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Abstract: Taken with the growing importance of cathepsin-mediated substrate proteolysis in tumor
biology and progression, the focus and emphasis placed on therapeutic design and development is
coming into fruition. Underpinning this approach is the invariable progression from the direction of
fully characterizing cathepsin protease members and their substrate targets, towards targeting such
an interaction with tangible therapeutics. The two groups of such substrates that have gained much
attention over the years are the pro- and anti- apoptotic protein intermediates from the extrinsic
and intrinsic signaling arms of the apoptosis pathway. As proteins that are central to determining
cellular fate, some of them present themselves as very favorable candidates for therapeutic target-
ing. However, considering that both anti- and pro- apoptotic signaling intermediates have been
reported to be downstream substrates for certain activated cathepsin proteases, therapeutic targeting
approaches based on greater selectivity do need to be given greater consideration. Herein, we review
the relationships shared by the cathepsin proteases and the Bcl-2 homology domain proteins, in
the context of how the topical approach of adopting ‘BH3-mimetics” can be explored further in
modulating the relationship between the anti- and pro- apoptotic signaling intermediates from the
intrinsic apoptosis pathway and their upstream cathepsin protease regulators. Based on this, we
highlight important future considerations for improved therapeutic design.
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1. Introduction

Over the last 10 years, great strides have been taken in identifying cathepsin protease-
specific substrates, which have revealed a number of interesting regulatory paradigms
based on the growing pleiotropic nature of these enzymes. While they were originally
isolated as lysosomal proteases involved in the proteolysis of intracellular proteins, their
role in determining the fate of cells as active components arising from the lysosomal
‘suicide bag’ have seen their importance evolve [1,2]. At the molecular level, mechanistic
insights into their substrate specificity have been slow to take shape as the cathepsin
family of proteases is composed of a large number of members and subgroups, and which
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have similar yet distinct biochemical properties and substrate specificity [3,4]. Briefly, this
protease family contains 15 members that can be further sub-divided into aspartic (D and
E), serine (A and G), or cysteine cathepsin proteases (B, C, F H, K, L, O, R, S, V, X/Z2),
and endo- and exo-peptidases [5]. Herein, the cysteine cathepsin proteases have received
considerable attention based on their ability to remain catalytically active at relatively low
and neutral pH [6,7]. Mechanistically, cathepsin proteases have been reported as tightly
regulated at the protein level by their cognate inhibitors, the cystatins, but have also been
reported as deregulated and overexpressed in a number of disease states such as cancer,
and thus have a high level of therapeutic, diagnostic, and prognostic value [8]. Moreover,
they are emerging to possess diversity in their subcellular compartmentalization, based on
them reported to reside cytoplasmically, within the nucleus, with mitochondria, in addition
to being localized within the extracellular compartment [5,9].

When taken with the ability of cathepsins to reside in the cytoplasm, the potential
for them to cleave and modulate a number of biochemically significant signaling pathway
intermediates central to determining cell viability has taken on heightened importance.
One such process that the cathepsins have been identified to regulate is apoptosis (reviewed
in [5,10]). While apoptosis was originally discovered as an important mechanism in cell
fate and tissue development, it has emerged over time as a central regulatory mechanism
in the development and progression of certain cancers [11], autoimmune diseases [12], and
neurodegenerative disorders [13,14].

