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Abstract

Cathepsin B (CTSB), a lysosomal cysteine protease, plays an important role in human physiology and
pathology. CTSB is associated with various human diseases, and its expression level and activity are
closely related to disease progression and severity. Physiologically, CTSB is integrated into almost all
lysosome-related processes, including protein turnover, degradation, and lysosome-mediated cell death.
CTSB can lead to the development of various pathological processes through degradation and
remodeling of the extracellular matrix. During tumor development and progression, CTSB has two
opposing effects. Its pro-apoptotic properties reduce malignancy, while its proteolytic enzymatic activity
promotes invasion and metastasis, thereby inducing malignancy. Here, we discuss the roles of CTSB in
tumor and non-tumor disease pathophysiologies. We conclude that targeting the activity or expression
of CTSB may be important for treating tumor and non-tumor diseases.
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Introduction

Proteases are a large group of enzymes that
catalyze the cleavage of peptide linkages in proteins.
Based on the substrate catalyzed by the enzyme and
pH, proteolytic enzymes can be classified into four
types: serine proteases, matrix metalloproteases,
cysteine proteases, and aspartic proteases. Cathepsin
B (CTSB), a lysosomal cysteine protease first reported
in 1957, plays a role in intracellular proteolysis [1]. In
some cases, it may also be involved in other
physiological processes, such as the processing of
antigens to induce an immune response, hormone
activation, and bone turnover [2]. This protein is
widely distributed in human tissues and is involved
in many pathological processes [3]. In non-tumor
diseases, CTSB may act as a secretase involved in the
secretory pathway regulated by brain neurons. CTSB
plays a central role in extracellular matrix remodeling
and is associated with the development of

cardiovascular diseases. In addition, CTSB is highly
expressed in the extracellular space and at the edge of
the invading tumor to enhance the invasion and
metastasis of cancer cells [4]. CTSB also plays an
important role in cell death [5]. It is produced as a
precursor (pro-CTSB) to CTSB and undergoes
proteolytic processing and glycosylation to a mature
form containing heavy and light chains. Intracellular
CTSBs exist primarily in the mature form, and
extracellular CTSBs primarily exist in the precursor
form [2].

The structure of CTSB

Structurally, CTSB is a bilobed protein with a
distinct cut at the "top," representing the active site
cleft. Its polypeptide chain folds into two distinct
domains (the left "L" domain and the right "R"
domain) that interact through an extended polar
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interface and open into a V-shaped active site cleft [6].
The human CTSB gene is located on the short arm of
chromosome 8 (8p22-p23.1) [7] and comprises 13
exons. The upstream region of the first exonis a 2.2 kb
promoter region rich in GC base pairs but lacks the
canonical TATA and CAAT boxes. There are six
specificity protein 1 binding sites, four Ets protein
binding sites, and one enhancer box (E-box) that
regulate transcription, while specificity protein 1 and
Etsl proteins have been confirmed to enhance the
transcription of CTSB [8]. CTISB, as a proenzyme
containing a signal sequence, is synthesized on the
rough endoplasmic reticulum, where the CTSB
propeptide is cleaved into an inactive 46 kDa form of
pro-CTSB, which is then glycosylated before being
transported to the Golgi, where it is transported in the
form of an active 31 kDa single-chain via vesicular
trafficking to late endosomes. Upon fusion of late
endosomes with lysosomes to become
endolysosomes, the mature single-stranded form is
further processed into the active double-chain forms
of 25/26 and 5 kDa[9]. CTSB exists in two forms: an
inactive form (zymogen form) and an active mature
form. There are two active forms of CTSB: the mature
single-chain (31 kDa) isoform and the heavy chain of
the mature double-chain isoform (25/26 kDa). Only
mature CTSBs are biologically active.

The function of CTSB

CTSB is a member of the cysteine protease family
and there are three isoforms of CTSB including
single-chain form (molecular mass is about 31 kDa), a
heavy-chain form with a complete C-terminal end (25
kDa) and a heavy-chain form having a truncated
C-terminal end (23.4 kDa) [10]. Different CTSB
isoforms have different subcellular localizations,
which may determine their different functions and
independent regulatory mechanisms [11]. The main
physiological function of CTSB is to participate in the
lysosomal degradation of different proteins to
maintain a stable state of the intracellular proteome
[12]. CTISB plays a central role in a variety of
pathological processes, including initiation, prolifera-
tion, growth, angiogenesis, and metastasis of
malignant tumors. CTSB also plays an important role
in implantation, pregnancy, and embryonic
development, the dynamic state of transcription and
translation of CTSB is coupled with early embryonic
development[13].

Catalytic function of CTSB depends on pH.
CTSB has an additional pH-sensitive occluding loop
that enables it to act as an endopeptidase/
exopeptidase depending on pH [14]. Lysosomes are
compartments surrounded by membrane bilayers
with acidic pH, which is optimal for many hydrolytic

enzymes. The low pH of lysosomes provides an ideal
environment for CTSB activation [15]. CTSB normally
functions in acidic lysosomes to degrade proteins and
maintain cellular homeostasis. However, in many
human diseases, CTSB is translocated to the cytosol at
a neutral pH, where it activates inflammation and
induces cell death. CTSB is active at both neutral pH
(7.2) in the cytosol and acidic pH (4.6) within
lysosomes [16]. CTSB not only has endopeptidase and
carboxyl dipeptidase activities but also has
noteworthy ligase activities [17]. Owing to its dual
roles as an endopeptidase and peptidyl dipeptidase,
CTSB can participate in the early and late stages of
lysosomal protein breakdown [2].

Localization of CTSB determines its primary
function. CTSB was originally thought to function
only within lysosomes, and it is now widely accepted
that CTSB exhibits both extra-lysosomal and
extracellular functions [18]. The localization of CTSB
in intracellular lysosomes can lead to the secretion of
inactive and active forms, mainly regarded as
housekeeping enzymes involved in intracellular
protein degradation of extracellular (by endocytosis
or phagocytosis) or other intracellular compartments
(autophagy) [19]. CTSB located in lysosomes can
promote autophagy and immune responses by
trafficking TNF-a-containing vesicles to the plasma
membranes of macrophages [20]. CTSB, located in
secretory vesicles, the cytoplasm, and the nucleus, can
bind to the plasma membrane for secretion into the
extracellular space, which is associated with cell
surface cavities and specialized membrane micro-
structural domains involved in signaling pathways,
endocytosis, and proteolysis [9]. The CTSB located in
the mitochondria is thought to trigger cell death [21].
Due to the localization of CTSB in the nucleus, where
it is associated with nuclear scaffolds, CTSB is thought
to be involved in cell division [22]. In addition, in
some cancer cells, CTSB is localized to the cell surface
and secreted into the extracellular environment [23].

