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a b s t r a c t
a r t i c l e i n f o
Cathepsins (CTS) are mainly lysosomal acid hydrolases extensively involved in the prognosis of different dis-
eases, and having a distinct role in tumor progression by regulating cell proliferation, autophagy, angiogenesis,
invasion, and metastasis. As all these processes conjunctively lead to cancer progression, their site-specific regu-
lation might be beneficial for cancer treatment. CTS regulate activation of the proteolytic cascade and protein
turnover, while extracellular CTS is involved in promoting extracellular matrix degradation and angiogenesis,
thereby stimulating invasion and metastasis. Despite cancer regulation, the involvement of CTS in cellular adap-
tation toward chemotherapy and radiotherapy augments their therapeutic potential. However, lysosomal
permeabilizationmediated cytosolic translocation of CTS induces programmed cell death. This complex behavior
of CTS generates the need to discuss the different aspects of CTS associatedwith cancer regulation. In this review,
wemainly focused on the significance of each cathepsin in cancer signaling and their targetingwhichwould pro-
vide noteworthy information in the context of cancer biology and therapeutics.
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1. Introduction

Proteolysis plays a crucial role in cancer progression via tumor
proliferation, differentiation, invasion, metastasis, and angiogenesis,
either directly by providing raw material generated from proteolysis
or indirectly by activating other proteolytic cascades or degrading
growth regulatory factors (reviewed in Gocheva & Joyce, 2007). It has
been an intriguing topic for researchers in the quest for new anticancer
therapies. Progression to malignancy is often associated with aberrant
proteolysis regulating mechanisms. Previous proteolysis-based studies
were mainly focused on matrix metalloproteinases (MMP) (a family
of 23 endopeptidases) for cancer regulation. However, failure of clinical
trials of broad-spectrum MMP inhibitors had led to the curiosity of
kang@daegu.ac.kr (S.C. Kang).
cathepsins (CTS) based research. CTS are mainly lysosomal proteases
that degrade proteins at acidic pH. In normal cells, CTS regulate the
immune responses and signaling pathways. Aberrant CTS activity are
widely implicated for commuted immunologic and physiological
behavior that is attributable to cancers (reviewed by Gocheva & Joyce,
2007, Mason & Joyce, 2011; Olson & Joyce, 2015) and other disorders
such as osteoporosis, arthritis, cystic fibrosis, neurodegenerative
diseases, and cardiovascular diseases (Reviewed in Turk et al., 2012).

Several reports on CTS involvement in tumorigenic processes have
provided sufficient evidence to understand their anti-cancer potential
(Urbich et al., 2005; Gocheva et al., 2006; Sevenich et al., 2010;
Gocheva et al., 2010; Shree et al., 2011; Withana et al., 2012; Bruchard
et al., 2013; Ruffell, Affara, Cottone, Junankar, & Johansson, 2013;
Akkari et al., 2014; Bengsch et al., 2014; Alatrash et al., 2017; Sudhan,
Rabaglino, Wood, & Siemann, 2016; Palesch et al., 2016; Burton et al.,
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Fig. 1. Proteolytic activation of CTS cascade. CTS are synthesized as preproenzymes. After
removal of prepeptide in the rough endoplasmic reticulum (RER), proCTS are
transported to the lysosome and activated by removal of the propeptide through CTS
cascade. Among the CTS, proCTSB is activated by CTSD and also by autoactivation, CTSB
activates proCTSD, CTSD cleaves CTSK and CTSL, CTSL induces the release of the pro part
of CTSZ and CTSC, CTSS can also activates proCTSC, consequently proCTSC, and CTSC
activates CTSB by removal of propeptide from proCTSG. CTSE is unique in this network,
and yet it is predicted to be activated by self-removal of the propeptide. This CTS
cascade is complex and explored mostly through in vitro studies; the mechanism of
action of this complex network in physiological conditions remains to be identified.
Moreover, compensatory activities of CTS for each other (not shown in the figure) also
complicate the physiological web of these proteases.
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2017; Mitrovic, Pecar Fonovic, & Kos, 2017; Khaket, Singh, Khan,
Bhardwaj, & Kang, 2018; Khan, Carmona et al., 2018; Pandey, Bakhshi,
Thakur, Jain, & Chauhan, 2018; Dhawan, Hahn, Ramos-Vara, & Knapp,
2018). CTS also contribute toward processing various growth regulators
such as cytokines and chemokines (Yin et al., 2012) that drive cancer
cell growth and inflammation (Navab et al., 2008; Dennemarker et al.,
2010; Bruchard et al., 2013). Likewise, extracellular CTS secretion are
known to alter the tumor microenvironment through extracellular
matrix (ECM) degradation that consequently leads to tissue invasion
and metastasis (Joyce et al., 2004; Vasiljeva et al., 2006; Sevenich
et al., 2014). Under physiological conditions, CTS activities are strictly
controlled at the transcriptional and post-transcriptional levels through
various regulators. However, the mechanism by which carcinoma cells
evade this controlled CTS regulation and further consume CTS for their
progression would be interesting to discuss. Moreover, enhancement
of anticancer treatment sensitivities via CTS targeting has attracted re-
searchers to explore their role in cancer therapeutics. This review fo-
cuses on the recent developments in the field of CTS based cancer
regulation, and their therapeutic significance.

2. Cathepsins and cancer

Based on their catalytic amino acids, cathepsins are categorized as
cysteine proteases (CTSB, C, F, H, L, K, O, S, W, and Z), serine proteases
(CTSA and G) and aspartic proteases (CTSD and E). Of the various CTS
known, CTSB, C, D, E, G, K, L, S and X/Z are the most widely studied in
cancer progression, a process notably dependent on tissue/cell-specific
expression of specific CTS. CTS are synthesized as preproenzymes and
processed in the rough endoplasmic reticulum (RER) by removal of
prepeptide, followed by glycation in the Golgi apparatus, finally
transported to the lysosome and activated through controlled proteoly-
sis of the propeptide (Kominami, Tsukahara, Hara, & Katunuma, 1988;
Nishimura, Kawabata, & Kato, 1988). A compelling deliberation now
arises whether all CTS are activated in the lysosome simultaneously; if
not, then the mechanism by which their activation is controlled by the
physiological conditions. In the following sections, we summarize re-
cent CTS based researches to discover the exact mechanism associated
with their functions in cancer.

2.1. Cysteine cathepsins

2.1.1. CTSB
CTSB is a lysosomal cysteine protease having both endo- and car-

boxypeptidase activity. Pro-CTSB is activated by CTSD, CTSG,
urokinase-type plasminogen activator (uPAR), tissue-type plasminogen
activator, and elastases (Matas, Thygesen, Stacey, Risch, & Sim, 1997;
Mueller-Steiner et al., 2006; Liang, Ouyang, Schneider, & Zhang, 2011;
reviewed in Aggarwal & Sloane, 2014) (Fig. 1). Cathepsin B is a bilobed
protein encompassinga catalytical triad of cysteine, histidine, and aspar-
tate (Musil et al., 1991) with an additional occluding loop that can regu-
lates its endopeptidase and carboxypeptidase activity by controlling
substrate access to the active site (Illy et al., 1997; Quraishi et al.,
1999). CTSB overexpression has been reported for numerousmalignan-
cies including brain, lung, prostate, breast, and colorectal cancers
(Krepela, Vicar, & Cernoch, 1989; Krepela, Kasafirek, Novak, & Viklicky,
1990; Rempel et al., 1994; Sinha et al., 2007; Bian et al., 2016). Likewise,
proteomic studies on cystic fluids from ovarian, breast, thyroid, and
colorectal cancer patients have also revealed enhanced CTSB protein
levels as compared to normal (McKerrow et al., 2000; Srisomsap et al.,
2002; Wulfkuhle et al., 2002; Kolwijck et al., 2010). Consistent with
these studies, overexpression of CTSB is also noted in the serum of 60%
of gastric cancer patients and 37% of oral squamous cell carcinoma pa-
tients with advanced stages and lymph node metastasis (Ebert, Kruger,
Fogeron, Lamer, et al., 2005; Yang et al., 2016), thereby implying signif-
icant utility of CTSB in cancer progression. Several studies have been
undertaken to determine the mechanism underlying the CTSB
upregulation and tumor progression. In myeloid tumor cells, the
transforming growth factor (TGF)-β1-mediated upregulation of CTSB
expression also supports its canonical role in carcinogenesis
(Reisenauer et al., 2007). Similarly, overexpression of CTSB inmammary
cancer cells facilitates the invasiveness and tumor progression
(Sevenich et al., 2011; Bengsch et al., 2014). Likewise, in the RIP1-Tag2
PanNET mouse model and MMTV-PyMT mammary carcinoma mouse
models, CTSB deletion attributed to declined tumor volume and cancer
cell proliferation (Vasiljeva et al., 2008; Sevenich et al., 2010). Intrigu-
ingly, CTSB deletion has no effect on cancer progression in the K14
HPV16mousemodel of squamous cell carcinoma (SCC),which endorses
its tissue-specific role in tumor regulation (Ruffell et al., 2013).

Consistent with these results, it is well documented that oncogenes
(such as HRAS, HER2, and Sp1) and proto-oncogenes (such as Sp3 and
Ets1) lie upstream of CTS, and their activation consequently enhances
the expression of CTSB (Yan, Berquin, Troen, & Sloane, 2000). This pro-
vides a clue about their association with cancer progression. Recently,
Tripathi et al. (2018) have ascribed that tyrosine kinases such as Abl
and Arg (Abl-related gene) are able to activate transcription factors
(namely Ets1, Sp1, and NF-κB/p65) and subsequently CTSB expression.
Moreover, Luan et al. (2018) predicted that CTSB/L expression is
negatively regulated by STUB1 (STIP1 homology and U-Box containing
protein 1) or CHIP (C terminus of HSC70-Interacting Protein) in ErbB2
+ and other breast cancer cell lines. Thus, regulation of CTS expression
by targeting upstream proto-oncogenic factors, including tyrosine
kinases [such as Abl and Arg (Abl/Arg)) and CHIP can provide new ther-
apeutic opportunities to treat cancers.