Generally, apoptosis is the end-point of two main regulatory pathways [15]. Firstly, the
extrinsic pathway links extracellular death-inducing signals through receptor engagement,
which culminates in caspase activation. For example, the binding of Fas or TNF-alpha lig-
ands to their cognate receptors permit the formation of a death inducing signaling complex
(DISC) and which signals through the activation of the cysteine-aspartic proteases caspase-8
or -10, to activate effector caspase-3, which can cleave a number of cellular macromolecules
that initiate apoptosis [16]. Secondly, the intrinsic pathway, which is mainly regulated by
the mitochondrion in response to cellular stress or growth factor deprivation [17,18], is
responsible for the release of a number of mitochondrial-derived pro-apoptotic proteins.
Here, this key regulatory step of mitochondrial outer membrane permeabilization (MOMP)
can be mechanistically induced by a number of pro-apoptotic proteins from the B-cell
lymphoma (Bcl-2) family, which mediate the formation of the mitochondrial permeability
transition pore and have been the basis of many excellent studies that highlight significant
value in therapeutically targeting this step [19]. The subsequently released mitochondrial
proteins include Smac/DIABLO, apoptosis inducing factor (AIF), and cytochrome c [20,21],
and form what is referred to as the ‘apoptosome complex’, which gives rise to the activation
of caspases-9 and -3 [22-24]. The activation of the execution caspases -3, -6, and -7, leads
to the activation of cytoplasmic CAD nucleases, which degrade nuclear lamin proteins,
inhibit the DNA repair enzyme PARP, and which gives rise to the variety of morphological
changes that are characteristic of apoptosis [25]. Lastly, externalization of phosphatidylser-
ine at the apoptotic cell surface signals the recognition of apoptotic cells and their uptake
by phagocytosis [26].

Throughout this process, and of central importance from a regulatory standpoint,
is the expression of the Bcl-2 family of proteins [27], the members of which determine
the sensitivity of cells to apoptosis through the intrinsic apoptosis pathway. Broadly,
these proteins can be divided into two main functional groups: the pro-apoptotic and
the anti-apoptotic proteins, and both of which constitute a family of proteins that are in
excess of 18 members [28]. Alternatively, this Bcl-2 family can be subdivided structurally
into three main groups, based upon the similarities between their Bcl-2 Homology (BH)
domains [29,30]. Firstly, the pro-apoptotic protein group includes BAX, Bcl-2-associated
protein X; BAK, Bcl-2 antagonist/killer; and BOK, Bcl-2 ovarian killer, and all structurally
contain the four BH 14 domains and directly promote MOMP [31-33]. Secondly, members
from the anti-apoptotic protein group all contain the four BH 1-4 domains: Bcl-2, B cell
lymphoma-2; Bcl-xL, Bcl-2-related protein X; Bcl-w; Mcl-1; Al; or Bcl-B, which suppress



Int. J. Mol. Sci. 2021, 22, 4669

30f15

MOMP by binding BAK or BAX directly. Thirdly, the pro-apoptotic BH3-only proteins
group include Bim, Bcl-2 interacting mediator of cell death; Bad, Bcl-2 antagonist of cell
death; BID, Bcl-2 interacting domain death agonist; Bmf, Bcl-2 modifying factor; Bik, Bcl-2
interacting killer-like protein; Noxa; Puma, p53-upregulated modulator of apoptosis and
Hrk (Harakiri). As seen from Figure 1, all such members (except BID) contain one highly
conserved BH3 domain, which is present in most pro-apoptotic proteins and may not
always be absent in anti-apoptotic proteins [34]. However, the BH4 motif is present in all
Bcl-2 anti-apoptotic proteins as a conserved domain [31,35].

[Eomeermuneion] [caveper] B (o]
1= e — — sy

I Colon, Lung, Mammary I — =
m 1 a2 a3 a4 a5 o6-a8 a9

EE

Leukemia, Lymphoma I I B LS, Kl

[ Myeloid and T-cell leukemia | [BibSK] B W W T [0 | [NA73/A11A13WER |

al a2 a3 a4 o5 o6-a8 a9

Erskr— s W T [Me1]  [Av2seuanc |
I Prostate, Colorectal, Gastric I [B.LS.KH| [ | | i
| Lymphocyte Homeostasis I b L . 1

Figure 1. Schematic representation of the structural architecture of the Bcl-2 proteins, with the
diseases (or function) and current therapeutics or cathepsin proteases associated with each of them.
The three main groups of Bcl-2 family composed of pro-apoptotic, anti-apoptotic and BH3-only
proteins are highlighted showing their structural domains as orange (trans-membrane domain), blue,
black, red, and green boxes as the Bcl-2 homology (BH) domains 14 (respectively) along with the
cathepsins that cleave them. The therapeutics active for the stated Bcl-2 proteins are V (Venetoclax),
N (Navitoclax), A-73 (ABT-737), A-11 (A-1165463), A-13 (A-1331852), WEHI (WEHI-539), A-12
(A-1210477), S63 (S63845), and AMG (AMG176).