CTSB degrades and remodels the extracellular
matrix (ECM). CTSB can participate in ECM
remodeling by degrading structural components
(collagen and elastin). ECM remodeling not only
allows cell separation and invasion but can also
release angiogenic and growth factors that bind to the
matrix [24]. Additionally, CTSB initiates the proteo-
lytic cascade by activating other tumor-promoting
proteases, including matrix metalloproteinases
(MMP) and urokinase-type proenzyme activators
[25]. Under physiological conditions, CTSB plays an
important role in the degradation of a variety of
proteins. Under pathological conditions, CTSB can
hydrolyze a variety of ECM components [26].

CTSB mediates cell cycle arrest. As a lysosomal
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cysteine protease, CISB can degrade intracellular
proteins in the lysosomes. CTSB inhibits cell
proliferation in mouse follicular granulosa cells.
Knockdown of CTSB increases the proliferation of
mouse granulosa cells by increasing the
phosphorylation of ERK and AKT in vitro and
regulates cell cycle progression by increasing the
expression of Myc and cyclin D2 [27]. However, CTSB
knockdown suppressed cancer cell proliferation. In
the human cholangiocarcinoma cell line QBC939,
CTSB expression inhibited by mir-637 can decrease
proliferation ability and promote apoptosis [28]. CTSB
can colocalize with p27, resulting in the degradation
of p27 in lysosomes [29]. Gopinath et al. reported that
CTSB and urokinase plasminogen activator receptor
(uPAR)  decreased the expression of the
cycle-dependent kinase inhibitor p27. In glioma cells,
knockdown of CTSB and uPAR reduced tumor
growth and increased p27 nuclear expression in vivo.
Increased p27 expression induces GO/G1 arrest and
ERK/AKT signaling is involved in G0/G1 arrest [30].

CTSB mediates cell death. CTSB is involved in
regulating various forms of cell death. Usually, CTSB
is localized in lysosomes and released into the
cytoplasm, triggering apoptosis through different
pathways. CTSB can cause cell death through
lysosomal membrane permeability (LMP) [31]. LMP
can cause CTSB to translocate to the cytoplasmic
matrix, leading to lysosome-dependent death. The
regulatory mechanism of CTSB in mediating cell
death is shown in Figure 1.
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The lysosome-mitochondrial axis of cell death
has been proposed to indicate that apoptosis is
regulated by CTSB [32]. Releasing CTSB from
lysosomes can promote the release of cytochrome c
(Cyt-C) from the mitochondria, resulting in the
cleavage of caspase-9 and caspase-3 and subsequent
induction of apoptosis [33]. CTSB can also induce the
activation of caspases or release pro-apoptotic factors
from the mitochondpria in response to certain stresses
[34]. In addition, CTSB cleaves Bid, a pro-apoptotic
Bcl-2 family member, and truncated Bid translocates
to the mitochondria, induces the release of Cyt-C, and
triggers the activation of the apoptotic cascade [35,
36]. CTSB may also be involved in TNF-a-triggered
apoptosis by releasing mitochondrial Cyt-C, and
triggering TNFR-1 to activate small amounts of
caspase-8 [37]. Upon TNF-a stimulation, CTSB acts as
an important downstream mediator of the apoptosis
cascades triggered by TNF and hemichannase [38].

CTSB can also induce apoptosis independently.
In apoptosis studies of the myelodysplastic
syndrome-derived cell line P39, apoptosis was
mediated by direct caspase activation by CTSB
without a decrease in mitochondrial membrane
potential or the release of Cyt-C [39]. In non-small cell
lung cancer, CTSB is essential for caspase-
independent cell death induced by paclitaxel,
epoxyketone B, and discomulin [40]. In a study of the
TNF-mediated apoptosis pathway in WEHI-S
fibrosarcoma cells, CTSB also induced apoptosis
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Figure 1: Role of CTSB in cell death. In the presence of LMP, CTSB is released into the cell matrix, leading to lysosome-dependent death, and triggers the activation of the
apoptotic cascade by releasing Cyt-C. CTSB also independently leads to apoptosis independent of the caspase pathway. LPS promotes the activation of CTSB and activates
caspase-1, leading to pyroptosis. STAT3 promotes ferroptosis by activating CTSB-mediated lysosomal cell death. CTSB contributes to the activation of the mTORCI used and

thus active autophagy.
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independent of caspase [41]. In glioma-initiating cells
(GICs), downregulation of uPAR and CTSB caused a
transcriptional arrest and sensitized glioma cells to
apoptosis by inhibiting c-Met signaling [42]. During
acute pancreatitis, CTSB leaks from colocalized
organelles into the cytoplasmic matrix, and cytosolic
CTSB activates the intrinsic apoptotic pathway by
cleaving and activating Bax [43]. In oral squamous cell
carcinoma, CTSB-mediated proteolytic events are
required for TRAIL-triggered apoptotic pathways
[44]. CTSB activation can enhance HDACi- and
adriamycin-induced apoptosis in myeloma cells,
which may be related to the nuclear translocation of
apoptosis-inducing factor (AIF). RNAi-mediated
downregulation of uPAR and CTSB has also been
found to trigger a partial extrinsic apoptotic cascade
accompanied by nuclear translocation of AIF in
gliomas [45]. Signal transducer and activator of
transcription 3 (STAT3) enhances the expression of
CTSB and cathepsin L in a transcriptional manner,
possibly through the downregulation of mRNA for
serine protease inhibitor 2A, an anti-apoptotic
cytosolic cathepsin inhibitor that protects lysosomes
from CTSB-driven permeabilization [46]. STAT3-
mediated upregulation of CTSB and CTSL enhances
cell death via LMP [47].

