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Abstract: Papain-like lysosomal cysteine proteases include 11 human cysteine cathepsins which act
as endopeptidases and/or exopeptidases. They are involved in numerous physiological and
pathological processes. Among them, only cathepsins B, H, C, and X/Z exhibit exopeptidase activity.
Their activities are tightly regulated in various ways to prevent potentially hazardous effects on the
cell. In this review, we focus on the structural and functional aspects of these four cysteine
cathepsins and their role in neurodegeneration and cancer. Neurodegenerative disorders of aging
share an endolysosomal dysfunction and accumulation and spread of oligomeric forms of
neurotoxic proteins. The accumulation of various protein aggregates activates the microglia, thus
inducing the activation and release of cysteine cathepsins and proinflammatory cytokines, leading
to neurodegeneration. In cancer, cysteine cathepsins participate in tumor progression and
metastasis. Tumor-stromal crosstalk leads to activation of the stroma and overexpression and
secretion of proteolytic enzymes, triggering extracellular matrix degradation and the release of
soluble factors. Activated stromal cells (i.e., macrophages, fibroblasts, mast cells) secrete additional
growth factors, cytokines, and chemokines that are responsible for the regulation of processes
leading to tumor progression and metastasis. Therefore, a better understanding of the role of
cysteine cathepsins in neurodegeneration and cancer could lead to novel targeted therapeutic
approaches.

Keywords: cysteine cathepsins; exopeptidases; neurodegeneration; cancer; neurodegenerative
disorders

1. Cysteine Cathepsins

Almost 80 years ago Christian de Duve discovered lysosomes, termed "suicide bags", the single
membrane-bound cytoplasmic organelles containing five hydrolases including cathepsin D [1]. The
consequence of the release of enzymes from an injured lysosome was the destruction and death of
their own cell [2,3]. This discovery was crucial for the beginning of understanding intracellular
degradation of proteins and other macromolecules. Further studies show that lysosomes are present
in almost all eukaryotic cells and contain over 50 different acid hydrolases. It is now becoming
evident that the main function of lysosomes with their proteolytic/degradation potential is not to kill
the cell but to be responsible for cellular homeostasis and recycling of cellular components, which
has been confirmed in numerous physiological processes (reviewed in [4-8]. This classical view has
changed more recently, after reports that cysteine cathepsins were also found in the nucleus,
mitochondria, cytoplasm and the extracellular space [8-12]. Recent developments in quantitative
proteomics and in vivo imaging have led to a better understanding of protease specificity profiling
and identification of physiological substrates [13], thus resulting in a change in the concept of
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proteases, including cysteine cathepsins, as degrading enzymes to proteases as key signaling
molecules [14,15]. A typical example of signaling is the activation of the proapoptotic protein Bid, a
member of Bcl-2 family, thus initiating apoptosis [16-18].

Lysosomal dysfunction includes changes in expression and activity of lysosomal enzymes,
changes in lysosomal size and their number, pH, and cellular positioning and changes in lysosomal
membrane properties [19]. When released from the lysosomes, cathepsins are potentially hazardous
and are frequently associated with various human pathologies including cancer [20-22],
cardiovascular diseases [23,24], neurodegeneration [25,26], bone disorders, inflammatory diseases
[27-29], and coronavirus disease SARS-CoV-2 [30,31]. Although they are less investigated, there are
also diseases caused by a genetic deficiency of cysteine cathepsins F, K, C, and H, and lysosomal
storage diseases [32].

Proteases catalyze irreversible hydrolytic reactions and therefore their proteolytic activity must
be strictly regulated. This can be achieved at multiple levels by various mechanisms such as gene
expression, post-translational modification, activation of their inactive zymogens autocatalytically or
by other proteases, targeting to specific compartments, proteolysis, degradation, oxidants and
endogenous protein inhibitors or exogenous inhibitors [15,33,34]. Once activated, the mature
enzymes are proteolytically active and must be under physiological and pathological states regulated
by the inhibitors. The inhibitors can be divided into two groups: the emergency and the regulatory
inhibitors. The difference between these two groups is in their localization. The emergency inhibitors
are normally localized in different cellular compartments from the enzyme, a typical example of
which are cystatins, while the regulatory inhibitors are often colocalized with their target [15,35,36].
The most studied are the cystatins (family 125), which consist of three subfamilies, namely, stefins
(I25A), cystatins (I125B), and kininogens (I25C). They are competitive, reversible, tight-binding
inhibitors able to discriminate between endo- and exopeptidases (more in reviews by [37-39]). It has
to be noted that the determination of the crystal structure of human stefin B in complex with papain
resulted in the discovery of a new mechanism of interaction between cystatins and papain-like
enzymes [40]. More recently, the thyropins, new protein inhibitors structurally different from
cystatins, were discovered. They belong to the family 131 of the clan IX [41]. The most physiologically
important inhibitor of this family is the p41 fragment of the invariant chain, which inhibits several
cathepsins and is involved in the regulation of MHC-II antigen presentation [42,43]. There are
numerous synthetic inhibitors, among them epoxysuccinate derivatives such as the first inhibitors of
cysteine cathepsins [44]. One of them, CA030 (ethyl ester of epoxysuccinyl-Ile-Pro-OH), is used in the
crystal structure in a complex with cathepsin B. This structure revealed for the first time a substrate-
like interaction in the S1” and S2’ residues [45].

Among lysosomal hydrolases, proteases (also termed peptidases), play a very important role.
There are 15 cathepsins in humans, classified according to their catalytic types: serine proteases
(cathepsins A and G), aspartic proteases (cathepsins D and E), and cysteine proteases cathepsins B,
CFHKLO,SV,W, and X/Z. For consistency throughout the manuscript, the name cathepsin X
is used.