Therapeutically, both extrinsic and intrinsic pathway intermediates have been the
subject of intense scrutiny from a therapeutic targeting standpoint, helped and aided by
the elucidation of the crystal structure of many signaling intermediates derived from these
pathways [36]. Clearly, the rationale underlying most recent therapeutic development
strategies have been directed at selectively manipulating the two arms of the apoptotic path-
way with a view to harnessing the cells own molecular signaling machinery to mediate cell
death [37], through a number of approaches including the design of ‘BH3-mimetics’ [38—40].
Functionally, mutagenesis of the BH3 domain (spanning x-helices 1-2, [41]) from activated
BAX (or BAK) was unveiled to highlight its critical homo-oligomerization role during the
induction of apoptosis [42]. As a domain that also binds the hydrophobic groove of the
anti-apoptotic proteins (spanning x-helices 2-5, [43]), this interaction gives effect to the
inhibitory properties of anti-apoptotic proteins such as Bcl-xL [44], thus preventing BAX
activation and homo-oligomerization. Consequently, targeting this interaction site between
BAX (or BAK) and the anti-apoptotic Bcl-2 protein, through the design of BH3-mimetics
was unveiled to hold high therapeutic potential [45]. While this has some clear-cut rel-
evance in cancer development and progression (where deregulated apoptotic pathway
intermediates commonly prevail [46]), a complex picture is, however, emerging about how
the proposed therapeutic modulation of these pathways may also be interconnected with
other signaling cascades of relevance. This is of particular importance for the avoidance of
therapeutic-mediated side effects [47].

Mechanistically, the cathepsin proteases have been linked to regulating both of the
intrinsic and extrinsic signaling cascades, and which forms the basis of this review article
by addressing what recent evidence supports their input into this regulatory step of
apoptosis. Herein, we outline the rationale for therapeutically targeting certain cathepsin
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proteases, in the context of either selectively abrogating their activity for the breakdown
(and destabilization of the pro-apoptotic Bcl-2 proteins), or their activity to be selectively
maintained for the breakdown of the anti-apoptotic Bcl-2 proteins. Clearly, a favorable
endpoint is effectively altering the balance of active pro-apoptotic Bcl-2 proteins levels in
relation to their anti-apoptotic counterparts, with a view to tipping the balance of these
proteins, in order to favor apoptosis in the context of killing cancer cells and halting
tumor progression (Figure 2). Finally, we discuss what potential exists in furthering such
findings to incorporate the simultaneous co-modulation of cathepsin protease activity and
its relationship shared with pro- and anti- apoptotic Bcl-2 protein members, with a view to
highlighting how the therapeutic design of BH3-mimetic can be utilized for greater effect.
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Figure 2. Cathepsin protein trafficking and intrinsic pathway activation for apoptosis. Cathepsin
proteases are synthesized in their pro-inactive forms and mature through pro-domain removal,
as they take on an endosomal and lysosomal localization. Through lysosomal leakage, they are
released into the cytoplasm where they have the potential to proteolytically cleave certain Bcl-2 family
protein members and thus alter their ability to form oligomers. Such events converge on regulating
mitochondrial outer membrane permeabilization (MOMP) and have the effect of regulating caspase
activation and cellular apoptosis.