CTSB is also involved in regulating necrotic-like
programmed cell death, pyroptosis, ferroptosis [48],
and autophagy [49]. Necrotic-like programmed cell
death involves the production of reactive oxygen
species (ROS). ROS may be a direct consequence of
Bax/Bak-mediated mitochondrial membrane permea-
bility and ROS production induces LMP, resulting in
the release of CTSB. CTSB release and caspase
activation amplify TNF-a apoptosis signaling [50].
Endocytosis of high-mobility group box 1 induces
CTSB release from ruptured lysosomes and the
formation of pyroptosome and caspase-1 activation,
resulting in pyroptosis [51]. Cytoplasmic lipopolysac-
charide (LPS) promotes the activation of CTSB and
subsequently cleaves pro-inflammatory caspase-11
into enzymatically active caspase-11, leading to the
activation of the non-canonical NLRP3 inflamma-
some, which can directly activate caspase-1 and
subsequently induce the secretion of pro-inflamma-
tory factors, ultimately leading to pyroptosis [52].
CTSB is also a mediator of the organelle-specific
triggering of ferroptosis, an iron-dependent
non-apoptotic cell death driven by excessive lipid
peroxidation and subsequent membrane damage [53].
CTSB mediates ferroptosis by activating DNA
damage-induced autophagy [54]. Transcriptional
upregulation of CTSB in ferroptosis requires the
activation of STAT3. STAT3 promotes ferroptosis by
activating CTSB-mediated lysosomal cell death [55].

Autophagy is an intracellular degradation
system involving lysosomes that engulf cytosolic
components by forming double-membrane vesicles
(autophagosomes) and degrading these engulfed
components using lysosomal enzymes [56]. CTSB
exerts dual effects on autophagy regulation.
Accumulation of autophagy markers (LC3-II) has
shown that CTSB gene deletion or drug inhibition can
lead to lysosomal biogenesis and autophagosome
formation [57]. However, in mouse follicular
granulosa cells, knockdown of CTSB significantly
decreased the mRNA expression of the autophagy
marker genes LC3-1 and ATGS5 [27]. In pancreatic beta
cell (INS-1) cells treated with 400 pM mono
(2-ethylhexyl) phthalate, CTSB contributed to the
activation of mTORC1 to inhibit autophage [58].

CTSB in non-tumor diseases

The role of CTSB in Alzheimer's disease. The
role of the CTSB in brain function has been debated.
CTSB is involved in cell death following brain injury
and is neuroprotective. In humans, plasma levels of
CTSB are positively associated with health and
memory and can be increased by physical exercise
[59]. Accumulation of amyloid-p (AP) has been
implicated as a critical trigger for Alzheimer 's disease
(AD). CTSB degrades AP by truncating Ap1-42 at the
C-terminus, protecting nerves by reducing A levels,
and improving neuronal dysfunction. Low CTSB
activity may promote AD, and increased CTSB
activity may counteract the neuropathology of this
disease and provide therapeutic strategies [60].
However, CTSBs can generate pyroglutamic acid
amyloid beta peptide (pGlu-AP), a particularly
deleterious form of AP present in AD. The PGlu-Ap
peptide is more stable and neurotoxic and leads to
increased AP aggregation [61]. CTSB may also cleave
amyloid precursor protein and exacerbate neuronal
defects in AD [62]. CTSB may act as a secretase to
participate in the regulated secretory pathway of
brain neurons by degrading AP to protect the brain
neurons and produce PGlu-AP to aggravate AD
lesions.

CTSB involved in the cardiovascular disorders
by degrading ECM. CTSB is widely expressed in
cardiac muscle [63], plays a central role in ECM
remodeling, and is associated with the development
and progression of cardiovascular diseases. ECM
proteins, including elastin, laminin, and collagen
(types I and III), constitute normal cardiac structures
[64]. The altered expression of several ECM-
degrading proteases (e.g., MMPs and serine and
cysteine proteases) affects cardiac remodeling, which
is an important potential cause of several cardio-
vascular diseases [65]. CISB is involved in the
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pathophysiological processes of cardiovascular-
related diseases, including atherosclerosis, myocar-
dial infarction, hypertension, myocarditis, chemo-
therapy-induced myocardial injury, and heart failure.
As indicators of autophagic activity, CISB and
cathepsin D are involved in the regulation of cell
death and survival during the development of
atherosclerosis [66]. CTSB plays various roles in the
evolution of extracellular and intracellular athero-
sclerotic plaques. CTSB secreted by macrophages can
post-translationally modify apoA-I by cleaving its
C-terminal Ser228, thereby greatly reducing its lipid
solubility, decreasing the ability of low-density
lipoproteins to export cholesterol, and exacerbating
the disease process of atherosclerosis [67]. CTSB may
also be involved in the degradation of myogenic
fibronectin in myocardial infarction. Circulating levels
of CTSB were found to be higher in patients with
acute myocardial infarction than in controls [68].
Inhibition of CTSB affects the development of
hypertension. As a type of aENaC cleaving enzyme,
blockade of CTSB can prevent hypertension [69]. In
addition, CTSB is associated with blood pressure and
may be involved in aortic remodeling [70]. CTSB can
aggravate coxsackievirus B3-induced myocarditis by
activating inflammasomes to promote pyroptosis [71].
CTSB is also involved in stress-induced cardiomyo-
cyte apoptosis, regulation of cardiac hypertrophy, and
remodeling via the TNF-a/ ASK1/JNK pathway [72].

CTSB can active autophagy in obesity. Obesity
promotes the hypertrophy and hyperplasia of
adipocyte, and weakens the regulation of fat storage
in white adipose tissue, which results in impaired
lysosomal function and the release of CTSB and other
proteases into the cytoplasm, leading to autophago-
some accumulation and increased inflammation.
Activation of CTSB induces mitochondrial dysfunc-
tion, increases ROS production, and releases
mitochondrial proteins (such as Cyt-C), which cause
adipocyte death [73]. With the development of
obesity, white adipose tissue secretes pro-inflam-
matory cytokines (IL-6 and TNF), leading to chronic
low-grade inflammation [74]. Among the lysosomal
proteins, CTSB is the most abundant protease
required to activate autophagy. In obesity, autophagy
activation relieves metabolic stress and inflammation
and restores cellular homeostasis [75]. CTSB can
promote lipogenesis by degrading the fibronectin
network and inhibiting Wnt/ B-catenin signaling [76].