These 11 lysosomal cysteine cathepsins are members of the papain family (C1A) of the cysteine
peptidases clan (CA). They are predominantly endopeptidases, although cathepsins C and X are
strictly exopeptidases. In addition, cathepsin B is also a carboxydipeptidase and cathepsin H is an
aminopeptidase. All their amino acid sequences have been determined and confirmed by a
bioinformatic analysis of the draft sequence of the human genome [46]. While the majority of them
are ubiquitously expressed, the other four cathepsins, K, S, V, and W (also named lymphopain), show
a more restricted cell- or tissue-specific distribution, suggesting their specific cellular functions [47].
Cysteine cathepsins are optimally active at acidic pH (pH 3.5-6.0) and in a reducing environment,
and are mostly inactivated and unstable at neutral pH, with the exception of cathepsin S which is
stable and active at neutral or slightly alkaline pH [48]. It was earlier reported that heparin-like
glycosaminoglycans can potentiate the endopeptidase activity of cathepsin B at alkaline pH after the
interaction of heparin and heparane sulfate with occluding loop of the enzyme [49]. Very recently, it
was confirmed that cathepsin B displays dual activities, namely, dipeptidylcarboxypeptidase and
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endopeptidase activities, at both acidic and neutral pH conditions [50]. These findings may be
important for cathepsin B functioning under different cellular pH conditions.

Lysosomal cathepsins are synthesized as preproenzymes. After removal of the N-terminal signal
peptide in the endoplasmic reticulum, the resulting inactive proenzymes are transported to late
endosomes or lysosomes where the prodomain (propeptide) is removed by limited proteolytic
processing in order to obtain active mature enzymes. This activation process occurs autocatalytically
at acidic pH as a combination of unimolecular and bimolecular processes [51]. Later, we proposed
the model for autocatalytic activation of cysteine cathepsins, involving low catalytic activity of
procathepsin B in dissociation of the propeptide from the active-site cleft as the first unimolecular
step during zymogen activation. The second step is bimolecular proteolytic removal of the
propeptide [52]. The activation process can be facilitated by glycosaminoglycans [53,54]. In contrast,
procathepsin C can be activated to its mature form by cathepsin L and S, and not by autocatalytic
processing [55]. Similarly, procathepsin X is incapable of autocatalytic processing but can be
processed in vitro under reducing conditions by cathepsin L [56].

From the crystal structures of human procathepsin B [57], human procathepsin L [58] and some
other procathepsins, it is evident that the propeptides show remarkable similarity in their folds
despite their different amino acid sequences and lengths. Most propeptides contain about 100 amino
acid residues; the shortest propeptide of cathepsin X contains only 38 residues [56,59], while the
longest are cathepsin C, with 206 amino acid residues [60], and cathepsin F, which has 251 residues
and contains a cystatin-like domain, unique among cysteine cathepsin zymogens [61]. Propeptides
fold on the surface of the enzymes, covering the catalytic site and acting as inhibitors, suggesting that
this mode of inhibition is common to all enzymes from the papain superfamily [58,62]. The
propeptides unfold at acidic pH, thus opening the active site of the enzyme, suggesting the
mechanism for acidic zymogen activation [63].

The mature forms of all cysteine cathepsins share similar sequences and a typical papain-like
fold which consists of two domains forming a "V" active site cleft with a catalytic dyad Cys25 and
His159 on the opposite sides of the domains, forming a thiolate-imidazolium ion pair responsible for
the enzyme activity [64]. They are all monomers with an MW of about 30 kDa, with the exception of
the tetrameric cathepsin C, which is about 200 kDa [65], and the active homodimer of cathepsin X,
which has a MW of about 55 kDa [66]. From the determined crystal structures of exopeptidases
cathepsin B [67], cathepsin H [68], cathepsin C [69] and cathepsin X [70], it is evident that their
exopeptidase activities are a result of additional structural elements such as loops (cathepsins B and
X) and propeptide regions (cathepsins C and H) (Figure 1). Later, it was reported that cathepsin X is
a carboxymonopeptidase [71]. For more details, see the original structural papers and reviews [47,64].

Figure 1. Structural elements of cysteine cathepsins exhibiting exopeptidase activity. Ribbon
representation of the 3D structure of cathepsins B (blue), H (red), C (exclusion domain — maroon,
heavy chain — light green, light chain — orange), and X (dark green) superimposed on the
endopeptidase papain, the representative member of this family (magenta). The figure was made
using iCn3D [241].
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2. Cathepsins B, H, C and X/Z in Neurodegenerative and Neuropsychiatric Disorders

Neurodegenerative disorders of aging, such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), frontotemporal dementia (FTD), Huntington’s disease (HD), amyotrophic lateral sclerosis
(ALS) and, more recently, multiple sclerosis (MS), are often called proteinopathies due to the presence
of misfolded and aggregated proteins that lose their physiological roles and acquire neurotoxic
properties [72,73]. Notably, most neurodegenerative disorders share an endolysosomal dysfunction
due to the accumulation and spread of oligomeric forms of neurotoxic proteins [72,74], in which
cathepsins have been found to play an important role [25,75-82]. Moreover, many proteins associated
with neurodegenerative diseases have been identified as cathepsin substrates [83]. Recently, cysteine
cathepsins were also found to be involved in neuroinflammation [84-95], a process that was also
recently found to be tightly linked to synaptic dysfunction and neurodegeneration [96-98]. In
addition to neurodegenerative disorders, neuroinflammatory processes are also a critical contributor
to the pathology of neuropsychiatric disorders [99]. Therefore, the role of cathepsins in
neuropsychiatric disorders is of emerging interest [100,101].