Indeed, the constitutive loss of CTSB downregulates the phospho-
extracellular signal-regulated kinases (ERK)/mitogen-activated protein
kinases (MAPK) signaling in pancreatic cancer, thereby attenuating
cell proliferation (Gopinathan et al., 2012) (Fig. 2). However, no signif-
icant alteration in MAPK signaling was observed in the absence of
CTSB in colorectal cancer, which further indicates its tissue-specific
functioning (Bian et al., 2016). In addition to MAPK signaling, CTSB is
capable of cleaving p27Kip1, a cell cycle regulator that negatively affects
cyclin-CDK complex and helps the cell to determine between prolifera-
tion and cell cycle exit. Therefore, p27Kip1 degradation promotes cell
cycle progression associated with higher cyclin B while the loss of
CTSB increases the p27Kip1 level resulting in abrogation of tumor prolif-
eration (Bian et al., 2016). Bruchard et al. (2013) demonstrated that
CTSB promotes the inflammasome-mediated interleukin (IL)-1β release



Fig. 2. Schematic representation of CTS implications in cancer growth and proliferation. This figure illustrates how CTS play a crucial role in the regulation of the signaling pathways
involved in tumor progression. During cancer progression, SPARC induces CTSB/CTSD activity by promoting autophagy that can regulate tumor cell proliferation by proteolysis, ERK,
and inflammasome-mediated angiogenesis. CTSD is also entailed in the promotion of autophagy degradation, AKT, and ERK-mediated trafficking. CTSD, in association with CTSL and
CTSS, also actively facilitates the upregulation of growth factor-mediated angiogenesis and thereby cancer proliferation. Furthermore, CTSD is also implicated in enhancement of CTSB
mediated tumor growth by degrading cysteine CTS inhibitor stefin. Tumor-secreted growth factors [VEGF, fibroblast growth factor (FGF), platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), nerve growth factor (NGF)] induces CTSL and S expression. In addition to growth factors, some other cytokines including interferon gamma (IFNγ), IL-
6, and Rab4α also enhance CTSL level. This increased CTSL and S expressions subsequently upregulate angiogenesis. Red arrows and red box indicate CTS mediated signaling and
intermediates. SPARC: Secreted Protein, Acidic and Rich in Cysteine, AKT: Protein kinase B, ERK: Extracellular signal–regulated kinases, GF: growth factors.
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that consequently boosts tumor growth by upregulating angiogenesis,
in myeloid-derived suppressor cells exposed to gemcitabine and
5-fluorouracil. Inflammasome activation also promotes the infiltration
of myeloid cells, such as tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells, that further stimulate breast cancer
progression (Guo, Fu, Zhang, Liu, & Li, 2016).

CTSB are able to translocate to the extracellular space and mediate
pleiotropic functions. To completely understand the mechanism of
CTSB in the extracellularmilieu, it is crucial to understand the transloca-
tion mechanism from lysosomal to extracellular space. Recently, Shao
et al. (2018) revealed that epidermal growth factor (EGF)-induced
neural precursor cells express developmentally down-regulated protein
4 (NEDD4) ligase activity that conceivably promotes the extracellular
secretion of lysosomal CTSB. This secretion most likely occurs through
the regulation of endosomal sorting complexes required for transport
(ESCRT) complex-mediated membrane fusion between secretory
lysosomes and plasma membrane, or through the formation and traf-
ficking of autophagosomes (Mi et al., 2016; Shao et al., 2018). Extracel-
lular CTSB degrades the extracellular matrix proteins including laminin,
fibronectin, and collagen IV, at neutral and acidic pH (Ugarova,
Ljubimov, Deng, & Plow, 1996). Similarly, CTSB also activates other pro-
teolytic enzymes such as urokinase-type plasminogen activator and col-
lagenase I, has also been reported in CTSB gene silencing-based studies
in osteosarcoma cells during bone metastasis (Krueger et al., 1999;
Withana et al., 2012; reviewed by Aggarwal& Sloane, 2014). In addition,
Girotti, Rernandez, Lopez, Camafeita, et al. (2011) demonstrated that
secreted protein acidic and rich in cysteine (SPARC), regulates the extra-
cellular level of CTSB. SPARC was reported to promote CTSB-dependent
melanoma invasiveness through cleavage of collagen I and α2β1
integrins. In invasive melanoma and glioblastoma, collagen-I exhibited
increased CTSB activity in a β1 integrin-dependent manner (Klose
et al., 2006; Gole, Duran Alonso, Dolenc, & Lah, 2009). In agreement
with these findings, combined targeting of CTSB and uPAR resulted in
inhibition of α3β1 integrin and tetraspanin-mediated downstream ef-
fects in glioma cells (RaoMalla et al., 2013). This extracellular CTSB con-
sequently promotes cell migration through proteolysis of extracellular
matrix and activation of Toll-like receptor 3 (TLR3) and uPA
(Kobayashi et al., 1991; Buck, Karustis, Day, Honn, & Sloane, 1992;
Garcia-Cattaneo et al., 2012) (Fig. 3). In addition, CTSB also mediates
the IL-8/CXCR2-activated endothelial cell migration through cleavage
of HB-EGF and activation of EGFR (Schraufstatter et al., 2003). Thus, ex-
tracellular CTSB plays a crucial role in ECM degradation and cell
migration.

Angiogenesis is a complex process involving vascular sprouting, en-
dothelial cell migration, and invasion through the extracellular matrix,
tube formation, and proliferation. CTSB is also potently engaged in an-
giogenesis through degradation of the basement membrane for new
blood vessel generation in the tumor environment, as predicted by the



Fig. 3. Pleiotropic functions of CTS in provoking angiogenesis, invasion andmetastasis.A.Overviewof CTSmediated extracellular matrix degradation (ECM) degradation and angiogenesis
promotion. Angiogenesis is critical for the growth of solid tumors and also aids inmetastasis. The tumor induces angiogenesis either by itself or via the stimulation of host cells. The tumor
promotes extracellular translocation of CTS and thereby ECM degradation, resulting in the release of growth factors which consequently induce angiogenesis after binding with their
receptors. B. The detailed mechanism of CTS attributed for angiogenesis regulation, ECM degradation, and cell migration. In cancer cells, activated RAS and PI3K pathways promote
HIF-1α induced transcription of growth factors (VEGF, FGF, TGFβ, IGF-1) and CTS. CTS are then activated in lysosomes and transported to the extracellular milieu where CTS promotes
ECM degradation that supports the accessibility of growth factors to their receptors. This growth factor-receptors interaction further promotes vascular permeability and cell
migration. Among the extracellular CTS, CTSB, K, L, and S promote activation of proangiogenic fragments; CTSB also activates matrix metalloproteases by degrading their inhibitors,
and CTSS cleaves antiangiogenic peptides. As a result, these CTS cumulatively endorse angiogenesis. On the other hand, degradation of extracellular matrix by CTSB, K, L and S,
cleavage of E-cadherin by CTSB, L and S, and activation of matrix metalloproteases by CTSB, leads to cell invasion and migration. Moreover, CTSZ induces cell adhesion by interacting
with β-integrin through its proCTSX/Z. VEGF: Vascular endothelial growth factor, FGF: Fibroblast growth factors, TGFβ: Transforming growth factor, IGF-1: Insulin-like growth factor 1.

4 T.P. Khaket et al. / Pharmacology & Therapeutics 198 (2019) 1–19
negative regulation of CTSB (Chang et al., 2009). Furthermore, CTSB also
regulates the MMPs dependent proteolytic cascade through the degra-
dation of their inhibitors (TIMP) (Fig. 3). Active MMPs degrade other
protease inhibitors such as cystatin E, cystatin C, and cystatin M, finally
resulting in the activation of complex proteolytic cascade within the
tumor microenvironment (Kostoulas, Lang, Nagase, & Baici, 1999;
Dean & Overall, 2007).

On the other side of the coin, cytosolic translocation of CTSB on lyso-
somal permeabilization hampers tumor growth and promotes cell
death. The involvement of CTSB and CTSD in curcumin-mediated apo-
ptosis has been reported in breast, lung, and other cancers (Chen
et al., 2012; Terlikowska, Witkowska, Zujko, Dobrzycka, & Terlikowski,
2014;Moustapha et al., 2015). Curcumin-induced lysosomalmembrane
permeabilization (LMP), accompanied with cytosolic translocation of
CTSB/D/L, cleaves the pro-apoptotic Bid and anti-apoptotic proteins
such as Bcl-2 and Bcl-xL, thereby promoting apoptosis (Cirman,
Oresic, Mazovec, Turk, et al., 2004; Droga-Mazovec, Bojic, Petelin,
Ivanova, et al., 2008) (Fig. 4). CTSB enablement in the suppression of
other forms of cell death mediated by sphingosine kinase 1 and
receptor-interacting Ser/Thr protein kinase 1 and enforcing apoptosis
has also been reported (reviewed in Olson & Joyce, 2015). Since CTS
functions in a complex protein network, absence or deletion of one
protease would be compensated by other proteases. For example,
CTSL and CTSX/Z alternatively function for CTSB in the transgenic
mouse model of pancreatic ductal adenocarcinoma, mammary carci-
noma cells andmyeloid-derived suppressor cells (MDSCs), respectively
(Vasiljeva et al., 2006). Therefore, this obstacle of compensatory prote-
ases needs to be considered in studies researching CTSB targeting. Al-
though some crucial mediators have been identified, the exact
mechanism of CTSB mediated tumor progression remains unknown.
CTSB seems to promote cancer proliferation by regulating the MAPK
pathway, cell cycle, and inflammasome formation that is further en-
dorsed by angiogenesis, invasion, and metastasis. Considering these
functions, targeting extracellular CTSB seems to be fruitful for cancer
treatment, although its tissue-specificity reveals the complexity of its
regulation.

2.1.2. CTSC
CTSC is a ubiquitously expressed dipeptidyl aminopeptidase. CTSC

is highly expressed in the secretory granules of cytotoxic cells, mast
cells, and neutrophils where it is actively involved in the activation
of serine proteases including granzymes A and B, mast cell proteases
2 and 4, and neutrophil elastase, through cleavage of their pro-form
that leads to the death of infected cells. CTSC also actively regulates



Fig. 4. CTS are the driving switch of apoptosis in cancer cells. Under stress conditions, lysosomal membrane permeabilization leads to cytosolic translocation of CTS that consequently
promotes apoptosis by mitochondrial membrane permeabilization through the cleavage of the BID. Conversely, targeting of CTSB, C, L, and S also results mitochondrial membrane
permeabilization and endoplasmic stress-mediated apoptosis. CTSL silencing causes senescence that consequently leads to apoptosis. CTSS silencing and CTSE are also implicated for
TNF-related apoptosis-inducing ligand (TRAIL) mediated caspase-8 dependent apoptosis. Individually, CTSE promotes apoptosis on binding with the death-inducing signaling complex
and Death receptor 4 (DR4).
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other protease activities by generating inhibitory peptides against
other proteases (McGuire, Lipsky, & Thiele, 1993; Turk, Dolenc, &
Turk, 1998; Pham & Ley, 1999; Khaket, Dhanda, Jodha, & Singh,
2016; Khaket & Singh, 2017; Korkmaz et al., 2018). On stimulation,
neutrophils, mast cells, and lymphocytes release CTSC into the extra-
cellular milieu. CTSC is a homotetrameric protease with four different
active sites exposed to the solvent (Turk et al., 2001). The exclusion
domain built on the papain-like structure is responsible for the amino-
peptidase activity of CTSC as it blocks the active site of the protease
beyond the S2 pocket. CTSC is also expressed as proCTSC, which is fur-
ther activated by CTSS (Hamon et al., 2016) (Fig. 1). Upregulation of
CTSC expression is observed in various cancers, including colorectal
cancer, breast cancer, pancreatic islet and squamous carcinogenesis
(Lilla & Werb, 2010; Andreu et al., 2010; Ruffell et al., 2013; Khaket
et al., 2018). Its enhanced expression and cleaving ability suggest a
crucial role in cancer progression (Ruffell et al., 2013), although the
exact mechanism is yet to be deciphered. In cancers, the statistically
significant correlations of α-mannosidase, CTSB and CTSC with the dif-
ferentiation levels of adenocarcinoma of gastroesophageal junction
corroborate its implications in cancer cell differentiation (Altorjay
et al., 2005). Significant reduction of squamous carcinogenesis on
CTSC gene silencing indicates that CTSC is the main factor driving
the cancer progression (Ruffell et al., 2013). Mikhaylov et al. (2011)
have further discerned altered immune infiltration, reduced
keratinocyte proliferation, and vascularization in CTSC-deficient mice
during squamous cell carcinogenesis.