CTSB is assocated with lung disorder by
degrading ECM. CTSB induced emphysema in an
experimental model of emphysema and cathepsin
release in response to cigarette smoke. CTSB release in
smoking-related lung diseases leads to ECM
degradation and emphysema [77]. Extracellular

neutrophil elastase (NE) can activate CTSB [78] and
increase its expression. CTSB released by NE
stimulation may lead to ECM degradation, produce
emphysema commonly seen in lung disease, and
affect the function of important antimicrobial proteins
and peptides [79]. NE can induce interleukin (IL)-8
expression in human bronchial epithelial cells via the
NF-xB activation pathway [80]. NF-«B mediates CTSB
and MMP-2 activation in human bronchial epithelial
cells after doxorubicin and LPS treatment. NF-«xB
pathway inhibited by SN50 results in decreased
expression of CTSB and MMP-2, and NE has been
shown to induce IL-8, CTSB, and MMP-2 production
via the interleukin-1 receptor associated kinase-1/
Toll-like receptor-4-mediated macrophage pathway
[79], which leads to degradation of ECM, followed by
emphysema common in lung diseases.

The role of CTSB in cancer

CTSB has been described as a “multifunctional”
enzyme in cancer [81]. CTSB plays a dual role in
tumor malignant progression, and the entire process
depends on a delicate balance between proteases and
their inhibitors as well as between pro-apoptotic and
pro-invasive properties. As a prognostic marker and
potential therapeutic target in various types of cancer,
CTSB is one of the most potent tumor-promoting
cysteine cathepsins, overexpressed in various human
cancers and secreted by malignant cells and cells of
the tumor microenvironment [82]. CTSB is involved in
a plethora of malignant progression processes,
including tumor growth, angiogenesis, invasion, and
metastasis.

CTSB and tumor angiogenesis. The develop-
ment of new blood vessels in tumors depends on the
production of vascular endothelial growth factor
(VEGF) released by tumor cells and/or matrix cells.
Proteolytic remodeling of the ECM is a key event in
vascular sprouting during angiogenesis [83]. CTSB
promotes ECM remodeling to facilitate neovasculari-
zation. However, it is unclear whether CTSB is pro- or
anti-angiogenic. In endothelial cells (but not in
tumors), CTSB can inhibit angiogenic responses. CTSB
maintains endothelial cells in a non-angiogenic state
by increasing endothelial statin production while
decreasing VEGF expression, suggesting that CTSB
may act as a suppressor of angiogenesis at the
endothelial level. It has been reported that
overexpressed CTSB interferes with the angiogenic
process by downregulating VEGF and upregulating
the angiogenic inhibitor endostatin in bovine retinal
ECs [84]. In pathological situations, CTSB promotes
angiogenesis when it acts on tumor cells or the ECM.
CTSB  inhibition delayed angiogenesis and
tumorigenesis in vivo [85]. Recently, it was shown
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that the knockdown of uPAR and CTSB can inhibit
tumor-induced angiogenesis by disrupting the
JAK/STAT pathway-dependent expression of VEGF
[86]. Similarly, another study showed that inhibition
of CISB expression can inhibit glioblastoma
(GBM)-induced neovascularization [87]. Elevated
CTSB activity, which results in increased secretion or
mobilization of VEGF, enhances the induction of
tumor angiogenesis [88]. In GBM, CTSB is mainly
located at the invasive margin of tumor infiltration
and neovascularization [89]. Degradation of
tenascin-C around new blood vessels by CTSB can
promote the expansion of new blood vessels, leading
to glioma progression [90]. CISB promotes
angiogenesis by degrading inhibitors of MMPs
(TIMPs) [91] or by releasing growth factors, such as
VEGF and transforming growth factor (TGF)-f [92].

CTSB acts on the tumor microenvironment.
Tumor microenvironment (TME) is the -cellular
environment in which cancer or CSCs exist [93], and is
composed of tumor cells, tumor stromal cells, and
acellular components of the ECM [94]. Cathepsins are
usually highly expressed in various types of immune
cells and fibroblasts [95]. Many tumor micro-
environments are acidified, which may be associated
with CTSB, as this lysosomal enzyme is optimally
active at a slightly acidic pH [96]. The environment of
acidic tumor cells also favors the release of CTSB [97].
Many proteases have been implicated in pathogenic
processes that occur in the co-evolution of cancer cells
and their microenvironment, including MMDPs,
urokinase-type  plasminogen  activators, and
cathepsins [98]. Proteases capable of degrading ECM
proteins have recently been identified as critical
regulators of the TME, and secreted CTSBs
significantly alter the TME during invasion. However,
their mechanism of action and associated intracellular
signaling pathways have not been identified [99], and
CTSBs of stromal cells from tumors or microen-
vironments play critical roles in multiple stages of
tumor growth and metastasis [100]. Previous studies
have indicated that cysteine proteases are
compromised by the microenvironment [101].
Moreover, the TME can regulate CTSB expression in
tumor cells and other tumor-associated cell types
(including stromal fibroblasts and inflammatory
cells), and stromal cells of the TME are the main
source of CTSB expression [102].

CTSB promotes the invasion and migration of
cancer cells. Release of proteolytic enzymes that cause
degradation of the ECM, damage to the basement
membrane, and migration of cancer cells in response
to chemokines. Increased CTSB expression occurs at
the invasive margin in many tumors, and degradation
of the ECM by CTSB is a critical step in cancer cell