Activated microglia release lysosomal cysteine proteases, such as cathepsin B [102-105] and
cathepsin X [90,91], which have been proposed to induce neuronal damage under various
pathological conditions [103,104,106]. o-Synuclein (0-Syn) aggregation clinically detected in the
inclusion bodies of the postmortem brain tissues of PD patients [107] has been suggested to activate
microglia [108-110]. Taken together, neuroinflammation in activated microglia appears to be
neurotoxic to neurons [90,102,110-112].

In Figure 2, we present a schematic model, thus highlighting the involvement of cathepsins in
neurodegenerative disorders. The accumulation of protein aggregates such as amyloid-B (AB) in AD,
0-Syn in PD, and mutated huntingtin in HD, among others, activates microglia, inducing the
activation and release of cysteine cathepsins (i.e., B, H, C, X) and proinflammatory cytokines,
including interleukin-1p (IL-1B) and tumor necrosis factor-o. (TNF-o), which further enhance this self-
propelling neurotoxicity leading to neurodegeneration. Since the specific cathepsin(s) involved is
context dependent, it will be addressed accordingly in the following text.
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Figure 2. Schematic model of neuronal-microglial crosstalk with emphasis on the role of cathepsins
in neurodegenerative diseases.
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2.1. Roles of Cathepsins B and X in AD Pathology

AD is a progressive neurodegenerative disease most often associated with memory deficits and
cognitive decline [113,114]. The neuropathological hallmarks of AD include extracellular AB and
amyloid precursor protein (APP) deposits, intracellular neurofibrillary tangles (NFTs), dystrophic
neuritis and amyloid angiopathy [115]. In the 1990s, Hardy and Higgins proposed the “amyloid
cascade hypothesis”, indicating that the deposition of AP, as the main component of plaques, is the
causative agent of Alzheimer’s pathology and that neurofibrillary tangles, cell loss, vascular damage,
and dementia follow as a direct result of this deposition [116]. Although this concept has influenced
and guided much of the academic and pharmaceutical research, AB appears to be necessary, but not
sufficient, to cause AD [117]. On the other hand, Cataldo and Nixon proposed that APP within senile
plaques is processed by lysosomal proteases principally derived from degenerating neurons.
Therefore, the release of cathepsins from the stringently regulated intracellular milieu provides a
basis for an abnormal sequence of proteolytic cleavages of accumulating amyloid precursor protein
[118]. Ten years after this proposal, Nixon proposed a pathway to AD termed the "protease activation
cascade" that is relevant to sporadic AD pathogenesis and involves the early and progressive
activation of proteolytic systems, including, but not limited to, the calpain-calpastatin and
endosomal-lysosomal systems [77]. Very recently, Lambeth and Julian studied the proteolysis of A3
by cathepsins B, H, L and D using thioflavin T fluorescence and liquid chromatography combined
with mass spectrometry, thus showing that all AP fibril morphologies are resistant to cathepsin
digestion [119]. Notably, the authors found that the acid-grown fibrils prevented digestion primarily
in the C-terminal portion of the sequence, whereas the neutral-grown fibrils were proteolytically
resistant throughout the sequence [119], thus highlighting the pH dependence of the process, as well
as the involvement of different cathepsins based on different pH stabilities and specificities.

Although many efforts have been made to develop therapeutic agents for AD based on the
amyloid cascade hypothesis, there is currently no effective therapeutic agent. To date, much attention
has also been paid to the “amyloid cascade-inflammatory hypothesis”. McGeer and McGeer [120]
proposed that AD may result from the inflammatory response induced by extracellular AB deposits,
which later become enhanced by tau aggregates. The inflammatory response, which is driven by
activated microglia, increases over time as the disease progresses. Importantly, cathepsins support
the roles of activated microglia in chronic neuroinflammation [94,105].

Notably, cathepsins and other lysosomal hydrolases accumulate within senile plaques in the AD
brain, whereas cathepsins were found to be involved in the initiation and mediation of apoptosis and
other forms of cell death, suggesting that dysfunction within the lysosomal system is a potential
pathogenic mechanism in AD-related neurodegeneration [77,103,121]. Cathepsin X was also found
to be associated with plaques in transgenic mouse models [122,123] and in AD patients [122].

Moreover, Sun and colleagues proposed the "cystatin C-cathepsin B axis" and showed that
cystatin C regulates soluble AP and A-associated neuronal deficits by inhibiting cathepsin B-
induced AB degradation [124]. Bernstein and Keilhoff recently reviewed the putative roles of
cathepsin B in AD pathology and highlighted that, on the one hand, they show a neuroprotective
effect by lowering AP levels and improving neuronal dysfunction, while on the other hand possibly
contributing to AD pathology by acting as a B-secretase and generating pyroglutamate AP [125].
Recently, Nixon provided growing evidence that implicates AD gene—driven endosomal-lysosomal
network disruptions as not only the antecedent pathobiology that underlies B-amyloidogenesis but
also as the essential partner with APP and its metabolites that drive the development of AD,
including tauopathy, synaptic dysfunction and neurodegeneration [126].