Moreover, in premalignant skin, CTSC deficiency attenuates the infil-
trating leucocytes, invasive squamous carcinoma, and development of
angiogenic vasculature as well as squamous cell carcinoma growth
(Ruffell et al., 2013). Intriguingly, bone marrow-derived cells are able
to sustain long-term tumor growth only in the presence of CTSC and
CTSC-proficient neoplasia associated factors (DeNardo et al., 2011). In-
deed, bone marrow transplantation experiments and add-back of
CTSC-expressing cancer-associated fibroblasts facilitates cancer pro-
gression, thereby demonstrating the enablement in the promotion of
tumor growth and angiogenesis (Ruffell et al., 2013). CTSC is also
entailed for branching morphogenesis of mammary glands during
breast cancer progression (Lilla &Werb, 2010), and is known to regulate
the downstream proteolytic cascade in the neoplastic skin of
K14-HPV16/CTSC/mice (Wolters, Pham, Muilenburg, Ley, & Caughey,
2001; Adkison, Raptis, Kelley, & Pham, 2002). However, no functional
significance has been reported for pancreatic islet carcinogenesis
(Ruffell et al., 2013). Recently, CTSC fragments in combination with
argin, arylsulfatase A, and glial fibrillary acidic proteins have been iden-
tified as potent urinary biomarkers for reduced skeletal muscle density
in hepato pancreato-biliary cancers (Husi et al., 2018), thereby
supporting the involvement of CTSC in cancer cachexia. However, no
functional significance of CTSC deficiency on cancer progressionwas ob-
served in PanNET or mammary cancer (Gocheva et al., 2006). In the
light of facts as discussed earlier, we can speculate the tissue-specific
role of CTSC in cancer promotion.

In the current scenario, autophagy research has gained momentum
for the regulation of tumor growth. Autophagy is a cellular homeostatic
pathway that degrades the dysfunctional cytoplasmic organelles and
damaged proteins, thereby providing raw material and adaptability
under conditions of metabolic stress; autophagy is therefore attributed



Fig. 5. Canonical role of CTS in autophagy progression. Under stress conditions, autophagy is initiated with sequestration of aggregated proteins and damaged organelles, resulting in the
formation of a phagophorewhich further expands into a double-membrane autophagosome. This autophagosome fuseswith a lysosome, (which supplies CTS) and forms an autolysosome
where the CTS degrade the phagosomal proteins, thus resulting in macromolecules being recycled in the cytosol.
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for homeostasis and cell viability. Recently, we identified the potential
involvement of CTSC in autophagy regulation (Khaket et al., 2018) by
the significant impediment of autolysosomal degradation. In combina-
tionwith other cathepsins like CTSL and CTSD, CTSC is crucially involved
in autophagic turnover, by promoting tumor growth and proliferation
under stressed conditions like hypoxia, limited oxidative stress, and
starvation (Fig. 5). CTSC targeting significantly reduces colorectal cancer
cell growth and proliferation, thus indicating the direct involvement of
CTSC in autophagy-mediated cancer progression (Khaket et al., 2018).
In fact, a study by Bullon et al. (2018) on Papillion-Lefevre syndrome
supports the direct involvement of CTSC in autophagy promotion.
Thus, CTSC promotes cancer cell growth and progression by promoting
autophagy, angiogenesis, and proteolytic cascades, or by regulating
tumor microenvironment. However, the exact mechanism of CTSC in
these processes is yet to decipher. Furthermore, the involvement of
CTSC in autoimmune disorders was largely marginalized in favor of
CTSC targeting based immune-dependent cancer regulation.

2.1.3. CTSK
Cathepsin K (CTSK), a lysosomal endoprotease implicated for the re-

sorption of the bone matrix (Drake et al., 1996). Pro-CTSK is released
from the endoplasmic reticulum and activated by CTSD (Bromme,
Okamoto, Wang, & Biroc, 1996; Bossard et al., 1996) (Fig. 1). It has
been identified as the principal protease in osteolytic lesions of giant
cells in bone tumors (Lindeman et al., 2004). Expression of CTSK is up-
regulated in chondrosarcoma (Soderstrom, Ekfors, Bohling, Aho, &
Vuorio, 2001), perivascular epithelioid cell tumors (PEComas) (Rao
et al., 2013), and alveolar sarcoma (Zheng et al., 2013). In addition, its
expression is entailed in the invasive growth of primary tumors in
prostate cancer (Brubaker, Vessella, True, Thomas, & Corey, 2003),
thyroid cancer (Mikosch et al., 2008), sub-cutaneous squamous cell
carcinoma (Leusink et al., 2018), breast cancer, lung cancer, cervical
cancer (Chen & Platt, 2011), renal cancer (Martignoni et al., 2012;
Zheng et al., 2013), gastric carcinomas (Ren et al., 2012), melanoma
(Rao et al., 2014), and glioblastoma multiforme (GBM) (Verbovsek
et al., 2014). CTSK overexpression is also associated with a decline in
the 5-year tumor-specific survival in both stromal and tumor cells of
oral squamous cell carcinoma patients (Leusink et al., 2018).

Cancer cells shed cytokines such as IL-1α, IL-6, IL-8, and TGF-β1,
which in turn facilitate CTSK expression in stromal fibroblasts, leading
to tumor progression in squamous carcinoma cells (Xie et al., 2011).
In non-melanoma skin cancers, IL-1α and chemokine CCL2 enhance
the CTSK expression in both cancer and tumor-associated fibroblasts
(Yan et al., 2011; Ishida, Kojima, & Okabe, 2013). In head and neck
carcinoma, CTSK modulates cancer cell signaling by regulating the TLR
pathways (Yuan, Xue, & Fan, 2014) i.e., CTSK targeting attenuates the
Toll-like receptor 9 dependent activations of T helper 17 cells and
other downward cancer promoters (Asagiri et al., 2008); this further
confirms the implication of CTSK in cancer growth.

Apart from inducing cancer growth, extracellular CTSK is involved in
the cleavage of several proteins including collagen I, osteonectin, vascu-
lar endothelial growth factor (VEGF), adiponectin, osteopontin, stromal
cell-derived factor 1 (SDF-1), and stem cell factor (SCF), which in turn
are involved in augmenting angiogenesis, mobilization, and metastasis
to the bone during prostate carcinoma (Brubaker et al., 2003; Novinec
et al., 2007; Herroon et al., 2013) (Fig. 3). Involvement of CTSK is also
observed in the invasion and migration of glioma stem-like cells by
cleaving SDF-1 in glioblastoma to support their migration (Hira et al.,
2015). CTSK deficiency hampers cleaved Notch1, Hes1, Hey1, Hey2,
VEGF, Flt-1 and phospho-Akt protein levels in ischemic muscles.
Hence, CTSK seems to hold substantial promise for neovascular
promotion. Consistent with these studies, transplantation of bone
marrow-derived mononuclear cells from CatK+/+ mice were able to
recapitulate the CTSK knockdown mediated defective endothelial cell
invasion, proliferation, and tube formation (Jiang et al., 2014), which
further reinforces the significance of CTSK in neovascularization. It is
also known to facilitate metastatic tumor growth in an organic bone
matrix in association with the parathyroid hormone-related protein
(BPTHrP) mediated mineral solubilization (Tomita et al., 2008). Previ-
ously, Ren et al. (2012) reported that CTSK is also entailed in coronin
3 (a tumor progression-associated protein) promoted metastasis in as-
sociation with MMP-9. It is also indulging for lymph node metastasis of
gastric cancer cells (Leusink et al., 2018); therefore CTSK implications in
metastasis are not be underestimated. The involvement of CTSK has
mainly been explored considering its activity-based bone metastasis,
while CTSK mediated promotion of TLR and Notch signaling in cancer
progression presents another potential for targeting based cancer
therapeutics.
2.1.4. CTSL
Another lysosomal endoprotease, CTSL is upregulated in a wide

range of human malignancies including ovarian, breast, prostate, lung,
gastric, pancreatic, colon cancers and pediatric acute myeloid leukemia
(reviewed in Suthan and Siemann, 2015; Sudhan, Pampo, Rice, &
Siemann, 2016; Pandey et al., 2018). CTSL is crucial for cancer progres-
sion by regulating cell cycle, ECM degradation, angiogenesis, tumor
invasion and metastasis, bone resorption, and drug sensitivity. Higher
level of CTSL in body fluids such as plasma and urine is reported to be
indicators of poor cancer prognosis for pancreatic and bladder urothelial
cell carcinoma, respectively (Svatek et al., 2008; Singh et al., 2014). Its
inverse correlation with steroid hormone receptors supports it as a
predictor of tumor relapse and poor overall survival in breast cancers
(Lah et al., 2000). Furthermore, chemotherapeutic treatment dependent
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reduction of CTSL activity confirms its prognostic value for overall
survival (Pandey et al., 2018).

CTSL activity and expression are tightly controlled by various physi-
ological inhibitors and other regulatory molecules. However, a conspic-
uous imbalance between the levels of endogenous inhibitor and CTSL in
varied invasion phases of different tumors indicates that endogenous
inhibitors are not the only regulatory factors for CTSL activity in carcino-
genesis. Tumor-secreted VEGF, fibroblast growth factor (FGF), platelet-
derived growth factor (PDGF), epidermal growth factor (EGF), nerve
growth factor (NGF), interferon gamma (IFNγ), IL-6, and Rab4α can
also augment CTSL promoter activity and thereby its expression
(Barbarin & Frade, 2011; reviewed in Sudhan & Siemann, 2015)
(Fig. 2). During tumor progression, the initial decline in CTS inhibitors
are considered to be responsible for enhancement of CTSL expression
and activity (Lah et al., 2000; Samaiya, Bakhshi, Shukla, Kumar, &
Chauhan, 2011) while results of polyribosome profiling revealed that
stress (hypoxia or starvation)-resistant mRNA translation is the causa-
tive factor for higher CTSL expression during breast tumor progression
(Tholen et al., 2015). The crucial involvement of CTSL during tumor pro-
gression was also supported by in vivo studies in sporadic pancreatic
carcinogenesis (RIP1-Tag2 PanNETmousemodel). In thismodel, knock-
out of CTSL has a significantly impaired tumor burden as well as tumor
transformation from benign to invasive carcinoma (Gocheva et al.,
2006; Gocheva et al., 2010; Akkari et al., 2014) due to increased EGF
recycling and deregulated autocrine mitogenic signaling (Tobin et al.,
2002; Reinheckel et al., 2005; Dennemarker et al., 2010) that facilitates
the regression of tumor development. Conversely, in breast cancer pa-
tients, the nuclear CTSL also degrades 53BP1 which alternatively acts
as a replacement of BRAC1; as a result, cancer cells are able to evade
the cell death pathways in the presence of CTSL (Grotsky et al., 2013).