2. Pro-Apoptotic BAX and BAK as Substrate Proteins for Cathepsin Proteases

Mammalian cells mainly encode three key pro-apoptotic proteins of importance,
namely BAK, BAK and BOK, and each of which uniquely and directly induce MOMP
based on their subcellular localization [33,48,49]. Whereas the BAX and BAK proteins
are, respectively, cytoplasmic and mitochondrial [50,51]; BOK is associated with the ER
and Golgi compartments [31,32,52-55]. The importance of each of these proteins during
apoptosis originates from genetic studies strongly linking them to disease progression. For
example, BAX gene frame-shift mutations can contribute to colon [56], lung, and T-cell acute
lymphocytic leukemia cancer progression [57,58] and the loss of BAX expression can give
rise to accelerated mammary tumor development in mice models [59]. From BAX-knockout
mice studies, the observations of abnormal B- and T-cell numbers and compromised
spermatogenesis [60] have been reported, in contrast to BAK-knockout studies, where
no such developmental defects were observed [61]. Moreover, while mice with single-
knockouts of both genes were susceptible to virus infection [62], double-knockouts were
seen to be embryonic lethal [61,63,64]. Collectively, such findings highlight the distinct
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roles of BAX and BAK proteins during development while they may also share similar (or
overlapping) roles at the molecular level during apoptosis. Unlike BAX and BAK [65,66],
the role of the BOK protein, in mitochondrial cytochrome c release, in the absence of BAX
and BAK expression, is less well-defined [67-69]. However, BOK-knockout mouse studies
have highlighted the importance of the BOK protein in a developmental context, but its
exclusive role in instigating developmental abnormalities appears to be redundant [70-72].

Based on such collectively strong evidence, whether such proteins are amenable to
cathepsin-mediated digestion and deactivation has emerged as a key area of investigation,
particularly in light of how deregulated cathepsin over-expression may also give cancer
cells a survival and proliferative advantage during disease progression [5]. Mechanistically,
a drop within the intracellular pH of cells favors enhanced cysteine-cathepsin protease
activation [6,7], which are conditions that also induce BAX protein conformational changes,
as seen in studies conducted in colon adenocarcinoma cells [73-75]. Collectively, such
findings potentially offer a key (and novel) regulatory step, which may be exploited for
therapeutic design with enhanced selectivity as a foresight. With this in mind, there have
only been a limited number of published studies, which have fully addressed the ability of
pro-apoptotic proteins to be cleaved by cathepsin proteases. For example, Cao et al. (2003)
demonstrated that BAX could be cleaved by calpain at Asp-33 (giving p18BAX) and that
this cleavage step could be abrogated in mammalian cells upon cathepsin inhibition to give
a 25-35% reduction in drug-induced apoptosis [76]. Moreover, they showed that inhibition
of p18BAX degradation enhanced apoptosis of A-549, U-937 and K-562 cells by 25-40%.
Further evidence to support the importance of BAX Asp-33 cleavage came from studies,
which concluded that a p21 BAX Asp-33-Ala mutation also disrupted BAX binding to the
BID protein [77]. Similarly, Droga-Mazovec et al. (2008) reported the positive cleavage
of BAK by cysteine cathepsins -B, -L, -S, and -K in vitro, whereas no cleavage of BAX by
cathepsin S was observed [78]. While this could have been due to a number of reasons,
from recent studies, our findings were supportive of BAX being directly cleaved to p18BAX
in vitro by cathepsin S (at pH 5 or 7) and to complete digestion within intact mammalian
cells. Moreover, the inhibition of cathepsin S had the effect of stabilizing p21BAX [79].
Based on the functional role of BAX and BAK up-regulating MOMP and apoptosis, many
structural studies have revealed the potential to disrupt the interaction between the BAK
BH3-domain with the hydrophobic groove of its cognate anti-apoptotic proteins, through
designing BH3-mimetics and thus increasing the availability of monomeric BAK protein
for MOMP and apoptosis induction [44].