Bai and colleagues showed that oxidative stress activates the NLRP3 inflammasome through
upregulation of cathepsin B activity, thus supporting cathepsin B’s role in neuroinflammation and as
a potential target in AD therapy [127]. Recently, Nakanishi reviewed the roles of microglial cathepsin
B in inflammatory brain diseases and brain aging through both intracellular and extracellular
proteolytic mechanisms [105]. Nuclear factor-kB (NF-xB) is activated by the proteolytic degradation
of the inhibitor of kBa (IkBa), an endogenous inhibitor of NF-kB, and the subsequent nuclear
translocation of NF-«xB. The ubiquitin-proteasome system is generally involved in signal-induced
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IxBo degradation [128]. However, there is accumulating evidence demonstrating the involvement of
autophagy machinery in IkBo degradation [129]. In activated microglia, cathepsin B induces
autophagic degradation of IxBa, leading to chronic neuroinflammation [130]. Various studies have
shown the involvement of microglial cathepsin B in cell death and A clearance. Therefore, it is likely
that the phagocytic clearance of AB by microglia may play a significant role in promoting the
resolution of chronic neuroinflammation in AD [105]. Recently, Ni and Wu reviewed the molecular
mechanisms that govern the crosstalk between systemic inflammation and neuroinflammation. The
authors suggested that inflammation spreading indicates a negative spiral between systemic diseases
and AD and proposed that inhibition of cathepsins B or S may delay the onset of and act as early
intervention for AD [130]. A systematic review of human postmortem immunohistochemical studies
and bioinformatics analyses unveiled the complexity of AD reactive astrogliosis, thus involving
cathepsins [131].

In addition, Thygesen and colleagues showed the involvement of cathepsin X expressed in
central nervous system (CNS) myeloid cells in AD [132].

Hwang and colleagues showed that lysosomal perturbation contributes to synaptic and
cognitive decay, whereas safely enhancing protein clearance through modulated cathepsin B
ameliorates compromised synapses and cognition, thus supporting the view that early cathepsin B
upregulation is a disease-modifying therapy that may also slow the development of the mild
cognitive impairment to dementia continuum [133].

Extensive work from Hook's lab indicates the role of cathepsin B in the behavioral and memory
deficits and neuropathology of AD, traumatic brain injury (TBI), and related brain disorders
[82,134,135]. Lysosomal leakage occurs in AD and TBI and is related to neurodegeneration, thus
suggesting that cathepsin B is redistributed from the lysosome to the cytosol, where it initiates cell
death and inflammation processes associated with neurodegeneration [82]. Therefore, cathepsin B
was proposed as a possible target of AD preventive/therapeutic strategies [136-139].

On the one hand, Dunlop and Carney reported that L-serine selectively induced the activity of
the autophagic-lysosomal enzymes cathepsins B and L, but not any of the proteasome-hydrolyzing
activities, thus contributing to its neuroprotective effect [139]. Moreover, Cecarini and colleagues
showed that metabolites such as phenyl-y-valerolactones exert neuroprotective activity by regulating
intracellular proteolysis and confirmed the role of cathepsin B in autophagy [137].

On the other hand, the repertoire of potent small molecules that act as potential cathepsin B
inhibitors is expanding, thus involving E64d [136] and pyridine, acetamide, and benzohydrazide
compounds [138], and various natural and synthetic heterocyclic scaffolds [140], among others.

More recently, Liu and colleagues proposed “cascaded pocket” nanosystems with
spatiotemporal release in response to metal ions and cathepsin B as a novel therapeutic strategy for
the treatment of AD and other brain diseases [141].

2.2. Roles of Cathepsins B and X in PD Pathology

PD is the second most common age-associated neurodegenerative disorder and is characterized
by the loss of dopaminergic neurons and the presence of a-Syn-containing aggregates in the
substantia nigra pars compacta. One of the hallmarks of PD pathophysiology is chronic
neuroinflammation [142], where microglial cathepsin B was proposed as a key driver of
inflammatory brain diseases and brain aging [105].

To investigate the mechanisms for astrocyte ATP13A2-regulated lysosomal function and
neuroinflammation following 1-methyl-4-phenylpyridinium (MPP+) treatment, Qiao and colleagues
used a PD model of cultured primary neurons and astrocytes from the mouse midbrain [143]. The
authors showed that the lack of ATP13A2 increased lysosomal membrane permeabilization and
cathepsin B release, which in turn exacerbated activation of the NLRP3 inflammasome to produce
excess IL-1B from astrocytes, thus suggesting a direct link between astrocyte lysosomes and
neuroinflammation [143].

Codolo and colleagues demonstrated that although the monomeric and fibrillar o-Syn forms
were able to promote the expression of pro-IL-1pB, following the engagement of Toll-like receptor
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(TLR) 2, the secretion of the mature cytokine was a peculiarity of the fibrillated protein, a process that
involves NLRP3 inflammasome activation [144]. The latter relies on the phagocytosis of fibrillar o-
Syn, followed by increased production of reactive oxygen species (ROS) and cathepsin B release into
the cytosol [144]. In addition, Freeman and colleagues reported that a-Syn aggregates can induce the
rupture of lysosomes following their endocytosis in neuronal cell lines by a mechanism that induces
a cathepsin B-dependent increase in ROS in target cells [145]. They also observed that o-Syn
aggregates can induce inflammasome activation in THP-1 cells [145]. NLRP3 inflammasome
activation by o-Syn upon microglial endocytosis and subsequent lysosomal cathepsin B release was
also confirmed in the midbrain of PD model mice and the serum of PD patients [146]. All of the above
suggests that fibrillar a-Syn, released upon neuronal degeneration, acts as an endogenous trigger of
the cathepsin B-mediated inflammatory response in PD, which likely precedes neurodegeneration
[144-146].

On the other hand, cysteine cathepsin activity was found to be essential in the lysosomal
degradation of a-Syn [147] and C-terminal o-Syn truncations in PD [148]. Hu and colleagues showed
that a-Syn was mainly degraded in lysosomes, whereas the LRRK2 G2019S mutation, the most
common genetic cause of PD, inhibited the degradation of o-Syn and promoted its aggregation. The
authors also reported that LRRK2 G2019S decreased the activities of lysosomal enzymes, including
cathepsins B and L, indicating that the inhibitory effect of LRRK2 G2019S on o.-Syn degradation could
underlie the pathogenesis of aberrant o-Syn aggregation in PD with LRRK2 mutation [149].