invasion and metastasis [29]. The regulatory
mechanism by which CTSB promotes the invasion
and migration of cancer cells is shown in Figure 2.
CTSB promotes tumor invasion and metastasis by
degrading the ECM, which is mediated by a
proteolytic cascade. Biochemical studies have
identified that collagen I, collagen 1V, fibronectin, and
laminin can be substrates of CTSB, and CTSB can
proteolytically degrade these ECM components and
drive tumor cell invasion [103]. Elevated levels of
CTSB alone or in combination with other proteolytic
enzyme pathways have also been associated with
tumor progression [8]. In cancer cells, CTSB is
shuttled to the plasma membrane, where it activates
receptor-bound urokinase-type plasminogen activator
(pro-uPA). uPA activates plasminogen, a serine
protease that digests ECM proteins and activates
MMPs to degrade the ECM [104]. It has been found
that the CISB can inactivate TIMP-1 and TIMP-2.
CTSB promotes cell invasion by disrupting inhibitors
to enhance MMP activity and inactivate TIMP-1 and
TIMP-2. CTSB can upregulate the expression of
MMP-9 by activating the PI3K/ Akt pathway, and the
expression of p-Akt was significantly increased in
CTSB-overexpressing cells, indicating that CTSB
upregulation can enhance Akt signaling, which in
turn leads to the upregulation of MMP-9, which may
also lead to the generation of proteolytic cascades
[105]. In hepatocellular carcinoma, the phospho-
rylation of Akt in CTSB-overexpressing cells was
significantly increased, which may also indicate that
CTSB regulates the progression of HCC through the
PI3K/ Akt signaling pathway. In addition, interactions
between integrins and extracellular components play
an important role in tumor differentiation and
progression. Inhibiting integrin avP3 significantly
prevented the CTSB-overexpressing phosphorylation
of Akt, which can inhibit cell proliferation and lead to
cell death. Collectively, the CTSB/integrin avp3/
PI3K/Akt axis is critical for the regulation of HCC
progression [106]. Knockdown of CTSB may inhibit
HL-60 cell proliferation and tumorigenesis through
inactivation of the Akt signaling pathway in vitro and
in vivo [107].

Caveolae (Cav) are cell surface binding sites for
CTSB [9], and proteases bound to the surface of tumor
cells and secreted by tumor «cells and
tumor-associated host cells promote local protein
hydrolysis during tumor invasion [108]. In
inflammatory breast cancer cells, overexpression of
caveolin-1 contributes to the proteolytic cascade
involving CTSB, leading to ECM degradation [109,
110]. Caveolin-1, the main structural protein of Cav, is
associated with ECM degradation and invadopodia
formation [111]. In malignant human colorectal
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Figure 2: Inhibition of CTSB expression can inhibit migration by affecting other proteins and signaling pathways. CTSB is translocated to the cell surface and participates in the
proteolytic cascade, leading to ECM degradation. It interacts with related proteins on the cell surface to promote tumor invasion and metastasis. The expression of CTSB also

plays a role in tumor angiogenesis.

carcinoma cells, CTSBs are attached to the plasma
membrane at specific micro-regions, invadopodia,
and Cav [112]. The binding of CISB to Cav is
regulated by the activation of K-ras, which increases
active CTSB trafficking to the cell surface with
positive invading ability [113].

CTSB may also be involved in the metastatic
colonization of tumors via annexin A2, and the
cellular matrix is crucial for the metastatic
colonization of tumor cells in distant organs [114].
CTSB can also bind annexin A2 on the cell surface
[115] and is involved in the activation of binding
proteins in discrete regions of the extracellular space,
which may explain the role of CTSB in tumor invasion
and metastasis. CTSB co-localizes with the cell surface
protein annexin A2 to promote invasiveness and
angiogenesis in GBM [116]. The protein complex
annexin A2-S100A10 heterotetramer (Allt) can act as a
binding protein for CTSB on the tumor cell surface
and localizes on the extracellular surface, where it
enhances the activation of proteases. SI00A10 can
lead to the activation of pro-CTSB. The light chain of
Allt, p11, also serves as a binding site for CTSB on the
surface of tumor cells, and CTSB binds to the plasma
membrane through its interaction with p11 [117]. In
conclusion, the co-localization of proteases and their
substrates on the surface of tumor cells may
contribute to (1) activation of protease precursor
forms and initiation of protein hydrolysis cascades
and (2) selective degradation of extracellular matrix
proteins [118]. In the colorectal cancer HCT116 cell
line, the increased trafficking of CTSB and uPA to the

Cav of cells correlates with the expression of pll in
the cavernous body of cells, which indicates that p11
may be a binding partner of CTSB in the Cav to
increase the interaction between CTISB and
uPA/uPAR, thereby triggering the proteolytic
cascade [113]. In the lung adenocarcinoma cell line
Ab549, the downregulation of annexin A2 expression
can inhibit the secretion of MMP-2 and CTSB.
Annexin A2 also promotes lung cancer progression by
regulating the expression of CTSB and MMP-2 [119].
The absence of CTSB impaired the development of
high-grade invasive ductal carcinomas and reduced
the metastatic burden in the lungs [120]. CTSB
secreted by macrophages enhances the metastasis of
breast cancer cells to the lungs [100]. It has been
shown that CTSB secreted by fibroblasts induces
elevated expression of stearoyl-CoA desaturase 1 in
B16F10 cells through annexin A2 and increased
stearoyl-CoA desaturase 1 expression ultimately
affects cancer cell proliferation and metastatic coloni-
zation. Fibroblast-secreted CTSB mediated stearoyl-
CoA desaturase 1-induced fatty acid composition
changes in fatty acid composition in tumor cells, thus
determining the initiation of lung metastasis of
melanoma [121].

CTSB promotes tumor progression not only by
proteolytic function but also by a series of signal
transduction pathways. CTSB is one of the major
intracellular interaction partners of hepatitis B splice
protein, which was identified using a yeast two-
hybrid screening assay [122]. The interaction between
hepatitis B spliced protein and CTSB may promote the
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motility and invasion of HCC cells [123]. Metastasis-
associated protein 1, which inhibits the expression of
CTSB and inversely correlates with E-cadherin, is
essential for bone metastasis [124]. E-cadherin is a
substrate of cathepsin, and overexpression of CTSB
correlates with the downregulation of E-cadherin.