While such BH3-mimetics do hold great therapeutic potential, their effects on cathep-
sin proteases, as key regulators for the cleavage of Bcl-2 family members and intrinsic
pathway activation, remain largely unexplored. Similarly, the broader effects of cathepsin
protease-directed inhibitors on the activation status of Bcl-2 family members, also remain
poorly understood. This point is clearly highlighted through pepstatin A-mediated in-
hibition of cathepsin D, which delayed the onset of apoptosis, had the effect of altering
the conformation of BAX, and which rendered it active independently of upstream BID
cleavage-mediated activation [80]. Being mindful of such effects, in our recent study, we
demonstrated BAX to be a novel and cathepsin S-targeted substrate. We also described
the design of a novel cathepsin S-directed peptide inhibitor (CS-PEP1), based on a peptide
sequence from the fungal papain protease inhibitor protein pit2, and which was identical to
a sequence found within -5 helix of the hydrophobic groove of anti-apoptotic Bcl-xL [79].
Mechanistically, CS-PEP1 was observed to act through the stabilization of BAX (through
cathepsin S inhibition), or through possibly interfering with BAX-Bcl-xL protein binding.
Collectively, such findings highlight a novel approach for inhibitor design targeted at
BAX stabilization as a foresight, for this regulatory axis of the intrinsic apoptotic pathway.
As proof of principle, CS-PEP1 enhanced apoptotic cell numbers at low doses, in good
agreement with its intended purpose [79]. Such findings do suggest that pro-apoptotic pro-
teins (such as BAX), along with their upstream regulator proteases, can be simultaneously
targeted by a single therapeutic that can serve a dual purpose.
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In summary, while a number of studies have looked at the intermolecular relation-
ships between the cathepsins and Bcl-2 family of protein intermediates from the intrinsic
pathway, one preferential cathepsin that directs BAX cleavage is cathepsin S (in vitro and
in intact cells). Additionally, while other cysteine cathepsin proteases -B, -L, -S, and -K have
been demonstrated to cleave BAK, no cathepsin proteases have been connected with BOK
proteolysis. Moreover, progression towards therapeutically targeting this relationship, in
order to spare enough pro-apoptotic monomeric protein for activation-mediated oligomer-
ization, is indeed possible (as seen with the novel inhibitor CS-PEP1), and which offers a
strong rationale for pursuing the BAK or BOK proteins as potential cathepsin substrates in
a similar manner.

3. Anti-Apoptotic Bcl-2 Proteins as Substrates for the Cathepsin Proteases

The anti-apoptotic Bcl-2 proteins have also gained increasing importance for therapeu-
tic targeting, from their abilities to drive cancer progression and the most extensive studies
of which have described the targeting of Bcl-2, Bcl-xL, and Mcl-1 [81,82]. Mechanistically,
while cancer cells can contain an abundance of pro-apoptotic Bcl-2 proteins, the amplifi-
cation of anti-apoptotic Bcl-2 proteins can lead to BH3-only proteins being competitively
depleted [83,84]. In the instance of the Bcl-2 anti-apoptosis protein, its amplification and
overexpression can give rise to a number of hematological malignancies and solid tumors,
such as lymphoma, prostate cancer, and small cell lung cancer [85-87]. Similarly, Bel-xL
can also drive tumor progression in the presence of Bcl-2 protein-directed therapeutic resis-
tance [88-90], while Mcl-1 amplification has been reported in lung and breast cancers [88]
and, thus, carries equal levels of importance. In all of these instances, the over-expression
of these anti-apoptotic proteins have the effect of damaged cells surviving longer, thus
permitting the accumulation of additional genetic lesions that can contribute to driving
tumor progression [91,92]. In support, mouse knockout studies have yielded invaluable
insights through delineating the dispensability of some anti-apoptotic proteins in cancer
progression. For example, in Bcl-2~/~ mice, abnormal death of lymphocytes had been
reported [91], while Bcl-xL ™/~ mice possessed abnormalities in the demise of neurons and
erythroid progenitor cells [92]. Additionally, Mcl-1~/~ mouse studies reported the death
of early stage embryos and mice with conditional deletions experienced a rapid loss of
mature lymphocytes or hematopoietic stem cells [93,94].