It is nowwell-recognized that CTSL function is dependent on subcel-
lular localization. Extracellular CTSL is crucially involved in ECM degra-
dation and associated functions. Similar to CTSB, CTSL is able to degrade
ECM components such as laminin, type I collagen, type IV collagen, fi-
bronectin, and elastin (Ishidoh & Kominami, 1995; Novinec et al.,
2007; Korenc, Lenarcic, & Novinec, 2015), along with the simultaneous
activation of urokinase plasminogen activator, pro-heparanase, CTS, and
certain MMPs (Laurent-Matha, Derocq, Prebois, Katunuma, & Liaudet-
Coopman, 2006). Extracellular CTSL also diminishes the cell-cell adhe-
sion by degrading E-cadherin and other adhesion proteins (Gocheva
et al., 2006). However, nuclear CTSL activates the CCAAT-displacement
protein/cut homeobox (CDP/Cux) transcription factor, thereby promot-
ing tumor cell proliferation by accelerating entry into the S phase of the
cell cycle (Fei, Qin, & Liang, 2007). CTSL knockdown also results in a dra-
matic reduction of phosphorylation of DNA checkpoint proteins such as
ataxia-telangiectasia mutated (ATM), DNA-protein kinases, and CD133
expression that support the steep decline in the tumor cell cycle.

In addition to cell cycle promotion, activated Cux binds to Snail and
the E-cadherin promoters in mesenchymal cells which in turn promote
epithelial-mesenchymal transition (EMT) and cell migration/invasion
that can be antagonized by CTSL inhibition by Z-FY-CHO (Burton et al.,
2017). Also, overexpression of CTSL by ionizing radiation exposure
and by other transcription factors like Forkhead box O3A (FOXO3a)
also triggers cancer invasion and migration through the CUX1-
mediated EMT signaling pathway (Yu et al., 2016; Wang et al., 2018).
Moreover, β-FGF and X-ray induced CTSL expression promotes cancer
cell migration through JNKmediated signaling and RhoA and CDC42 ac-
tivity reduction, respectively (Jain, Bakhshi, Shukla, & Chauhan, 2010;
Samaiya et al., 2011; Xiong et al., 2017). Furthermore, acidosis and hyp-
oxic stress also promote CTSL associated ECMdegradation, invasiveness,
and metastasis which underlies the contemporary understanding of
CTSL in metastasis (Sudhan & Siemann, 2013).

CTSL is also crucial effectors for neovascularization by promoting in-
vasion of endothelial progenitor cells into the stroma, and their subse-
quent incorporation into blood vessels (Urbich et al., 2005). CTSL
mediated heparanase activation controls the release of heparan
sulfate-bound growth factors that, in turn, modulate angiogenesis and
lymphangiogenesis (Hunter et al., 2013). Highly expressed CTSL en-
hances the recruitment of inflammatory cells and aortic wall matrix
degradation in aneurysm development (Sun et al., 2011). Moreover,
VEGF is also in coordination with CTSL expression, as a result, increased
VEGF enhances CTSL expression and subsequently angiogenesis, in glio-
blastoma cells (Keerthivasan, Keerthivasan, Keerthivasan, Mittal, &
Chauhan, 2007) (Figs. 2 & 3). CTSL is also widely implicated in proteo-
lytic degradation of bone and cartilage matrix components (reviewed
in Leto, Sepporta, Crescimanno, Flandina, & Tumminello, 2010). Its inhi-
bition significantly mitigates osteolytic events and hypercalcemia in
mice with bone metastasis. Thus, CTSL intervention strategies would
not only impede themetastatic dissemination of tumor cells, but also al-
leviate both treatment-induced and cancer-associated osteolysis.

Contrarily, LMP mediated cytosolic CTSL also augments apoptosis
through cleavage of various anti-apoptotic members, most notably Bid
of the Bcl2 family members (Stoka et al., 2001) (Fig. 4). Thus, the in-
volvement of CTSL in cancer progression highlights the significance
and importance of targeting CTS for cancer treatment.

2.1.5. CTSS
CTSS possesses endoproteolytic activity and is potently involved in

the progression of various cancers including lung, prostate, gastric, colo-
rectal, hepatocellular carcinomas, melanomas and gliomas (reviewed
by Zhang, Wang, & Xu, 2015). Previous studies indicate that CTSS
plays a crucial role in antigen presentation and also acts as a vital pro-
tagonist of cancers. Modulation in CTSS expression is reportedly impli-
cated in cancer progression, angiogenesis, cell invasion and migration
(Wang et al., 2006; Ward et al., 2010). Conceivably, CTSS mediated au-
tophagy promotion is reported to contribute toward tumor develop-
ment by regulating the M2 phenotype of tumor-associated
macrophages (TAMs) (Yang et al., 2014). Conversely, CTSS targeting in-
duces reactive oxygen species-mediated autophagy in various cancer
cells, including nasopharyngeal carcinoma cells, colon adenocarcinoma
cells, epidermoid carcinoma cells, alveolar basal epithelial cells, and
human squamous carcinoma cells (Li, Yang, Ming, & Liu, 2011; Yang
et al., 2014), thereby suggesting the indirect involvement of CTSS in au-
tophagy promotion. CTSS is also involved in dissolution and remodeling
of connective tissue and basement membranes, which further enhance
the tumor progression.

CTSS is known to regulate angiogenesis by generating both
pro-angiogenic peptide and anti-angiogenic peptide from collagen
XVIII and fragments from ECM protein laminin, thus demonstrating
the complex nature of CTSS on angiogenesis regulation in the tumor
microenvironment (Fig. 3). In the RIP1-Tag2mousemodel, CTSSmodu-
lates anti-angiogenic peptides such as canstatin, arresten, and
tumstatin, and generates pro-angiogenic γ2 fragments from laminin-
5, whereas CTSS knockdown results in significant reduction of tumor-
associated angiogenesis and switching of neovascularization, revealing
a functional role in angiogenesis promotion (Wang et al., 2006). Similar
to CTSL, CTSS is also found downstream of VEGFA signaling, resulting in
an increase of CTSS on VEGFA upregulation (Zhang et al., 2015).
However, in human umbilical vein endothelial cells (HUVEC), gene si-
lencing and inhibitory studies reveals CTSS expression dependent
VEGF secretion; hence, we speculate that CTSS and VEGF work in a pos-
itive feedback loop mechanism and finally alleviate angiogenesis (Chen
et al., 2010; Fan et al., 2012) as also reported for human colorectal car-
cinoma cell xenografts (Burden et al., 2009; Zhang et al., 2015).

Specific cleavage of cell-cell adhesion molecules has emerged as an
essential mechanism of tumor promotion by CTSS secretion into the ex-
tracellular space. Indeed, a recent studyhas reported CTSS-mediated ad-
hesionmolecule shedding at a later step in themetastatic cascade. In the
context of breast-to-brain metastasis, CTSS cleaves several junctional
adhesion molecules (JAMs), especially JAM-B, thereby facilitating the
passage of cancerous cells across the blood-brain barrier during
breast-brainmetastasis (Sevenich et al., 2014) (Fig. 3). Despite its direct
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involvement in cancer progression, CTSS targeting selectively sensitizes
human renal cancer cells to TRAIL-induced ROS-mediated p53 depen-
dent apoptosis, a process corroborated with downregulation of Bcl-2
and c-FLIP (Seo et al., 2017). Recently, Seo, Woo, Min, and Kwon
(2018) demonstrated that CTSS inhibition by Z-FL-COCHO (ZFL)
upregulates the pro-apoptotic protein Bim expression, which contrib-
utes to anti-cancer drug-induced apoptotic cell death in renal carcinoma
Caki cells independent of MAPKs and AMP-activated protein kinase
(AMPK) pathways. CTSSmediated lysosomal degradation of Mcl-1 pro-
tein also alleviates TRAIL-induced apoptosis in the presence of YM155
and eupafolin (Han, Min, Woo, Seo, & Kwon, 2016; Woo, Min, Seo, &
Kwon, 2016) (Fig. 4). These studies support the crucial role of CTSS in
cancer progression by regulating autophagy, angiogenesis, and cell to
cell interaction. Moreover, enhanced apoptosis on CTSS targeting fur-
ther signifies its anticancer therapeutic utility.

2.1.6. CTSX/Z
CTSX (also known as CTSZ) is a cysteine carboxypeptidase localized

in immune cells such as monocytes, macrophages, microglia, and den-
dritic cells (Kos, Vizin, Fonovic, & Pislar, 2015). Like other CTS, CTSX/Z
is expressed in a pro-active form which is activated by CTSL (Fig. 1).
CTSX/Z is upregulated in gastric, pancreatic, neuroendocrine tumors,
prostate, and hepatocellular carcinomas (Akkari et al., 2014; reviewed
in Kos et al., 2015), while decreased levels of CTSX/Z have been ob-
served in lung tumors (Krueger et al., 2005) and malignant melanoma.
Clinical studies have enlightened the direct relationship between
CTSX/Z expression and malignancy advancement, especially in hepato-
cellular carcinomas, colorectal, gastric, and prostate cancer (Krueger
et al., 2005; Nagler et al., 2010;Wang, Chen, Li, & Guan, 2011; reviewed
in Kos et al., 2015), thereby suggesting the crucial cancer-promoting
functions in different tumor microenvironments. Several molecular tar-
gets of CTSX/Z (Nagler et al., 2010; Turk et al., 2012) have been identi-
fied, including integrin receptors, enolase (Obermajer et al., 2008),
chemokine CXCL-12 (Staudt et al., 2010), bradykinin, kallidin (Nagler
et al., 2010), huntingtin and profilin 1 (Ratovitski, Chighladze,
Waldron, Hirschhorn, & Ross, 2011; Pecar Fonovic et al., 2013). Genetic
variations of the CTSX/Z sequence have also been reported for various
tumors (De Marco et al., 2017; Jia, Lan, Wang, & Gao, 2018), but their
functional significance in cancer is still not clear. In a tumor, CTSX regu-
lates IGF-I phosphorylation and subsequently cell cycle and cancer pro-
gression (Kraus et al., 2011, 2012). CTSX/Z deficient murine embryonic
fibroblasts and neonatal human dermal fibroblasts undergo accelerated
cellular senescence, resulting in reduced proliferation rate and in-
creased expression of senescence-associated genes such as p16, p21,
p53, and caveolin. Teller et al. (2015) recognized RPLP0 as a CTSX/Z-
interacting protein by applying the yeast (Saccharomyces cerevisiae)
two-hybrid (Y2H) assay. Combined targeting of CTSX/Z-RPLP0 proteins
attributes cell cycle arrest through CDK2,with a concomitant increase in
apoptosis (Teller et al., 2015). Thus, CTSX/Z is canonically involved in
cell cycle progression, and targeting CTSX/Z leads to senescence.