In gliomas, both uPAR and CTSB are
overexpressed and can degrade the ECM alone or in
combination [45]. Studies have shown that CTSB and
uPAR synergistically regulate the migration of GICs
and are closely related to the occurrence and
development of gliomas [45]. It has been reported that
blocking uPAR and CTSB expression results in a
significant reduction in inflammatory breast cancer
cell migration and invasion [108]. shRNA-mediated
downregulation of uPAR and CTSB downregulates
focal adhesion kinase (FAK) binding to a-actin and
actinin in vitro by disrupting the PKC-integrin
complex. Blocking the radiation-induced interaction
between FAK and cytoskeletal molecules can induce
cytoskeletal disassembly in GICs and non-GICs [125].
Downregulation of CTSB induces cytoskeletal
disorganization, reduces cell motility, and inhibits
tumor cell migration. In the JNK-MAPK signal
transduction pathway, CTSB promotes the migratory
activity of GIC by phosphorylating JNK (p-JNK), and
JNK activation is required for cell migration.
Cytoplasmic p-JNK interacts with adhesion molecules
(integrin av B3p1) and motility molecules (paxillin,
vinculin, and a-actinin) to drive cells toward an
invasive and migratory phenotype. Reducing
cytosolic p-JNK by downregulating uPAR and CTSB
also induces the translocation of MEKK-1-P-JNK
complexes from the cytoplasmic matrix to the
nucleus, which can inhibit the migration of glioma
cells. Moreover, uPAR and CTSB regulate JNK
activation and translocation via the Ras-Pak-1
pathway.

Increasing evidence has shown that many
human cancer cells maintain intercellular adhesion
and invade as cohesive multicellular groups, which is
called collective cell invasion or migration [99]. CTSB
is important for collective invasion because it can
break down ECM components and regulate
proteolytic networks and signaling pathways.
Degradation of the basement membrane and
connective tissue by various proteases is considered a
prerequisite for the collective invasion of cancer cells.
FAK can regulate collective cell invasion by
regulating cell-cell adhesion via controlling
E-cadherin internalization [126]. Knockdown of CTSB
in salivary adenoid cystic carcinoma-83 (SACC-83)
cells inhibits FAK expression [127], induces
cytoskeletal disorganization, inhibits ECM remodel-
ing, and impairs the formation of leader cells [125].

CTSB can be used to define leader cells in SACC [127].
CD147 promotes extracellular hydrolysis and
lysosomal collagen degradation in the ECM by
upregulating the expression and activation of CTSB in
human HCC. CTSB knockdown and CA(74 treatment
inhibited 3D collective invasion, whereas upregu-
lation of CTSB promoted cell migration and collective
invasion in HCC. CTSB overexpression makes
polyoma middle T cancers more aggressive by
increasing proteolytic ECM protein degradation and
promoting collective cell invasion into adjacent
tissues [128].

CTSB interacts with TGF-$1 to promote tumor
invasion. Transforming growth factor-p (TGF-p) is
involved in some carcinogenic effects during
advanced tumorigenesis through MAPK, JNK, p38,
and PI3K pathways [129]. In the melanoma cell line
WM793, CTSB activity is important for TGEF-p
production and secretion [130]. TGF-p1 induces the
invasion of malignant meningioma cells with
associated upregulation of uPA, CTSB, and MMP-9,
and uPAR and CTSB act upstream in TGF-f1-initiated
signaling [131]. In myeloid tumors, alterations in the
TGF-PB1 signaling pathway lead to upregulation of
CTSB, and TGF-f1 stimulates the expression of CTSB
mainly by inhibiting Smad1 [132].

Epithelial-mesenchymal transition (EMT) and
CTSB. ECM remodeling is an important process that
enhances cell invasiveness during EMT, involving
increased production of ECM-degrading peptidases
[133]. The E-box at nucleotides 7 to 2 of the CTSB
promoter is essential for CTSB expression, and the
binding of wupstream stimulatory factor 1and
upstream stimulatory factor 2to this E-box can
modulate CTSB promoter activity [134]. The EMT
activator zinc finger E-box binding homeobox 1 is a
key promoter of metastasis and stemness [135].
Regulation of CTSB promoter activity through E-box
elements associated with EMT activators.

TGF-B is an important activator of EMT, and
CTSB can also directly release and activate TGF-p1 via
proteolytic ECM components [92, 136, 137]. The role
of CTSB in the TGF-B1 signaling pathway is also a key
signal that triggers EMT in cancer. E-cadherin serves
as a hallmark marker of the epithelial cell phenotype,
and the overexpression of CTSB and cathepsin X
decreases the expression of E-cadherin. Vimentin is
considered a marker of the mesenchymal phenotype,
and silencing CTSB and cathepsin X reduces vimentin
expression [136].

CTSB  also  upregulates = EMT-activated
transcription factors through the Wnt/[-catenin
pathway [12]. In thyroid cancer, CTSB localizes to the
basement membrane and induces EMT by altering the
ECM. CTSB overexpression induced cell migration by
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enhancing vimentin and Snail expression in thyroid
cancer cell lines. Changes in CTSB expression or
secretion during thyroid cancer regulate metastasis by
activating p38-mediated EMT [138]. After TGF-{-
mediated EMT, CTSB proteolyzed Deactented-2 after
continuous treatment with TGF-f, resulting in loss of
the mesenchymal phenotype [139]. In the colon
adenocarcinoma HT29 cell line, CTSB was
upregulated in Snail-overexpressing cells and
accumulated in the invasive front. In snail-overex-
pressing HT-29 cells, CTSB activity and invadosome
localization are associated with the mesenchymal
phenotype in colon cancer [140].

CTSB and cancer stem cells. Cysteine
cathepsins play a key role in regulating CSCs
function, and CTSB is highly expressed in GBM stem
cells. In GIC, simultaneous knockdown of uPAR and
CTSB significantly reduced the expression of
stemness markers and resulted in a reduction in the
size and number of GIC spheres [141]. CTSB is
expressed in two CSC subsets of moderately
differentiated oral tongue cell carcinoma, in which it
has been demonstrated to localize to CSC within the
tumor nest and stroma surrounding the tumor [142].
CTSB has also been associated with prostate CSC. In
the presence of adipocytes, prostate cancer cells
actively secrete cholecystokinin (CCK), which
stimulates the self-renewal of prostate CSCs and
induces CTSB production in adipocytes. In return,
CTSB promotes the secretion of CCK by cancer cells.
More importantly, inactivation of the CCK receptors
not only inhibits CTSB secretion from adipocytes but
also synergizes the inhibitory effect of CTSB inhibitors
on adipocyte-promoted self-renewal of prostate CSCs
[143]. CTSB is also expressed in CSCs in head and
neck cutaneous squamous carcinoma [144] and
pancreatic cancer stem-like cells. CTSB is expressed
on the surface of pancreatic cancer stem-like cells and
directly or indirectly affects the extracellular
microenvironment [145]. We previously reported that
cobalt chloride or chemoradiotherapy induced the
formation of polyploid giant tumor cells (PGCCs)
[146]. PGCCs have CSC properties and can express
the CSC markers CD44 and CD133 [147]. Daughter
cells generated by PGCCs via asymmetric cell division
exhibit strong migration, invasion, and proliferation
abilities. CTSB is significantly elevated in PGCC and
daughter cells [148].