Based on the above evidence, the consequential role played by the cathepsin proteases
during anti-apoptotic protein proteolysis has taken on significant importance. This was
addressed by Droga-Mazovec et al. (2008), who reported the cleavage of proteins Bcl-2,
Bcl-xL, and Mcl-1 upon the treatment of a variety of cell lines with the lysosomorphic
agent, LeuLeuOMe [78]. More specifically, cathepsins -B, -L, -S, and -K were observed to
cleave Bcl-2, Bcl-xL, and Mcl-1 proteins, using purified recombinant proteins in an in vitro
cleavage assay at pH 7.2. As such, for substrates that are anti-apoptotic regulators, potential
inhibition of cognate cathepsin proteases overexpressed during cancer development, can
predictably have the effect of enhancing the levels of certain anti-apoptotic Bcl-2 sub-family
members, and thus drive cancer progression. However, the significant (and simultaneous)
benefits here may stem from preventing the proteolysis of pro-apoptotic Bcl-2 family
members (such as BAX and BAK), particularly by cathepsins -B, -L, -K, and -S. Therefore,
an ideal solution might involve the design of therapeutics that take on the properties of
BH-3 mimetics, but have the flexibility and selectively, to inhibit cathepsin proteases against
either of their pro-apoptotic or the anti-apoptotic protein substrates.

As very promising candidates for targeted cancer therapy, early studies identifying
novel therapeutics targeting the Bcl-2 subfamily of anti-apoptosis proteins involved the
screening of natural compounds and which yielded little success [95]. Through struc-
tural studies and rational drug-design approaches, a number of BH3-mimetics have been
identified, and which promisingly act through binding the hydrophobic groove of the
anti-apoptotic Bcl-2 protein, thus permitting enhanced monomeric BAK and BAX proteins
to become activated through chemotherapeutic stimulation [83,96]. Such an approach
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led to the design of ABT-263 (or Navitoclax), a small inhibitor directed at Bcl-2, Bcl-xL,
and BCl-w [84,97]. While it showed promising efficacy during phase I-II clinical trials for
treating B-cell malignancies [97], its use was limited due to it inducing platelet-depleting
effects [98-101]. Later, the cause of this was reported to be due to Bcl-xL inhibition hav-
ing the effect of negatively modulating circulating platelets [102,103]. Nevertheless, a
derivative of ABT-263 (called Venetoclax) did offer a successful treatment for patients
with chronic lymphocytic leukemia (CLL), elapsed or refractory CLL and acute myeloid
leukemia (AML) [104-106]. While this agent was largely ineffective for most solid tumors
and chemotherapeutic resistance was common [107], it was evaluated as a useful thera-
peutic for treating thrombocytopenia [89]. This also formed the basis for the development
of derivatives such as WEHI-539, A1155463, and A-1331852 [108-110], and from which,
A-1331852 was reported as the first successful antagonist for Bcl-xL targeting. In the context
of Mcl-1 inhibition, ABT-737, Venetoclax (or Navitoclax) [111,112] were evaluated as being
largely ineffective therapeutics, but nevertheless highlights the specificity and exclusivity
with which they can target certain anti-apoptotic targets [113,114]. Collectively, while such
approaches do indeed highlight the power of BH3-mimetics, as with most therapeutics,
their further development may be a necessity as therapeutic resistance and side effects can
still present significant hurdles.