Similar to other CTS, a significant increase in epithelial CTSX/Z ex-
pression is observed in early tumor stages which further translocates
to the sub-membranous region in cells of the invasion front. Indeed,
CTSX/Z deficiency is known to delay tumor growth and metastasis in
breast cancers as compared to wild-type mice (Vasiljeva et al., 2006;
Bernhardt, Kuester, Roessner, Reinheckel, & Krueger, 2010; Sevenich
et al., 2010). CTSX/Z is contemplating a relevant factor for cell-cell adhe-
sion, and tumor cell anchorage to fibroblasts and basal membrane com-
ponents through Mac-1 activation. Mediation of cell-to-cell interaction
via CTSX/Z makes the cell adhesive, while its inhibition results in in-
creased invasiveness of colon carcinoma cells (Obermajer et al., 2008;
Jechorek et al., 2014). In addition, tumor-associated macrophages
(TAMs) and CTSX/Z are proposed to be critically involved in tumor pro-
gression andmetastasis through ECMmodulation (reviewed by Joyce &
Pollard, 2009 and Biswas, Allavena, & Mantovani, 2013). Furthermore,
CTSX/Z can also mediates the adhesion and migration of tumor cells
by interactingwith β integrin receptor LFA-1 and profilin 1 (tumor sup-
pressor) (Pecar Fonovic et al., 2013). This interaction between CTSX/Z
and integrin receptors are strongly associated with tumor cell signal
transduction, resulting in changes in cell adhesion, migration, cytoskel-
eton remodeling, and cell proliferation (Kos et al., 2015). When consid-
ering endothelial (HUVEC) and pancreatic cancer cells (PDA), the CTSX/
integrin binding significantly changes the cell adhesion to ECMproteins
(Lines et al., 2012) (Fig. 3). The integrin-binding motif Arg-Gly-Asp
(RGD) of CTSX/Z propeptide (Nagler & Ménard, 1998; Sivaraman,
Nagler, Zhang, Menard, & Cygler, 2000; Lechner et al., 2006) interacts
with integrins, including αvβ3 (Kos et al., 2009) and regulate various
immune processes, including dendritic cell maturation (Obermajer
et al., 2008) and lymphocyte invasion and proliferation (Jevnikar,
Obermajer, Bogyo, & Kos, 2008; Obermajer et al., 2008; Obermajer
et al., 2009). The integrins mediating cell and ECM interactions trigger
focal adhesion kinase (FAK) and Src kinase-mediated downstream sig-
naling, thereby promoting cancer cell proliferation, survival, migration,
and invasion (Desgrosellier & Cheresh, 2010; Moreno-Layseca & Streuli,
2014). Similarly, themajority of CTSX/Zmediated functions in RIP-Tag2
mice, including engagement of integrins and subsequent activation of
FAK-Src signaling in cancer cells, are dependent on the RGD motif
(Akkari et al., 2014). Recently, Li et al. (2018) observed that a natural
compound deguelin effectively suppressesmigration, invasion, andme-
tastasis of NSCLC cells by inhibiting the CTSZ/FAK/Src/Paxillin signaling
cascade. Because FAK/Src signaling is associatedwith integrin-mediated
cell migration, so, CTSX/Z targeting can also dysregulate cellular migra-
tion (Fig. 3). A significant increase in B- and T-cell activators on CTSX/Z
knockdown signifies its active participation in the suppression of
lymphopoiesis (Bernhardt et al., 2010) (Fig. 3). On the other hand, loss
of CTSX/Z has also been observed with advanced local invasion, distal
metastasis, invasion, tumor budding and poorer overall survival of
CRC patients (Jechorek et al., 2014), that proclaims the loss of CTSX/Z
is required for tumor cell detachment, local invasion, and tumor
progression in CRC. Interestingly, CTSX/Z expression increases up to
two-folds in stomach tissue on CTSB silencing and vice versa that confers
the compensatory role of CTSX/Z in CTSB-deficient cells including stom-
ach cells and PymT mammary tumor cells. The synergistic decline in
tumor growth, metastasis, and angiogenesis with the combined loss of
CTSB and CTSX/Z (Buhler et al., 2013) underlie the compensatory role
of these CTS.

Overexpression of CTSX/Z contributes to tumormetastasis by induc-
ing epithelial to mesenchymal transition (EMT) in hepatocellular carci-
noma (Wang et al., 2011). E-cadherin is a hallmarkmarker for epithelial
cell phenotype (Son&Moon, 2010),while vimentin typically represents
the mesenchymal phenotype (Satelli & Li, 2011). In hepatocellular
carcinoma cells, overexpression of CTSX/Z is associated with upregu-
lated mesenchymal markers such as N-cadherin and fibronectin, and
downregulated epithelial markers such as E-cadherin and catenin
(Wang et al., 2011). Recently, Mitrovic et al. (2017) observed that
CTSB and CTSX/Z are associated with EMT in breast adenocarcinoma
cells by inducing vimentin expression, while silencing CTSX/Z and
CTSB in lung epithelial carcinoma cells (A549) attributed to the down-
regulation of vimentin and upregulation of E-cadherin, representing
the suppression of EMT. CTSX/Z can also upregulates the matrix
metalloproteases MMP2, MMP3, and MMP9 (common mesenchymal
factors). Recently, Tuo et al. (2017) predicted that gene silencing of
sorcin could downregulate the expression of CTSX and other regulatory
molecules such as MMP2, MMP9, and p-STAT3 involved in tumor
growth and metastasis of gastric cancer. Sorcin is a soluble resistance-
related calcium-binding protein, and has a significant role in multidrug
resistance related to the migration and invasion of cancer cells. How-
ever, the association of CTSX/Z and sorcin remains unclear, but down-
regulation of CTSX/Z and cell migration by sorcin gene silencing
efficiently supports their upstream role in cancer progression. Thus,
CTSX/Z is crucially involved in cell-to-cell interaction and EMT through
its RGD motif, and understanding of its functioning in cancer
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progression and drug resistance would therefore be fruitful for cancer
therapeutics.
2.2. Aspartic cathepsins

2.2.1. CTSD
CTSD, a ubiquitously expressed aspartic endoprotease, contains a

pepsin-like active site (Benes, Vetvicka, & Fusek, 2008). Expression of
CTSD is significantly increased in various cancers including breast, ovar-
ian, endometrial, head and neck, bladder, glioma, and melanoma
(Berchem et al., 2002; reviewed in Liaudet-Coopman et al., 2006 and
Benes et al., 2008). Numerous studies have found that pCTSD/CTSD
levels are an independent prognostic factor in numerous types of can-
cers. CTSD stimulates cancer cell proliferation through fibroblast out-
growth, angiogenesis (Berchem et al., 2002; Hu, Roth, Brooks, Luty, &
Karpatkin, 2008), and metastasis (Glondu et al., 2002; Vashishta, Ohri,
Proctor, Fusek, & Vetvicka, 2007), with simultaneous inhibition of
anti-tumor responses (Wolf et al., 2003). CTSD stimulates ERK1/2 and
AKT pathways through non-proteolytic mechanisms, and consequently
promotes cancer proliferation and migration of ovarian epithelial carci-
noma (Pranjol, Gutowski, Hannemann, & Whatmore, 2018). Similar to
CTSL, the protooncogenic transcription factor-like FOXM1 is also
known to support CTSD mediated gastric cancer cell migration and in-
vasion (Yang, Cui, Zhang, & Song, 2017). CTSD promotes cancer cell
growth through binding with the IGF2 receptor, and facilitating the ac-
tivation of mitogenic IGF1 receptor pathway (Faridi, Mohan, & De Leon,
2004). Zeleznik, Kadin, Turk, and Dolenc (2015) observed that CTSD de-
grades stefin B (a CTSB inhibitor), thereby substantiating its direct in-
volvement in the activation of CTSB dependent enzymatic cascade
responsible for cancer progression. Previous reports also elucidated
the mitogenic activity of CTSD is due to the protein-protein interaction,
but is independent of catalytic activity in fibroblasts and keratinocytes
(Bazzett, Watkins, Gercel-Taylor, & Taylor, 1999; Berchem et al., 2002;
Laurent-Matha et al., 2005).

Lysosomal CTSD is translocated to cytosol through lysosomal mem-
brane permeabilization (LMP) (Roberg & Ollinger, 1998) where it in-
duces the cancer cell growth by impairing secreted growth inhibitors
such as heat shock cognate 70 protein (Nirde et al., 2010). Under stress
conditions, CTSD protects the cancer cells through fostering of autoph-
agy; upregulated CTSD inhibits H2O2-induced cell death in human ma-
lignant glioblastoma (M059 J) cells (lacking the catalytic subunit of
DNA-dependent protein kinase by inducing autophagy (Hah et al.,
2012). Moreover, heightened sensitivity of V-ATPase inhibitors such as
bafilomycin A1 on CTSD targeting (Kitazawa et al., 2017) further sup-
ports the crucial role of CTSD in autophagy. Pro-CTSD (pCTSD) secreted
from cancer cells stimulates pre-invasive and pro-metastatic functions
in both cancer and stromal cells (Laurent-Matha et al., 2005; Liaudet-
Coopman et al., 2006; reviewed in Benes et al., 2008). Laurent-Matha
et al. (2005) have previously demonstrated that pCTSD secreted from
cancer cells augments the proliferation of fibroblasts, consequently in-
creasing the survival and invasive capacity in conjunction with activa-
tion of the RAS-MAPK pathway (Fig. 2).

A significant association between CTSD expression of host stromal
cells and vascular density has been described in breast and ovarian
cancers (Gonzalez-Vela, Garijo, Fernandez, Buelta, & Val-Bernal,
1999; Losch et al., 2004). Moreover, it has been shown that pCTSD
stimulates tumor angiogenesis in xenografted athymic mice due to
its signaling properties, and not due to enzymatic activity. It has also
been observed that CTSD facilitates the release of pro-angiogenic
βFGF from ECM (Takei, Higashira, Yamamoto, & Hayashi, 1997).
Furthermore, CTSD is actively involved in the degradation of anti-
angiogenic factors including angiostatin, 16 K prolactin (PRL), and
endostatin (Morikawa et al., 2000; Ferreras, Felbor, Lenhard, Olsen, &
Delaisse, 2000; Piwnica et al., 2004; Piwnica et al., 2006) (Fig. 3).
Thus, extracellular CTSD promotes angiogenesis in both enzymatic
and non-enzymatic dependent ways in cancers (Liaudet-Coopman
et al., 2006; reviewed in Benes et al., 2008).

Similar to CTSB, cytosolic CTSD is also a key mediator of apoptosis
through activation of pro-apoptotic and deactivation of anti-apoptotic
or nuclear proteins. It triggers Bax insertion into the mitochondrial
membrane either directly or indirectly through Bid cleavage (Bidere
et al., 2003; Blomgran, Zheng, & Stendahl, 2007), conjunctively causing
cytosolic release of mitochondrial cytochrome c and the activation of
caspase 3 that leads to apoptosis (Johansson, Steen, Ollinger, & Roberg,
2003; Heinrich et al., 2004) (Fig. 4). CTSD also activates pro-caspase 3
by activating caspase-8. Overexpression of vacuolar protein sorting
(VPS) 52 (a tumor suppressor gene) also induces CTSD dependent apo-
ptosis in gastric cancer (Zhang, Lin, Hu, Wu, & Guo, 2017). Thus, CTSD
possesses the ability to control cancer progression even in the absence
of its activity that further increases the complexity of CTS-based cancer
regulation.Moreover, the promotion of both tumor growth and apopto-
sis also demands more exploration to understand the functioning of cy-
tosolic CTSD.

