 = 5.5 nM [172] 

Relacatib/ 

SB-462795 
C27H32N4O6S 

 

Inhibitor, Ki = 0.041 nM [149,173] 

BML-244 C11H21NO3 

 

Inhibitor, 1 μM [174] 

4S-7-cis-

methylazepanone 
C27H32N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173] 

4S-parent azepanone C26H30N4O6S 

 

Inhibitor, Ki = 0.16 nM (hu-

man) 
[173,175] 

Compound 24 C40H47N5O7 

 

Inhibitor, Ki = 0.0048 nM (hu-

man); Ki = 4.8 nM (rat) 
[175] 

Inhibitor, Ki = 0.0048 nM (human);
Ki = 4.8 nM (rat) [175]

ONO-5334 C21H34N4O4S
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, Ki = 0.10 nM (human);
Ki = 0.049 nM (rabbit); Ki = 0.85 nM

(rat)
[176,177]

2-Cyanopyrimidine C5H3N3
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 170 nM [178]

LHVS C28H37N3O5S

Curr. Oncol. 2022, 29, FOR PEER REVIEW  16 
 

 

ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, 5 µM (Osteoclasts) [179]
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L-006235/L-235 C24H30N6O2S
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 5 nM [142,150,180]

calpeptin
1/Cbz-Leu-Nle-H C20H30N2O4
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 0.11 nM [181]

Boc-Nle-H C11H21NO3
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 51 nM [181]

Inhibitor 9
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, Ki = 10 nM [182]

Inhibitor10 Inhibitor, Ki = 120 nM [182]

Compound rac-34a
C22H23F2N2OS
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 0.46 nM
[183]

Compound (−)34a Inhibitor, IC50 = 0.28
Compound (+)34a Inhibitor, IC50 = 7.1

Compound rac-34b C21H19F3N2O
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 36 [183]

Compound rac-34c C22H22Cl2N2OS
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 0.58 [183]

Compound rac-38a C22H23FN2OS
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 

[176,177] 

2-Cyanopyrimidine C5H3N3 

 

Inhibitor, IC50 = 170 nM [178] 

LHVS C28H37N3O5S 

 

Inhibitor, 5 μM (Osteoclasts) [179] 

L-006235/L-235 C24H30N6O2S 

 

Inhibitor, IC50 = 5 nM [142,150,180] 

calpeptin 1/Cbz-Leu-

Nle-H 
C20H30N2O4 

 

Inhibitor, IC50 = 0.11 nM [181] 

Boc-Nle-H C11H21NO3 

 

Inhibitor, IC50 = 51 nM [181] 

Inhibitor 9  

 

Inhibitor, Ki = 10 nM [182] 

Inhibitor10  Inhibitor, Ki = 120 nM [182] 

Compound rac-34a 

C22H23F2N2OS 

 

Inhibitor, IC50 = 0.46 nM 

[183] 
Compound (−)34a Inhibitor, IC50 = 0.28 

Compound (+)34a Inhibitor, IC50 = 7.1 

Compound rac-34b C21H19F3N2O 

 

Inhibitor, IC50 = 36 [183] 

Compound rac-34c 
 

C22H22Cl2N2OS 

 

Inhibitor, IC50 = 0.58 [183] 

Compound rac-38a C22H23FN2OS 

 

Inhibitor, IC50 = 4.2 [183] 

Compound rac-38b C22H23FN2OS 

 

Inhibitor, IC50 = 3.7 [183] 

Compound 1a  

 

R = H, Inhibitor, IC50 = 0.47 

[178] 

Compound 1b  
R = 3-CH3, Inhibitor, IC50 = 

0.46 

Compound 1c  
R = 4-CH3, Inhibitor, IC50 = 

0.19 

Compound 1d  R = 3-Cl, Inhibitor, IC50 > 1 

Compound 1e  R = 4-Cl, Inhibitor, IC50 = 0.35 

Inhibitor, IC50 = 4.2 [183]

Compound rac-38b C22H23FN2OS
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ONO-5334 C21H34N4O4S 

 

Inhibitor, Ki = 0.10 nM (hu-

man); Ki = 0.049 nM (rabbit); 

Ki = 0.85 nM (rat) 
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Table 2. Cont.

Compound Formula Chemical Structure Bioactivity Reference

Tri-Ring P3
Benzamide-Containing

Aminonitriles
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cancer metastasis, and this change might be used to diagnose and assess the severity
of cancer patients. Based on the role of CTSK in a variety of cancers, it may serve as a
potential biomarker.

The inhibition of CTSK attenuates osteolytic lesions and, thus, inhibits cancer pro-
gression. Activating CTS promoted RANKL-induced osteoclast formation and osteoclast-
mediated bone resorption activity. CTSK inhibitors have been studied clinically. They were
able to significantly reduce the biochemical indicators of bone resorption, serum CTX and
urinary NTX levels and increase the bone mineral density.

In conclusion, in this review, we summarized that CTSK may be a novel cancer
biomarker and therapeutic target. In order to verify that CTSK is more specific in the
treatment of cancers and seek better treatment results, a large number of studies and more
in-depth mechanism studies are still needed.
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