Clinical practice of CTSB

CTSB and drug resistance. CTSB plays an
important role in controlling the balance between
apoptosis and necrotic death under stress conditions
[149]. Drug-resistant human laryngeal carcinoma cells
may exhibit high levels of CTSB [150]. The

conjugation of the second mitochondria-derived
activator of caspases and CTST-cleavable peptide to
doxorubicin can specifically cleave to pro-apoptotic
second mitochondria-derived activator of caspases
and cytotoxic doxorubicin in CTSB-overexpressing
cancer cells, inducing a synergy of the pro-apoptotic
activity with chemotherapy [151]. In the highly
chemoresistant osteosarcoma Saos-2 cell line,
palladacycle concentrates in lysosomes to induce
LMP, favoring CTSB release into the cytoplasmic
matrix to induce cell death [152]. In the treatment of
relapsed and refractory multiple myeloma, the
anti-CD38  monoclonal  antibody = SAR650984
effectively killed resistant multiple myeloma cells by
increasing CTSB throughout the cytoplasm [153]. In
chronic myelogenous leukemia CD34~ cells, imatinib
induced CTSB activation, and overexpression of CTSB
sensitized these cells to imatinib killing [154].
Salinomycin and gefitinib synergistically induce
apoptosis via CTSB and CTSD, triggering mitochon-
drial lysosomal crosstalk and caspase-independent
pathways in colorectal cancer cells, and this new
combination therapy may provide potential clinical
applications to overcome GEF resistance in colorectal
cancer [155].

CTSB is a direct target gene of miR-140, and
overexpression of miR-140 reduces CTSB levels,
enhances temozolomide cytotoxicity, inhibits
mesenchymal transition, and affects CTSB-regulated
tumor spheroid formation and expression of stemness
markers. In GBM, high expression of CTSB is related
to the intrinsic drug resistance of TMZ. The
mechanism of resistance may involve upregulation of
CTSB, reversing miR-140-suppressed mesenchymal
transition and sensitizing TMZ to GBM cytotoxicity
[156]. In germinomas, monanchocidin A increases the
activity of cisplatin in germ cell tumor cells. Cisplatin
and monanchocidin A have a synergistic effect in
NCCIT-R cells (cisplatin-resistant germ cell tumor
cells), and high concentrations of MonA can induce
LMP, which is released into the ECM, resulting in the
non-selective degradation of cellular components.
MonA may overcome resistance to currently applied
therapies through autophagy and apoptosis caused
by the release of CTSB into the ECM due to LMP [157].
CTSB-mediated scramblase activation triggers
cytotoxicity and cell cycle arrest by andrographolide
to overcome cellular resistance in cisplatin-resistant
human hepatocellular carcinoma HepG2 cells [158].

CTSB and cytotoxic drugs. Prodrugs are
pharmacologically inactive forms of active drugs
[159], and may be an effective way to selectively
release active drugs through high cathepsin expres-
sion in the tumor microenvironment, improving the
safety of chemotherapy with fewer toxic side effects
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[160]. CTSB has been shown to be an effective target
for doxorubicin delivery. CTSB exhibits enzymatic
activity, which increases the chemotherapy potential
of doxorubicin and limits its toxicity. The
CTSB-sensitive precursor drug concept has been used
for targeted release [161]. As a precursor
drug-activating enzyme, CTST can cleave doxorubicin
precursor drugs. doxorubicin prodrugs remain
inactive in vascular and normal tissues, and free
doxorubicin cleaved by CTSB can be released into
cancer cells, leading to targeted cytotoxicity. CTSB
cleaves the doxorubicin prodrug to release the free
drug in the presence of CTSB and in a subacidic
environment. Studies  have  shown  that
CTSB-cleavable doxorubicin prodrugs are less toxic in
vitro and more effective in vivo, demonstrating the
effect of CTSB [161]. PNP (CTSB-specific doxorubicin
prodrug nanoparticles) selectively released free
doxorubicin only in CTSB-overexpressing peritoneal
carcinoma cells, thus greatly reducing local and
systemic toxicity. PNP specifically releases free
doxorubicin into the nucleus of cancer cells via the
sequential enzymatic cleavage of CTSB and
intracellular proteases. However, owing to the innate
low CTSB expression in normal cells, most PNP
remain inactive in the cytoplasm of normal cells, and
cytotoxicity to CTSB-deficient normal cells is greatly
reduced [162]. CTSB-overexpressing tumor cells
activate the albumin-bound doxorubicin prodrug
Al-ProD (CTSB cleavable peptide (FRRG) and
doxorubicin) for targeted cancer therapy. Doxorubicin
is selectively released in CTSB-overexpressing tumor
cells to induce effective antitumor efficacy.
Simultaneously, Al-ProD increases the safety of
chemotherapy by maintaining an inactive state with
significantly reduced toxicity in normal tissues with
inherently low CTSB expression [160]. CTSB can
completely or partially prevent the toxicity of HDAC,
ERBB1/2/4 inhibitors, nalatinib, nilotinib, acid
keratamide, thymquinone, and tyrosine kinase
inhibitors, such as sunitinib and pazopanib [11].