In addition, a-Syn fibril-induced intracellular aggregate formation requires lysosomal function,
which was confirmed to be dependent on cathepsin B and not aspartic cathepsin D [150]. Recently,
Blauwendraat and colleagues showed a decrease in active cathepsin B protein levels in iPSC-derived
neurons from GBA variant carriers compared to noncarriers, suggesting a further reduction in
lysosomal protease function in these cases. Moreover, the authors showed that the o-Syn levels
remained unchanged in forebrain neurons carrying the GBA variant, thus suggesting that the overall
reduction in lysosomal proteases allows for a faster accumulation of a-Syn aggregates as neurons age
[151]. On the other hand, Nelson and colleagues showed that, while cathepsin D activity was
significantly decreased in the late-stage PD temporal cortex, neither cathepsin B nor
glucocerebrosidase (GCase) activity were. Moreover, the authors found a significant correlation
between a decrease in GCase activity and an increase in p129S-0-Syn, whereas there was no
significant correlation between either cathepsin D or cathepsin B and a-Gal A activity or levels,
suggesting that a causal relationship between cathepsin activity and enzymes/lipids of the
glycosphingolipid metabolism pathway and their relative contributions to the pathological
accumulation of o-Syn species in PD would require further confirmation [152].

Recently, Pislar and colleagues reported an upregulation of cathepsin X in the 6-
hydroxydopamine (6-OHDA) model of PD, which was thus restricted to activated glial cells [80].
Dopamine neuron cell death upon 6-OHDA treatment induces loss of tyrosine hydroxylase, caspase-
3 activation, intracellular ROS generation and mitochondrial dysfunction, including the release of
cytochrome c and an imbalanced Bax/Bcl-2 ratio [81]. This process was prevented by the cathepsin X
inhibitor AMS36, which interfered with NF-kB activation by blocking the degradation of IxBo and
preventing NF-«B nuclear translocation [81].

In addition, Lee and colleagues showed that PC12 cells exposed to 6-OHDA resulted in
lysosomal dysregulation, caspase activation and cell death, an effect that was attenuated using the
inhibitors pepstatin A and DEVD-Cho, respectively, whereas the cathepsin B inhibitor CA-074Me
failed to protect cells [153]. On the other hand, Wu and colleagues reported that the
autophagy/lysosomal pathway is involved in the 6-OHDA-induced death process of PC12 cells. The
authors demonstrated overactive autophagy due to mitochondrial disability, increased cathepsin B
expression, and diminished Bcl-2 expression, whereas necrostatin-1 exerted a protective effect against
injury on dopaminergic neurons [154].

On the other hand, a recent study identified a novel, rare CTSB p. Gly284Val variant in the
affected family that may play a role in the pathogenesis of PD [155], thus expanding the known
repertoire of several autosomal recessive and dominant genes [156].

do0i:10.20944/preprints202307.1708.v1
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2.3. Roles of Cathepsins B, H and X in HD

HD is a progressive, fatal, autosomal dominant neurodegenerative disorder characterized by
uncontrolled excessive motor movements and cognitive and emotional deficits [157-160].

Early studies by Mantle and colleagues reported a significant increase in protease activities,
especially of cathepsins H and D, in brain tissue from HD patients [76]. Nagata and colleagues then
provided direct evidence for abnormalities in HD tissues outside the brain under basal conditions by
examining patient lymphoblasts. The authors reported a pronounced vacuole formation containing
huntingtin remnants and cathepsin B staining, thus suggesting autophagy [161]. Later, Zhang and
colleagues used an HD mouse model to demonstrate the involvement of the p53 pathway in signaling
both autophagy and apoptosis, a process that involved active cathepsins B and D [162].

Moreover, Kegel and colleagues reported that the endosomal-lysosomal pathway is the main
pathway for the removal of excess huntingtin and that lysosomal activity may regulate the cleavage
of N-terminal fragments that later aggregate in nuclear and cytoplasmic inclusions of HD neurons
[163]. In this regard, several proteases, including cathepsins B, L, X, and D, caspases, calpain,
metalloproteases and proteasomes, were reported to contribute to the N-terminal proteolysis of
mutant huntingtin [79,163-167]. Interestingly, using cathepsin-deficient cells and pharmacological
inhibitors, cathepsins L and X were found to be responsible for degrading polyQ proteins and
peptides but no other aggregation-prone proteins, suggesting that they may have a crucial role in
host defense against the toxic accumulation of polyQ proteins [168]. Lai and colleagues reported that
scyllo-inositol promotes robust degradation of mutant huntingtin protein mediated by the lysosome
and by the proteasome but not autophagosomes. The rescue of degradation pathways was due to a
reduction in mutant polyQ-huntingtin protein levels and was not a direct result of the action of the
compound on the lysosome or proteasome [169].

2.4. Roles of Cathepsins B, H and X in ALS Pathology

ALS is a motor neuron degenerative disease of complex etiology involving protein misfolding.
This is a common feature shared with other neurodegenerative diseases, although there is a distinct
common thread among ALS genes that connects them to the cascade of autophagy [170]. To clarify
the possible association of ALS neurodegeneration with the endolysosomal system, Kikuchi and
colleagues examined the pathological expression of cysteine cathepsins B, H, and L and aspartic
cathepsin D in the anterior horns of 15 ALS cases and five controls [78]. The authors found that among
the cathepsins examined, only the expression of cathepsin B was increased, thus suggesting that
cathepsin B may play an important role in the motor neuron degeneration in ALS [78]. More recently,
Mori and colleagues showed that autophagy is a common degradation pathway for Bunina Bodies
and TDP-43 inclusions, which may explain the frequent coexistence of these inclusions in anterior
horn cells in sporadic ALS [171].