2.2.2. CTSE
CTSE, an aspartic protease, is highly expressed in premalignant cer-

vical epithelium, lung carcinoma, pancreatic ductal adenocarcinoma,
colorectal sessile serrated adenomas, bladder cancer, hepatocellular car-
cinoma, colorectal cancer, prostate cancer, and pancreatic ductal adeno-
carcinoma (reviewed in Kawakubo, Yasukochi, Nakamura, &
Yamamoto, 2011; Fristrup, Ulhoi, Birkenkamp-Demtroder, et al., 2012;
Konno-Shimizu et al., 2013; Navari, Prorok, & Castellino, 2014;
Kawakubo et al., 2014; O'Donoghue et al., 2016; Atwa & Arafa, 2016).
Upregulated CTSE is also demonstrated to be diagnostic of
intestinal cancers; elevated CTSE levels in urine and intestinal tissue
samples of mice and humans are proposed as a diagnostic marker for
colorectal cancer (Navari et al., 2014). Paradoxically, Fisher et al.
(2015) elucidated the significance of upregulated CTSE in the survival
rate of patientswith Barrett's esophagus (BE) and esophageal adenocar-
cinoma (EAC). However, a non-significant trend of higher CTSE protein
levels in patientswith esophageal adenocarcinoma suggests that CTSE is
only a marker of Barrett's esophagus, since decreasing the CTSE expres-
sion reduces the differentiation of gastric tumors (Konno-Shimizu et al.,
2013).

Recently, Dhawan et al. (2018) reported enrichment of the CTSE
gene in addition to PPARG, LY6E, CTSE, CDK3, and TBX2 genes in a lu-
minal subtype of invasive urothelial carcinoma, thereby establishing
its significance in tumor regulations. Studies on serum levels of CTSE
expression and clinicopathological parameters reveal that CTSE activ-
ity levels, and not its protein levels, are negatively associated with
the stages and progression of breast cancers. Serum CTSE activity sig-
nificantly correlated with favorable prognostic outcomes of patients.
Multiparous CTSE−/− mice spontaneously developed mammary
tumors, concomitant with morphological transformation and altered
growth characteristics of mammary glands associated in part with
the induction of epithelial-mesenchymal transition and the activation
of the β-catenin-dependent pathway in mammary cells. On the
other hand, CTSE contributes to normal growth and development
of mammary glands through proper trafficking and Wnt5a
(Kawakubo et al., 2014) mediated patterning during embryogenesis.

A remarkably higher level of CTSE is associated with improved
survival in various cancers (Ullmann et al., 2004; Fristrup et al.,
2012; Kawakubo et al., 2014). Loss of CTSE expression induces
mammary gland neoplasia (Kawakubo et al., 2014). At 10 to
15 days post-inoculation, the growth of tumors in CTSE−/− mice
is significantly higher than that in CTSE+/+ and transgenic mice
overexpressing CTSE. Moreover, numbers of apoptotic cells are in-
creased in transgenic mice overexpressing CTSE, while fewer num-
bers are noted in CTSE−/− mice; this endorses the functional
significance of CTSE in apoptosis (Kawakubo et al., 2007, reviewed
in Kawakubo et al., 2011). For apoptosis, CTSE recruits the death-
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inducing signaling complex (DISC) with death receptor DR4 or DR5
that promotes caspase cascade dependent programmed cell death
(Yasukochi, Kawakubo, Nakamura, & Yamamoto, 2010) (Fig. 4).
Therapeutic insertion of purified CTSE into human tumor xenograft
facilitates apoptosis (Kawakubo et al., 2007). Tumor-infiltrated
lymphocytes and macrophages in transgenic mice overexpressing
CTSE reinforce both TRAIL-mediated apoptosis and the production
of cytotoxic molecules such as various cytokines and reactive oxy-
gen species that consequently suppress tumor development and
metastasis (Andreesen, Hennemann, & Krause, 1998; Griffith
et al., 1999; Kayagaki et al., 1999). This suppression of metastasis
is also negatively associated with endogenous CTSE levels in lung
cancer (Kawakubo et al., 2007). Besides apoptosis induction, CTSE
also suppresses tumor growth through inhibition of angiogenesis
by upregulating IL-12 and endostatin (antiangiogenic molecules)
in prostate carcinoma (Shin et al., 2007). Contrarily, two CTSE
genes or isozymic forms have been identified in normal and cancer
cells in different proportions (Takeda-Ezaki & Yamamoto, 1993;
Okamoto, Yu, Misumi, Ikehara, & Yamamoto, 1995), strongly sug-
gesting that some CTSE proteins produced in cancer cells are non-
functional. Besides, CTSE enhances the sensitivity of tumor cells
to antitumor agents (Yasukochi et al., 2010). Thus, CTSE regulates
malignancy and cancer progression by controlling apoptosis, im-
mune responses, and angiogenesis, as well as sensitizes the cancer
cells against anticancer drugs. Thus, CTSE showed tissue and
tumor-specific functioning while its activity based cancer regulat-
ing efficiency is appealing for cancer therapeutics.

2.3. Serine cathepsins

2.3.1. CTSG
CTSG is a serine protease typically found in antigen presenting cells

such as B-cells, myeloid dendritic cells, and microglia. CTSG is secreted
by azurophilic granules of neutrophils and monocytes. It plays multiple
roles in extracellular matrix degradation, apoptosis, chemotaxis, and
other immune responses (Wiedow & Meyer-Hoffert, 2005; reviewed
in Korkmaz, Horwitz, Jenne, & Gauthier, 2010 and Gregory &
Houghton, 2011). CTSG is highly expressed in acute lymphoid leukemia
cells and is an indicator of poor prognosis (Khan, Carmona et al., 2018).
CTSG is also aberrantly expressed during early stages of myeloid leuke-
mia cells. In acutemyeloid leukemia (AML), CTSG expression is upregu-
lated and localized outside the granules involved in antigen
presentation, and is therefore associated with poorer outcomes in
AML patients. However, in vivo studies reveal that CTSG targeting elim-
inates AML while sparing normal hematopoiesis. IL-20, a key regulator
of proliferation and differentiation of keratinocytes during inflamma-
tion, also induces CTSG expression, which consequently enhances
breast cancer progression (Hsu et al., 2012). Alatrash et al. (2017)
have demonstrated that targeting CTSG with HLA-A2 restricted epitope
containing leader sequence of CTSG-CTL reduces the leukemia burden
in mice without affecting normal hematopoiesis. Clinically, CTSG-CTL
may preferentially lead to the killing of high CTSG-expressing AML
and acute lymphoid leukemia (ALL) cells which confers the involve-
ment of CTSG in MHC processing and presentation within leukemic
cells. This cell cytotoxicity might be due to the interaction of CTSG
with oncogenic proteins, including expression/phosphorylation of
members of the Hippo pathway such as TAZ and YAP1 in AML (Ogawa
et al., 2015). Hence, CTSG is an immunotherapeutic target in myeloid
leukemia and acute lymphoid leukemia.

Regulation of MHC-I by CTSG supports its physiological function in
immune system development (Palesch et al., 2016). In cancerous cells,
upregulated CTSG endorses the transforming growth factor β (TGF-β)-
mediated signaling and thereby promotes tumor vascularity. Hence,
targeting CTSG can reduce VEGF and monocyte chemotactic protein
(MCP)-1, leading to diminished micro-vessel density in breast cancer–
bone interface (Morimoto-Kamata & Yui, 2017). Morimoto-Kamata,
Mizoguchi, Ichisugi, and Yui (2012) and Wilson, Nannuru, Futakuchi,
and Singh (2010) have disclosed that CTSG mediates MCF-7 cell aggre-
gation through proteolytic cleavage of cell surface molecules, resulting
in increased cell motility and switching of the cell-extracellular matrix
adhesion to E-cadherin-mediated cell-cell adhesion (Yui, Tomita,
Kudo, Ando, & Yamazaki, 2005; Yui et al., 2009; Yui, Osawa, Ichisugi, &
Morimoto-Kamata, 2014) (Fig. 3). Recently, Woo et al. (2017) showed
that CTSG targeting selectively enhances the TRAIL-mediated apoptosis
in renal carcinoma, lung cancer, and cervical cancer through downregu-
lation of survivin via 5-lipoxygenase mediated ROS production. Overall,
it is well-established that CTSG regulates cell-cell interaction. Therefore,
there is a high probability that it acts in the advanced stages of cancer
progression.

3. Therapeutic potential of CTS regulation in cancer

3.1. Physiological CTS inhibitors

Under physiological conditions, CTS are tightly regulated by various
distantly localized endogenous inhibitors including cystatins, thyropsin,
propeptides,members of the serpin (serinepeptidase inhibitors) family,
and α2-macroglobulin inhibitors (reviewed in Dubin, 2005 and Janko,
Ana, & Bojana, 2014). Cystatins are reversible competitive inhibitors of
C1 cysteine proteases, classified into three families: type-I cystatins
(stefins A and B) are expressed intracellularly, type-II cystatins contain
the signal sequence for extracellular secretion (cystatins C, D, E/M, S,
SA, and SN) (Turk & Bode, 1991), and type-III cystatins (kininogens)
are multifunctional and multidomain glycoproteins having three
family-2 cystatin domains, two of which (domains 2 and 3) encompass
protease inhibitory activities. The cleaving ability of CTSD for cystatin C
and inhibitory domains of kininogen support the significant role of CTSD
in cysteine CTS regulation (reviewed in Turk et al., 2012). Association of
CTS and cystatin can regulate malignancy. Likewise, higher levels of
cystatin can promote the survival of cancer patients (Magister & Kos,
2013). For example, upregulated CTSB with downregulation of stefin A
promotes brain tumor malignancy, while higher levels of stefins A and
B in non-small cell lung tissues prevent tumor-associated proteolysis
as evident by better survival of patients (Werle et al., 2006). Downreg-
ulation of cystatins C andE/M(type II cystatins) result in promotingma-
lignancy in the breast, brain, and prostate carcinomas through
enhanced proteolysis. Thus, cystatins C and E/M are also defensive in
nature (Cox, Sexton, Green, & Darmani, 1999; Zhang et al., 2004; Ai
et al., 2006; Qiu et al., 2008; Pulukuri, Gorantla, Knost, & Rao, 2009;
Magister & Kos, 2013). Similarly, extracellular translocation of the
cystatin II family also impairs ECM degradation, thereby regulating
tumor cell invasion and metastasis. Implantation of cystatin E/M-
expressing MDA-MB-435S breast cancer cells in SCID mice resulted in
significant delay in primary tumor growth and diminished the lung
and liver metastasis, further reinforcing that cystatin E/M suppresses
tumor cell proliferation at the secondary site (Zhang et al., 2004;
Shridhar et al., 2004).