The inhibitors targeting CTSB

Given the multiple roles of CTSB in tumors,
several CTSB inhibitors have been developed and
studied to inhibit tumor invasion in different cancer
treatments, although their clinical effect has not been
demonstrated [163]. Proteases and their endogenous
inhibitors have been shown to have prognostic value
in characterizing tumor aggressiveness and disease
outcomes [164]. CTSB is one of the most important
lysosomal cysteine proteases with the highest activity
in acidic environments. In addition to ambient pH,
CTSB activity is primarily influenced by its inhibitors.
CTSB and its endogenous inhibitors may promote

proteolysis in hepatoma cells, thereby contributing to
the invasive phenotype of this cancer. The proteolytic
activity may be a potential therapeutic target. Studies
have also shown that CTSB inhibitors combined with
conventional therapy may have clinical value [165].
Proteiase inhibitors have been successfully used in the
treatment of HIV and hepatitis C. The current study
provides evidence that CA-074 may be a novel
therapeutic candidate for the treatment of Multiple
sclerosis [166]. Studies have also shown that the
commonly used chemotherapy doxorubicin directly
binds to CTSB to inhibit its activity, demonstrating for
the first time the utility of CTSB as a potential
therapeutic target for acute myeloid leukemia
[167].The demonstration that a clinically viable
protocol using E64d is efficacious in TBI animal
models enables the development of E64d for
traumatic brain injury treatment [168].

Small-molecule inhibitors and CTSB. CA-074 is
potent selective irreversible CTSB inhibitor, while
CA-074Me is its methylated form that increases cell
permeability, where still CA-074 is the active form
that inhibits CTSB. CA-074Me decreased CTSB
activity by altering its active site. CA-074Me is an
exogenous and membrane-permeable CTSB inhibitor,
which is more cell-permeable and converted to
CA-074 by intracellular esterase [169]. The sulfur
anion in the CTSB structure attacks the carbon of
oxirane in the middle ring of CA-074Me, which leads
to a change in the active site of the CTSB enzyme and
inhibits CTSB activity. In pancreatitis, activated CTSB
expression was significantly lower after treatment
with CA-074Me, which greatly reduced the incidence
of acute pancreatitis [170]. CA-074Me has also been
reported to decrease TNF-a expression and inhibit
apoptosis induced by coxsackievirus Bl in guinea
pigs with polymyositis [171]. CA-074Me inhibits
apoptosis and liver injury in fulminant liver failure
[172]. Downregulation of CTSB by CA-074 inhibits
breast cancer neovascularization and bone metastases
[173].

Endogenous inhibitors and CTSB. Cystatins
decrease CTSB activity. Cystatins are endogenous and
reversible inhibitors of cysteine peptidases and are
important players in cancer progression. Cystatins
primarily act as inhibitors of cysteine cathepsin. The
cystatin family consists of three subfamilies: type I
cystatin (stefin family, intracellular inhibitors), type II
cystatin (cystatin family, extracellular inhibitors), and
type III cystatin (kininogen family) [174]. Stefin A can
form complexes with CTSB and inhibit CTSBs via
direct but weak interactions or conformational
changes between stefin A and CTSBs, resulting in
strong inhibition. Stefins A and B inhibit cathepsin
activity and play a role in cancer progression. The
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negative correlation between stefin A and CTSB
expression is associated with tumor malignancy and
metastasis [175]. Changes in the activity of CTSB and
the endogenous inhibitor stefin A are associated with
tumor progression and prognosis and can be used as
prognostic factors in cancer patients. It has been
shown that stefin A produced by myoepithelial cells
inhibits early tumor invasion in breast cancer by
inhibiting CTSB [176]. In addition, overexpression of
stefin A can inhibit the migration, invasion, and
proliferation of laryngeal cancer cells via CTSB
downregulation [177]. In human esophageal
squamous cell carcinoma cells, the combination of
stefin A and CA-074Me further reduced the activity of
CTSB [178]. In addition, stefin A not only acts by
decreasing the activity of tissue proteins but can also
be mediated by other mechanisms. Stefin A inhibits
TGF-B-induced EMT in lung cancer cells by inhibiting
the ERK/MAPK signaling pathway [179].

Cystatin C is an endogenous inhibitor of
papain-like cysteine and a natural inhibitor of CTSB.
An imbalance between CTSB and cystatin C
regulation is critical for the degradation of ECM
components, leading to various phenomena, such as
tumor metastasis [180]. Cystatin C inhibits both the
activity and synthesis of CTSB. CTSB has an occluding
loop comprising residues 104-126, and blockade of the
active  site modulates the substrate and
inhibitor-binding properties of the enzyme [181]. The
reduced binding affinity between CTSB and cystatin
C may be caused by changes in glycosylation, the
presence of cathepsin activators, or the binding of
cathepsins to glycosaminoglycans [182]. The ratio of
CTSB/cystatin C in the serum is clinically significant
in the prognosis of cancer patients. The CTSB/cystatin
C ratio is significantly higher in patients with
cholangiocarcinoma than in healthy groups [183]. In
esophageal cancer, the cystatin C /CTSB ratio was
significantly lower in the esophageal cancer group
than in the control group and significantly correlated
with the T stage and lymph node metastasis [184].
Cystatin C significantly inhibited SAHA-induced
CTSB expression in breast cancer cells [185]. Cystatin
C expression was lower in breast cancer tissues than
in non-cancerous tissues, and cystatin C expression is
significantly lower in cancerous tissues than in CTSB
[186]. Cystatin SN (CST1) is a salivary cystatin that
forms a tight equimolar complex with cysteine
proteases such as cathepsins by binding to their active
sites. Heterodimer binding between CST1 and
cystatin C was also found to reduce the proteolytic
activity and cell invasiveness of CTSB. However, in
colon cancer, upregulation of CST1 neutralizes the
inhibition of CTSB proteolytic activity by cystatin C
and contributes to colorectal carcinogenesis [187]. It

has also been shown that CST1 impacts cellular
senescence during cancer progression. CST1
knockdown decreases the activity of extracellular
CTSB, which induces increased inhibitory
phosphorylation of glycogen synthase kinase 3p
(GSK3p), leading to increased glycogen accumulation
and cellular senescence [188].

In conclusion, CTSB is widely involved in the
regulation of human malignant tumors and plays an
important role in tumor invasion and metastasis,
angiogenesis, and cell death. We reviewed the
structure and function of CTSB and summarized its
expression in different types of tumors and the
regulatory mechanisms involved. In addition, the
potential role of CTSB in non-neoplastic diseases was
discussed. Small molecular inhibitors and microRNA
targeting CTSB have been developed to explore the
possibility of clinical application. CTSB, a
prodrug-activating enzyme, can cleave doxorubicin
prodrugs with less toxicity in vitro and is more
effective in vivo. At present, the study of prodrugs is
in the early preclinical stage, and clinical evaluation of
prodrugs should be further strengthened.
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