Lee and colleagues demonstrated that proteasome inhibitors, but not cathepsin B inhibitors,
indeed increased SOD1 aggregate formation but did not increase cell death, indicating that there is
no association between SOD1 aggregates and cell death in familial ALS [172].

A cDNA microarray analysis on postmortem spinal cord specimens of four sporadic ALS
patients compared to four age-matched non-neurological controls revealed major changes in the
mRNA expression of 60 genes, including an increase in cathepsins B and D, apolipoprotein E,
epidermal growth factor receptor, ferritin, and lysosomal trafficking regulator [173]. Since the results
from sporadic ALS patients and the SOD1 transgenic mouse model were in good agreement, the
authors suggested that the examined genes may play a specific role in the pathogenesis of ALS [173].
In addition, Boutahar and colleagues evaluated the effect of oxidative or excitotoxic stress on the
transcriptional profile of ALS-linked mutant SOD1 cultured neurons and observed that both
ubiquitin-proteasome and endosome-lysosome systems were upregulated in transgenic neuron
culture [174]. Moreover, a meta-analysis of gene expression profiling in ALS confirmed that the
differential expression of cathepsins B and D, GFAP and SERPINA3 was repeatedly found to be
significant in both the mouse model and ALS patients [175]. In addition, Fukada and colleagues
analyzed the gene expression in the spinal cord of SOD1(L126delTT) TgM using a cDNA microarray
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and identified four genes (Crym, Hspbl/HSP27, CtsH, and Paipl) that may be related to the
pathogenesis of familial ALS, including the progression of reactive astrocytes and the inflammatory
response of microglial cells. In particular, the authors detected the presence of cathepsin H in reactive
astrocytes and microglial cells, suggesting that its overexpression might be associated with the
reaction against misfolded protein due to failure of the ubiquitin-proteasome system [176].

Gene profiling of skeletal muscle in an ALS mouse model showed that before the onset of overt
clinical symptoms and motor neuron death, early changes affected genes involved in detoxification,
regeneration, tissue degradation and cell death. Notably, cathepsin X, metallothionein-1 and -2,
ATEF3, and galectin-3 genes appeared, among others, to be commonly regulated in both the skeletal
muscle and spinal motor neurons of paralyzed ALS mice [177]. In addition, Wendt and colleagues
showed that cathepsin X is an important player in degenerative processes during normal aging and
in pathological conditions, as it was found to be upregulated in numerous glial cells in degenerating
brain regions in a transgenic mouse model of ALS [122]. Moreover, a neurodegeneration-specific gene
expression signature of acutely isolated microglia from an ALS mouse model revealed coregulated
genes in the lysosome pathway, which include a large group of cathepsins (A, B, D, L, S, Xand E), a
host of lysosome enzymes (i.e., HexA), membrane markers (i.e., Cd68, Cd63, Lamp1) and components
of the lysosomal ATPase (i.e., Atp6v0d1) [178]. Based on the above, the authors hypothesized that
cathepsins may be involved in the removal of mutant SOD1 aggregates and neuronal debris in ALS
mice [178]. On the other hand, Ulbrich and colleagues reported evidence for a reciprocal influence of
SOD1 and stefin B/cystatin B at the gene expression level and for a direct interaction of the two
proteins [179]. In addition, Watanabe and colleagues demonstrated that cystatin C, a main component
of Bunina bodies in ALS, is an endogenous neuroprotective factor that acts through coordinated
activation of two distinct neuroprotective pathways, namely, induction of autophagy and inhibition
of aberrant cathepsin B activity [180].

2.5. Roles of Cathepsins B, H, C and X in MS Pathology

MS is a disease that affects the CNS and is characterized by inflammation, demyelination and
neurodegeneration [181,182]. Earlier studies have shown an increase in cathepsin B levels in
monocytes and macrophages, cells known to be activated in the peripheral blood of MS patients and
implicated as effectors of demyelination [183]. On the other hand, even though the mean activity in
MS tissue containing demyelinating lesions was higher than that in normal-appearing white matter,
which was higher than that in normal control specimens, the differences were not statistically
significant [184]. The authors suggested that the increased cathepsin B activity in the MS brain could
be due to monocytes, macrophages and reactive astrocytes [184]. Since proteasomal dysfunction was
observed in the brain white matter and gray matter of MS patients, an increase in cathepsin B activity
may represent a compensatory mechanism for intracellular protein degradation [185].

In an attempt to identify the proteases involved in MS pathogenesis, a cONA microarray analysis
was carried out in the brains of proteolipid protein transgenic (plp's") mice, an animal model that
closely mimics the failure of remyelination in MS [186]. Cathepsins B, H and L were found to be
upregulated in microglia/macrophages of the brain white matter, whereas elevated expression of
cystatin C was found in astrocytes, thus suggesting that the imbalance between cathepsins and their
inhibitor may be cytotoxic for neurons (axons) and oligodendrocytes [186]. Allan and Yates utilized
cathepsin gene knockout mice to show that cathepsin L deficiency attenuates myelin oligodendrocyte
glycoprotein (MOG) antigen presentation and the development of experimental autoimmune
encephalomyelitis (EAE). On the other hand, neither cathepsin B nor cathepsin S deficiency had any
effect, whereas their double-mutant mice attenuate MOG led to antigen presentation and the
development of EAE, an animal model of MS [187]. Moreover, Okada and colleagues showed that
cathepsin H deficiency impaired TLR3-mediated activation of IRF3 and secretion of interferon-f8
(IFN-B) from dendritic cells, leading to an enhancement of Th1 cell differentiation, thus resulting in
early-onset EAE, an animal model for MS [188]. Therefore, the existence of functional redundancy
between cathepsins B, L and S in EAE suggests that the inhibition of multiple cysteine cathepsins
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may improve autoimmune disorders such as MS. In contrast, inhibition of cathepsin H may have an
adverse effect on MS.