Furthermore, cystatin C abrogates the binding of TGF-β bybinding to
the TGF-β type II receptors, thereby further regulating tumor progres-
sion. Unlike the other type II cystatins, cystatin F is present in
endosomes and lysosomes. Its activation into monomer occurs in
endosomal/lysosomal vesicles through proteolytic cleavage of its N-
terminal portion, which is a potent inhibitor of CTSC, CTSH, and CTSL.
In the tumor microenvironment, inactive dimeric cystatin F is secreted
from tumor cells or immune cells and further taken up by cytotoxic
cells. Subsequentmonomerization and inhibition of cysteine CTSwithin
the endosomal/lysosomal vesicles impairs the granzyme and perforin
activation and provokes cell anergy. Therefore, cystatin F is an impor-
tant mediator used by bystander cells to reduce NK and T-cell cytotox-
icity. However, a higher level of cystatin F mRNA in the colorectal
cancer tissues correlates with both liver metastasis and poor patient
prognosis (Utsunomiya et al., 2002). Upregulated extracellular cystatins
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such as cystatin C and stefins are also associated with higher risk of ad-
verse outcomes in melanoma and colorectal cancer patients, demon-
strating the involvement of type II cystatins in antitumor cellular
mechanisms such as anti-tumor immune response, apoptosis, and pro-
tease mediated tumor regression (reviewed in Kos & Lah, 1998). Inter-
estingly, down-regulation of tumorigenesis through a similar
mechanism is also indicated for a family-3 cystatin (AHSG) which in-
hibits colon carcinogenesis by blocking the TGF-β1 binding to cell sur-
face receptors and thereby suppressing TGF-β signal transduction
(Swallow et al., 2004). Based on the available information, we speculate
that besides concentration, the cell and tissue localization of cystatins
make a critical switch for regulation of cysteine proteases after
narrowing their broad specificity to enhanced CTS specificity, and pro-
motes a checkpoint for specific stage of tumor progression.

3.2. Natural and chemical inhibitors

The multitude of roles played by different CTS in cancer progression
is reflected in the use of various inhibitors for cancer treatment. Gener-
ally, natural compounds isolated from plants and microorganisms pro-
vide the base for new drug development. In the same way, leupeptin
identified from S. exfoliates is a peptide aldehyde that possesses signifi-
cant inhibitory activity against CTSD (in nanomolar range) and CTSB (in
millimolar range) (Vidal-Albalat & Gonzalez, 2016). Contrarily, their
non-selective inhibitorymechanism and contradictory outcomes on dif-
ferent tumors discouraged researchers for further exploring its antitu-
mor function. Recent reports indicate that curcumin inhibits
mammalian CTSB and CTSH with IC50 in the nanomolar range under
in vitro conditions. However, various studies reveal the enhancement
of CTSB and CTSL activities in curcumin-mediated apoptosis in different
Table 1
Cathepsins inhibitor showed anticancer properties in preclinical studies.

Cathepsin Inhibitors

CTSB CA-074

Nitroxoline
CTSC GFDMK
CTSK AFG495

L-235

odanacatib

CTSL miR-152
CLIK148
CLIK195
nepsul-Ile-Trp-CHO

KGP94
(2Z)-2-[(3-bromophenyl)(2-fluorophenyl)methylidene]hydrazinecarbothioam

CTSS Z-FL-COCHO

Fsn0503h

(S)-N-(1-cyanocyclopropyl)-3-(methylsulfonyl)-2-(((S)-2,2,2-trifluoro-1-(4-fl
ethyl)amino) propanoate

CTSX d (1(2,3dihydrobenzo[b][1,4]dioxin6yl)2((4isopropyl4H1,2,4triazol3yl)thio)e
CTSD Pepstatin A

CTSB/L/S Fmoc-Tyr-Ala-CHN2 (FYAD)

JPM-OEt

Z-Phe-Arg-fluoromethylketone

VBP-825
carcinoma cell lines (Chen et al., 2012; Terlikowska et al., 2014;
Moustapha et al., 2015). To reach any conclusion, further in vivo studies
are required to determine the utilization of curcumin as CTS inhibitor or
enhancer of CTS cytotoxicity. Vidal-Albalat and Gonzalez (2016) have
summarized additional details of few other natural compounds
possessing significant inhibitory activity toward CTS with IC50 value
from nanomolar to micromolar range, such as agathisflavone,
tetrahydrobustaflavone, quercetin, Grassystatin B, Lichostatinal,
cycloaltilisin 6,Miraziridine A, Tokaramide, Nikolaiodesin C, Guttiferone
A, β-urosolic acid, etc. Although the exact inhibitory mechanism and
clinical trials of these natural isolates are yet to be studied, naturalflavo-
noids are known to control cancer cell progression through autophagy/
apoptosis regulation (Paul, Jakhar, Bhardwaj, & Kang, 2015; Jakhar, Paul,
Bhardwaj, & Kang, 2016; Singh, Park, Khaket, & Kang, 2017; Khan,
Bahuguna, et al., 2018). So, exploration of natural flavonoids as anti-
CTS agents might provide some invaluable tools as anti-cancerous
agents.

Among the cysteine CTS inhibitors, epoxysuccinyl based E-64 iso-
lated from Aspergillus japonicas is the most thoroughly studied covalent
irreversible cysteineCTS inhibitor, except for its effect on CTSC (less sen-
sitive as compared to CTSB, CTSL, and others) (Paulick & Bogyo, 2011;
Turk et al., 2012). However, its broad specificity, less permeability, and
irreversible inhibition are the main hurdles in its application, since
targeted selectivity and delivery are required for targeted anticancer
drug development. As alternatives, epoxysuccinyl based E-64 deriva-
tives including E-64d with improved cellular permeability have been
developed, while to enhance specificity, some other derivatives such
as JPM-OEt and CTSB specific CA074 have beendesignedwithmore spe-
cific activity to CTS (Table 1). Although the pan-cathepsin inhibitor JPM-
OEt has successfully been used in the treatment of pancreatic
Cancer References

Breast Withana et al. (2012)
Schurigt et al. (2008)

Breast Mirkovic et al. (2015)
Colorectal Khaket et al., Unpublished
Breast Le Gall et al. (2007)
Breast Duong, Wesolowski, Leung, Oballa, & Pickarski

(2014)
Breast and
Prostate

Jensen et al. (2010)
Gauthier et al. (2008)

Gastrointestinal Lu et al. (2018)
Mandibular Katunuma et al. (1999, 2002)
Mandibular Katunuma et al. (1999)
Neuroblastoma
Osteosarcoma

Zheng et al. (2009)

Breast Sudhan, Rabaglino, et al. (2016)
ide Prostate Kishore Kumar et al. (2010)

Renal Seo et al. (2017)
Huang, Lee, Lin, & Chang (2016)

Colorectal Burden et al. (2009);
Zhang et al. (2015)
Vazquez et al. (2015):
Kwok et al. (2011)

uorophenyl) Breast Wilkinson, Young, Burden, Williams, & Scott
(2016)

than1one) Prostate Fonovic et al. (2017)
Breast
Neuroblastoma
Colorectal

Johnson, Torri, Lippman, & Dickson (1993)
Soori, Lu, & Mason (2016)
Trincheri, Nicotra, Follo, Castino, & Isidoro
(2007)

Neuroblastoma Colella et al. (2010),
Cartledge, Colella, Glazewski, Lu, & Mason
(2013)

Breast and
Pancreatic

Joyce et al. (2004)
Schurigt et al. (2008)

Pancreatic Van Noorden, Jonges, Meade-Tollin, Smith, &
Koehler (2000)

Pancreatic Elie et al. (2010)
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neuroendocrine cancer in a mouse model, successive failures in the
treatment of breast cancer, particularly breast-to-bone metastasis,
have also demonstrated the poor bioavailability of this inhibitor
(Withana et al., 2012); this can substantially be improved using
liposome-targeted drug delivery of an acidic derivative of the same in-
hibitor (JPM-565), resulting in antitumor effects comparable to gene ab-
lation studies in the same breast cancer model (Mikhaylov et al., 2011).

CA-074 is a specific inhibitor for CTSB capable of reducing cancer cell
growth and promotion, including metastasis of a syngeneic mouse
mammary tumor to bone (Withana et al., 2012). Owing to the poor
cell permeability, off-target binding, and irreversible nature of inhibi-
tion, epoxy-succinyl inhibitors have not been introduced into clinical
practice. However, reversible peptidyl inhibitors with carbonyl, nitriles,
methylketones, trifluoromethylketones, α-ketoacids, α-ketoesters, α-
ketoamides, α-keto-β-aldehydes, diketones, and dipeptide nitriles
such as azapeptide nitriles, have been discovered as a new group of re-
versible covalent inhibitors of CTSB (Kos et al., 2015). Nitroxoline is an
established antibiotic for treating urinary tract infections, and is found
to regulate cancer progression by regulating theCTSB endopeptidase ac-
tivity (Mirkovic et al., 2015). Hence, it can synergistically impair tumor
progression, resulting in a significant reduction of tumor growth and
metastasis in animal cancer models.

Dipeptide-derived diazoketones such as Gly-Phe-CHN2,
acyloxymethyl ketones, vinyl sulfones, and nitrile warhead based pep-
tidic inhibitors have also been developed for CTSC (Kam et al., 2004;
reviewed in Guay et al., 2009 and Laine & Busch-Petersen, 2010). They
have higher specificity for CTSC as compared to other CTS (Table 1).
However, most have been terminated in preclinical testing possibly be-
cause high-level inhibition of enzyme activity is required to achieve
therapeutically significant effects (Hunter et al., 2013), or due to the
compensatory role of CTSH. Therefore, the field of investigation of
CTSC inhibitors is still in its early stages for cancer regulation.

Katunuma, Tsuge, Nukatsuka, and Fukushima (2002) presented that
exposure to epoxysuccinate-based CTSL inhibitors, namely CLIK-148
and CLIK-195, not only attenuate cancer-associated bone resorption
and hypercalcemia, but also lead to a significant reduction in metastatic
burden. Kishore Kumar, Chavarria, Charlton-Sevcik, Arispe, et al. (2010)
generated and screened a library of functionalized benzophenone, thio-
phene, pyridine, and fluorene thiosemicarbazone derivatives as potent
inhibitors of CTSL. Besides, CTSL inhibition by KGP94 significantly im-
pairs the metastasis-associated tumor cell functions such as migration,
invasion, and lung colonization (Sudhan & Siemann, 2013; Sudhan,
Rabaglino, et al., 2016). In contrast, treatment with the CTSL specific in-
hibitor CLIK-148 resulted in decreased metastasis of human melanoma
to the bone (Katunuma et al., 2002), and a partial decrease in the inva-
siveness of human glioblastoma in vitro (Zajc, Sever, Bervar, & Lah,
2002) (Table 1). Recently, Wilder et al. (2016) observed the reciprocal
response of CTSL and S in the presence of E-64 and cystatin C in breast
cancer cells, indicating cellular feedback to sustain the amount of active
CTSS selectively.

Targeting of CTSS by specific inhibitors such as 4-Morpholineurea-
Leu-HomoPhe-vinylsulphone (LHVS29) α-ketoamides, Fsn0503 and Z-
FL-COCHO (ZFL) decreases the invasion efficiency and mobility of can-
cerous cells (Burden et al., 2009; Chen et al., 2010; Yang et al., 2010;
Fan et al., 2012). Of these, LHVS is an irreversible inhibitor while ZFL is
a reversible inhibitor of cathepsin S having preclinical efficacy in cancer
models. ZFL induces autophagy-related apoptosis in nasopharyngeal
carcinoma and glioblastoma cells. Synthetic α-ketoamide compound-
mediated anticancer effects are also attributed to their effects on au-
tophagy and apoptosis, paralleling with inhibiting angiogenesis, inva-
sion, and migration (Chen, Chang, et al., 2012) (Table 1). Recently,
Gautam et al. (2018) identified that BJ-2302, a novel 7-azaindolin-2-
one derivative, possessing combinatorial inhibitory activity for CTSS
and MMP-9.