Recently, Liang and colleagues demonstrated that the absence of the cystatin F gene and the
resulting disinhibition of cathepsin C aggravate demyelination. The authors suggested that this
finding may be related to the increased expression of the glia-derived chemokine CXCL2, which may
attract inflammatory cells to sites of myelin sheath damage, an effect that was reversed by
knockdown of the cathepsin C gene [87]. Moreover, Shimizu and colleagues showed that the balance
between cathepsin C and cystatin F controls remyelination in the brains of Plpl-overexpressing mice,
a chronic demyelinating disease model [189]. From the same group, Durose and colleagues confirmed
that cathepsin C and cystatin F are strongly associated with inflammatory demyelination. The
authors showed that the severity of EAE was reduced in the absence of cathepsin C, whereas
increased microglial cathepsin C expression enhanced clinical severity, suggesting that the
interaction of cathepsin C-cystatin F plays an essential role in the inflammatory demyelination
pathogenesis of EAE [190].

In addition, cathepsin X was found to be involved in the propagation of IL-1B-driven
neuroinflammation, thus providing mechanistic support for an epigenetic risk factor in MS [88].
Haves-Zburof and colleagues evaluated whether the expression levels of cathepsins B and S and their
inhibitors cystatins B and C are affected by the MS disease state and therapies (IFN-B and
methylprednisolone) and whether they are associated with the IFN-B response phenotype. The
authors showed that cathepsin S expression levels were aberrantly elevated in patients with MS in
contrast to cathepsin B and suggested that further validation studies are required to assess the value
of cathepsin S and cystatin C as predictive biomarkers for disease type and response to therapy and
as a possible basis for the development of new targeted therapies for immune-mediated disorders
such as MS [191].

2.5. Roles of cathepsins B and C in neuropsychiatric disorders

Transcriptome analysis of inbred mouse lines, selecting for low or high anxiety-related behavior
with depression-like behavior, showed that cathepsin B is responsible for low anxiety in female mice
[192]. The assessment of anxiety-related and depression-like behaviors of cathepsin B-deficient mice
revealed an increase in depression-like behavior in females. In contrast, cathepsin C aggravates
neuroinflammation involved in disturbances of behavior and neurochemistry in acute and chronic
stress-induced murine models of depression [193]. On the other hand, cathepsin C knockdown
partially prevented inflammation, which may help alleviate the symptoms of depression in mice.

The “monoamine hypothesis of depression” postulates that the underlying pathophysiologic
basis of depression is decreased levels of 5-hydroxytriotamin, noradrenalin and/or dopamine in the
CNS. More recently, the “neuroplasticity hypothesis of depression” proposed that dysfunction of
neural plasticity is the pathophysiologic basis of depression [194]. The role of cathepsin C in the
promotion of anxiety- and depressive-like behaviors may be due to the involvement of cathepsin C
in neuroinflammation caused by activated microglia [85,93], because depression-like behavior
induced by cathepsin C overexpression was associated with increased neuroinflammation and the
resultant decreased 5-hydroxytryptamine levels [193]. On the other hand, cathepsin B is also involved
in the induction of neuroinflammation by activated microglia [94,105], whereas cathepsin B protects
against anxiety- and depressive-like behaviors. Therefore, the mechanism underlying the protective
effect of cathepsin B against these disorders may stem from the role of cathepsin B in activity-
dependent neuronal plasticity through activation of matrix metalloprotease-9 [195,196]. In any case,
the specific pathophysiological roles of cathepsins in neuropsychiatric disorders should be elucidated
in future studies.

3. Cathepsin B, H, C and X in Cancer

Accumulating evidence supports the prominent role of cysteine proteases in multiple molecular
pathways involved in tumor progression and metastasis [20]. Cathepsin B, the most abundant and
ubiquitously expressed exopeptidase of the papain family, is associated with tumor progression in
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numerous cancer types, including colorectal, breast, lung, pancreatic and gastric cancer [197-203].
Expression of cathepsin B was shown to correlate with increased malignancy and poor prognosis,
and was thus proposed as a predictive biomarker for oral squamous cell carcinoma [204], cervical
cancer [205], endometrial cancer [206] and colorectal cancer [202]. Notably, another carboxypeptidase
of the clan CA/C1 cysteine protease family, cathepsin X, was shown to be primarily implicated in the
development of gastrointestinal cancers that include colorectal [207,208], gastric [209], liver [210] and
pancreatic cancer [211]. Moreover, a study by Wang and colleagues demonstrated the involvement
of cathepsin X in the regulation of epithelial-to-mesenchymal transition (EMT) and invasion in
hepatocellular carcinoma [210]. Aminopeptidases H and C have also been reported to be highly
expressed in various cancers and involved in malignant transformation [212-215]. As such, it was
shown that cathepsin H can regulate the processing of talin, a large focal adhesion protein, thus
promoting PC3 prostate cancer cell progression through modulation of integrin activation and
adhesion strength [216].

Although lysosomal cysteine cathepsins have predominantly intracellular residency, their
secretion to the extracellular space has been demonstrated for multiple physiological and
pathological conditions [9,20]. Identified cellular mechanisms involved in the secretion of cysteine
cathepsins are often accompanied by acidification of the extracellular milieu [217], which is a
characteristic feature of the tumor microenvironment (TME). Notably, the slightly acidic pH of
tumors provides a favorable environment for extracellular cathepsin activity and thereby promotes
the execution of their functions. In addition to tumor cells secreting substantial levels of cathepsins,
tumor stromal cells, such as endothelial cells, mast cells, tumor-associated macrophages and
fibroblasts, are important contributors to increased levels of cysteine cathepsins in the TME [10,218]
(Figure 3).

TUMOR MICROENVIRONMENT
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Figure 3. Schematic model of the role of reciprocal interactions between tumor and stromal cells in
promoting tumor progression.

Tumor-stromal crosstalk leads to activation of the stroma and overexpression and secretion of
proteolytic enzymes, including cathepsins (i.e.,, B, H, C, X), triggering ECM degradation and the
release of soluble factors. Activated stromal cells (i.e., macrophages, fibroblasts, mast cells) secrete
additional growth factors, cytokines, and chemokines responsible for the regulation of numerous
interrelated events leading to tumor progression and metastasis.

As such, it has been shown that the bulk of cathepsin B and X activity in several types of cancer
emanates from immune cells of the myeloid lineage, such as peritumoral macrophages [219-222] and
myeloid-derived suppressor cells [223]. Once secreted, cysteine cathepsins can participate in
extracellular matrix (ECM) protein degradation, such as E-cadherin [224], collagen IV [225,226] or
Tenascin-C [227]. Nevertheless, more specific roles of cysteine cathepsins have recently been
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discovered in modulation of extra and intracellular signal transduction pathways, which can also be
executed through shedding of receptors and adhesion molecules or processing of respective
cytokines and growth factors [10]. It was recently demonstrated that cathepsin C can promote
proliferation and metastasis in hepatocellular carcinoma through activation of the TNF-a/MAPK
(p38) signaling pathway [228]. Moreover, cathepsin B expression has been implicated in the
regulation of TGF-f1 signaling [229] and MAP kinase and PI3 kinase pathways in malignant
meningiomas [230].

Genetically engineered mouse models in combination with genetic ablation or overexpression
of specific proteases appeared to be a valuable research tool for the characterization of multiple roles
of cathepsins in the tumorigenesis and progression of cancer. A critical role of cathepsins B and X in
the carcinogenesis and progression of breast cancer metastasis was discovered using a transgenic
MMTV-PymT model of metastasizing breast cancer [219,222,231]. Furthermore, the impact of
cathepsin B on tumor formation or progression was confirmed in multiple models, including the
pancreatic cancer RIP1-Tag2 model [224] and renal cell carcinoma xenograft model [232]. Although
no data are available on the role of cathepsin H in MMTV-PymT breast cancer progression, the
depletion of cathepsin H significantly impaired the establishment and maintenance of the tumor
vasculature and reduced tumor burden in the RIP1-Tag2 model of pancreatic islet carcinogenesis
[233]. Notably, a cathepsin C tumor-promoting effect has been demonstrated in a squamous cell
carcinoma K14-HPV16 model [234] but not in RIP1-Tag?2 [224] or MMTV-PymT [234] transgenic
mouse models. Taken together, these results indicate that the function of individual proteases may
be hardwired into the specific tissue paradigm and thus depend on the type of cancer and the biology
of the primary and metastatic lesion host tissue.

Cathepsin activity exists within a larger integrated network of protease activity known as the
protease web [235]. Through interactions with other proteases and their inhibitors, cathepsins can
alter general proteolytic activity within the tumor microenvironment. In addition to direct regulation
of multiple processes involved in tumor progression and metastasis, it is now evident that many
proteases can have an indirect impact through activation of multiple cascades of enzymatic activities
[236,237]. It can be illustrated by the processing of urokinase-type plasminogen activator (pro-uPA)
pro-form by cathepsin B, leading to conversion of plasminogen into plasmin [238], which may
activate zymogens of matrix metalloproteinases, and thus together with precursor proteases of this
proteolytic activation cascade execute their numerous functions associated with tumor progression
and metastasis [239]. Notably, these proteolytic webs or networks can interact with other important
signaling pathways in tumor biology, involving cytokines, chemokines, and kinases [240]. Taken
together, as the essential elements of the proteolytic network balance, cysteine cathepsins B, X, C and
H were found to be involved in multiple steps of cancer development and progression. Therefore, a
better understanding of their role in tumor biology and the regulation of relevant signaling pathways
can be utilized in novel targeted approaches with anticancer therapeutics.

4. Conclusions

In conclusion, from the discovery of lysosomes and lysosomal cysteine cathepsins until recently,
these proteases were primarily considered responsible for terminal protein degradation. In the last
thirty years, we have witnessed rapid advances resulting in the determination of the cathepsin’s
structures and their mechanisms of action and interaction with endogenous and synthetic inhibitors.
Further studies have revealed that lysosomal cathepsins were found in the nucleus, mitochondria,
cytoplasm, and in the extracellular space, which was the beginning of the understanding of their role
in numerous pathologies. The finding that cathepsins act as signaling molecules necessitates the
understanding of their signaling pathways. The identification of physiological substrates is another
unexplored area, which is expected to be solved by mass spectroscopy. All of these as well as other
approaches are oriented towards the development of better diagnostics, new drugs, and their
application in clinical trials. This review discusses the current status of cysteine cathepsins B, H, C,
and X in neurodegenerative diseases and cancer in detail. Due to rapid progress in the understanding
of various pathologies, new therapeutic approaches are expected in the near future.
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