Considering all CTS, inhibition of CTSK has been intensively inves-
tigated by the pharmaceutical industry for osteoporosis and other
bone mineralization-based diseases, though most have failed in
clinical trials. However, scarce information is available regarding
their implementation in controlling cancer. Among the numerous
CTSK inhibitors, Odanacatib has especially been studied for breast
and prostate cancer bone metastasis. However, similar to other CTSK
inhibitors, it was discontinued after Phase III clinical trials. A few addi-
tional broad-spectrum inhibitors including VBY-825 (Elie et al., 2010)
and GB111-NH2 (Salpeter et al., 2015) have also been developed
(Table 1).

Till date, there are very few scaffolds reported for CTSD inhibition in-
cluding hydroxyl ethyl isosteres with cyclic tertiary amines, synthetic
oligopeptides, and non-peptidic acylguanidine. Ahmed et al. (2013)
identified N-(3-chlorophenyl)-2-sulfamoylbenzamide as a potential
CTSD inhibitor having micromolar IC50 value (1.25 μM). Pepstatin A is
the most potent CTSD inhibitor having an IC50 of 0.1 nM. However, a
low membrane penetration is the main hurdle in its implications for
in vivo studies (Free, Hurley, Kageyama, Chain, & Tabor, 2006). To over-
come this limitation, several pepstatins and cell penetrating peptide
(CPP) conjugates were studied to enhance pepstatin bioavailability for
lysosomal CTSD, but these conjugates were not successful in inhibiting
lysosomal CTSD (Wender et al., 2000). Surprisingly, JMV4463, a conju-
gate of 2-aminomethyl-phenyl-acetic acid tetramer and pepstatin
showed higher cellular penetration and CTSD inhibition. This conjugate
exhibited significant anti-proliferative effectwith altered cell cycle asso-
ciated with apoptotic events in cancer cell lines in both in vivo and
in vitro studies (Maynadier et al., 2013). Because ProCTSD is also in-
volved in cancer progression, researchers need to consider cell to cell in-
teractions when targeting CTSD enzyme activity.

Most efforts are now focused on the synthesis of reversible inhibitors
including peptidyl aldehydes, amides, ketohetero-cycles, aliphatic ke-
tones, and nitriles. In spite of CTS involvement in cancer progression,
CTS could be a consequence of the action of drugs by triggering tumor
cell apoptosis andprodrugprocessing. CTSB is known to activate various
prodrugs such as doxorubicin, paclitaxel, and doxazolidine at the site of
action (Shao et al., 2012). Though a large number of CTS inhibitors have
been developed and screened, none has progressed into the clinic
because of their accompanying moderate-to-severe side effects. Prob-
lems encountered are due to species variations and lysosomal accumu-
lation of basic compounds (i.e., lysosomotropism) that lead to off-target
effects in cellular studies.

3.3. Combinatorial therapy of CTS targeting accompanied by conventional
anticancer treatments

The E-64 based pan-cathepsin inhibitor JPM-OEt enhances chemo-
therapy regimens in a multistage cancer mouse model (Bell-McGuinn,
Garfall, Bogyo, Hanahan, & Joyce, 2007). The majority of CTS are
produced by tumor-associated macrophages, further arguing for the
use of broad-spectrum non-cell-permeable inhibitors that would only
block harmful extracellular CTS. This is further substantiated by the
finding that combined treatment of conventional anti-cancerous
compound and broad-spectrum CTS inhibitors significantly improves
the treatment sensitivity (Roberg & Ollinger, 1998; Shree et al., 2011;
Small et al., 2013). Consistent with these studies, CTSL targeting not
only enhances the sensitivity of tumor cells against various chemother-
apeutic agents (Zheng, Chou, Mirkin, & Rebbaa, 2004; Zheng et al.,
2009), but also effectively reverses resistance to various cytotoxic and
targeted agents including doxorubicin, paclitaxel, etoposide, imatinib,
trichostatin A, and tamoxifen (Sui, Shi, Yan, & Wu, 2016; Zao et al.,
2018). CTSC targeting by GFDMK in multidrug resistant cells also
endorses the drug sensitivity (Khaket et al., unpublished). Indeed,
CTSL suppression further alleviates the sensitivity of apoptotic agents
such as staurosporine and anticas in glioblastoma (Levicar et al.,
2003). Doxorubicin combined with a CTSL and CTSB-specific inhibitors
induces senescence in human and murine drug-resistant cell lines
(Zheng et al., 2004). Under in vivo conditions, a combination of



13T.P. Khaket et al. / Pharmacology & Therapeutics 198 (2019) 1–19
chemotherapeutics with both a broad-spectrum CTS inhibitor and a
CTSL specific inhibitor (Zheng et al., 2009) has shown favorable results.
Studies have also shown that CTSL inhibition improves the sensitivity of
chemotherapeutic agents and effectively reverses the resistance to var-
ious cytotoxic agents including doxorubicin, etoposide, imatinib,
trichostatin A, and tamoxifen (Katunuma et al., 2002; Zheng et al.,
2004, 2009; reviewed in Sudhan & Siemann, 2015; Zhang et al., 2016).
Wang et al. (2016) demonstrated that radio-resistance of glioblastoma
stem-like cell is attributed to CTSL and CD133. Combined treatment
with radiotherapy and CTSL inhibition significantly reduces the GSC
growth and promotes apoptosis, consequently augmenting radio-
sensitivity (Wang et al., 2016). Recently, Fei et al. (2016) predicted
that the activity of CTSL can be enhanced in curcumin-treated glioma
cells, while CTSL knockdown significantly promoted the curcumin-
induced cytotoxicity, apoptosis, cell cycle arrest, and inhibited invasion
of glioma cells. Even, targeting of CTSL in X-ray irradiated humanglioma
U251 cells significantly increased the irradiation-induced DNA damage
and G2/M phase cell cycle arrest and apoptosis (Zhang et al., 2015).
The majority of anti-cancer drug therapy failures may be attributed to
either inherent or acquired resistance. Hence, if drug sensitivity restora-
tion by CTSL inhibition could be successfully translated to the clinic,
such a strategy could have a significant impact on patient treatment
outcome.

In addition to CTS targeting, co-treatment of CPT-11 with a neutral-
izing CTSS antibody enhanced the treatment outcome in colorectal car-
cinoma (Burden et al., 2009). Combinatorial treatment of CTSS inhibitor
ZFL also enhances oxaliplatin-mediated apoptosis through ER stress-
induced Bim upregulation in Caki cells (Seo et al., 2018). This concept
extends beyond chemotherapy, as radiation therapy also induces CTSS
expression in IFNγ-dependent manner, thus providing a rationale for
combining CTSS inhibitors with radiotherapy (Navab et al., 2008). In-
triguingly, simultaneous inhibition of CTSB, CTSL, and CTSS has recently
been shown to induce tumor-associated macrophage-associated
apoptosis that subsequently leads to the non-autonomous death of
neighboring cancer cells (Kirschke et al., 2000). Recently, Gautam
et al. (2018) identified a src inhibitor BJ-2302 which is a novel
7-azaindolin-2-one derivative. Since, Src is an upstream marker of cell
growth pathways (including PI3K/Akt and Ras/Raf/ERK pathways), it
might also be responsible for the expression of CTSS and MMP-9. Also,
it effectively suppresses cell invasion andmetastasis without any toxic-
ity on normal cells. Hence, targeting of upstream regulators seems to be
more promising for cancer regulation, as compared to CTS targeting.

Despite the inhibitory potential, the use of activity-based activatable
fluorescent probes that are essentially irreversible active-site inhibitors
equipped with appropriate fluorophores and fluorescent substrates
(Biniossek, Nagler, Becker-Pauly, & Schilling, 2011; Zhang et al., 2015),
also directs the therapeutic potential of CTS. Recently, Zhang et al.
(2018) synthesized a novel prodrug GAM from gemcitabine with a
CTSB-sensitive linker that provides hyper-selective tumor bioactivation
with lower off-target toxicity, and is capable of bypassing acquired drug
resistance. This synthesis enhances the prospects of specific CTS based
conventional prodrug formation and their subsequent activation
(Zhang et al., 2018). Similarly, CTSB cleavable valine-citrulline dipeptide
linked with doxorubicin enhances the antitumor efficacy of doxorubi-
cin, both in the in vivo and in vitro systems (Liang et al., 2018). CTSE spe-
cific prodrug 5-aminolevulinic acid (5-ALA) associated with
photodynamic therapy can be selectively activated by endogenous
CTSE within the pancreatic ductal adenocarcinoma (Abd-Elgaliel,
Cruz-Monserrate, Wang, Logsdon, & Tung, 2013).

3.4. Limitations of CTS targeting

Contrary to the above researches, the proteolytic function of all CTS
has not been deciphered. Given the critical normal tissue functions of
some CTS, indiscriminate inhibition of all members of the CTS family
could potentially entail the same negative consequences as reported
for the application of broad-spectrum MMP inhibitors (reviewed in
Turk, 2006). A likely factor underlying the failure of MMP inhibitors in
a clinical trial is their lack of specificity. To date, no CTS inhibitor has
passed clinical oncology trials. This likely reflects the complex roles
that CTS play in tumor biology. Long-term administration of selective
inhibitors of individual CTS poses a potential risk of therapeutic resis-
tance through compensation by other CTS familymembers. Thus, the si-
multaneous inhibition of tumor-promoting CTS could potentially yield a
better outcome. Pleiotropic functioning of individual CTS is the principle
concern for researchers by individual targeting through either allosteri-
cally targeting of CTS, blocking substrate specific targeting, or by amelio-
rating three-dimensional structures of CTS (reviewed in Kramer, Turk, &
Turk, 2017). However, similar to gene ablation studies, either broad
spectrum or selective CTS inhibitors are able to cure cancer individually.
Thus, CTS inhibition in combinational therapies with established che-
motherapeutics would be a promising anticancer approach.

4. Conclusion

Upregulated levels of lysosomal and extracellular CTS with cancer
progression are crucial for malignant tumor progression. However, cy-
tosolic CTS induces both tumor growth and cell death; this
localization-basedCTS functioning and their compensatory roles further
complicate CTS based anticancer drug development. Therefore, CTS
based drug or synthetic inhibitors need to be designed by considering
their extra-lysosomal activities during cancer progression. Moreover, a
combination of conventional chemotherapies with CTS inhibition
would provide additional secondary therapeutic benefits involving au-
tophagy hindrance and diminished cancer recurrence. Since there are
pros and cons for the use of either selective or broad-spectrum inhibi-
tors in cancer, it is very likely that CTS inhibitors will not be used as a
monotherapy, while combined therapy of CTS specific inhibitors in con-
junction with other radiotherapy/chemotherapy will conceivably be a
valuable approach for cancer treatment.
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