As seen from our recent studies outlining an alternative approach for developing a
peptide inhibitor to target cathepsin S-specific Bcl-2 family intermediates of the intrinsic
pathway, effective peptide efficacy (and specificity) may also be guided by the intracellular
pH of cancer cells, as a key-determining factor. In this context, we observed that cathepsin
S could cleave Bcl-xL in vitro better at pH 7 than at pH 5 and that this reaction could be
inhibited better at pH 7 (than at pH 5), by the novel peptide inhibitor CS-PEP1. Such a pH-
sensitive cleavage reaction appeared fortuitously to favor the inhibition of Bcl-xL cleavage
(by CS-PEP1) at a relatively higher pH, in relation to the lower pH that can be prevalent
during tumor development and apoptosis. Favorably, cathepsin S-mediated cleavage of
BAX (and the inhibition of this reaction by CS-PEP1) was observed to be effective at both
pH 5 and 7 [79]. Collectively, such findings offer an alternative approach in targeting
this inhibitory axis of the intrinsic pathway for apoptosis with greater flexibility, through
designing a more selective therapeutic that is based upon combining the principles of
BH3-mimetics with the classical approach of cathepsin S-directed allosteric inhibition [79].
Importantly, the inhibition of cathepsin-mediated BAX (or possibly BAK) and Bcl-xL
cleavage, may also be modulated further in a pH-dependent manner by such a therapeutic,
thus permitting the favorable cleavage of an anti-apoptotic protein better than its pro-
apoptotic counterpart.

4. BH3-Only Domain Proteins as Substrates for the Cathepsin Proteases

From the family of multiple BH3-only proteins, the two most characterized members,
in the context of being cleaved by cathepsin proteases, are BID and Bim [78,115,116]. While
both proteins have evolved to sense cellular stress and strongly participate in the initiation
of MOMP [117], like other members of this family they can be further classified as direct
activators or sensitizers of BAX- or BAK-directed MOMP, based upon whether they bind
anti-apoptotic proteins or displace direct activators of them [118]. Mechanistically, they
may have distinct or partially overlapping binding preferences for the anti-apoptotic Bcl-2
protein [119] and can also act upstream of BAX or BAK, based on expression studies in
BAX- or BAK- knockout fibroblast cells [120].

Functionally, the main role of BID appears to link the death receptor pathway to
MOMP [121,122], following its cleavage by caspase-8 [123] or caspase-3 [124]. Through
this step, it can drive the translocation and insertion of BAX into the outer mitochondrial
membrane [125], eventually leading to BAX- (or even BAK-) dependent MOMP [126]. The
interplay between cathepsin proteases and BID cleavage-mediated activation of MOMP is
also strongly supported by mouse-knockout studies. Here, tissue extracts from BID ™/~
mice failed to release mitochondrial cytochrome ¢ upon their treatment with lysosomal
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extracts (in comparison to tissue extracts from normal mice), thus linking lysosomal-
derived, cathepsin-mediated cleavage (and the activation) of BID, with MOMP [127,128].
Moreover, a similar effect was also evidenced upon the lysosomal leakage of cathepsins and
upon cathepsin inhibition in human neutrophil cells [129]. From using such approaches,
the cathepsin-mediated BID cleavage site had also been mapped to Arg-65 or Arg-71, and
which can be cleaved by cathepsins -B, -H, -L, -S, and -K [115].

In confirming such observations, from our recent studies, purified BID could be
cleaved by cathepsin S in vitro or in mammalian cells, and this cleavage effect could be
reversed upon the co-expression of BID with catalytically-null cathepsin S [79]. While such
findings do suggest a pro-survival effect for cathepsin S and BID co-expression, this must
be viewed simultaneously with cathepsin S giving rise to a p18 cleaved form of BAX, and
which has been shown to be of greater potency as an inducer of MOMP (in relation to p21
BAX) [76]. Nevertheless, when taken with cathepsin S as being a key protease for complete
BAX cleavage, this highlights a novel paradigm that supports the idea that cathepsin S can
simultaneously modulate extrinsic apoptotic signals (through BID cleavage) and intrinsic
apoptotic signals through (BAX cleavage). This may also be understood as a molecular
regulatory axis that may be amenable to therapeutic intervention, in order to permit the
selective inhibition of either the extrinsic- or intrinsic apoptosis pathways, and indeed
warrants further exploration [79].

In the instance of the Bim protein (Bcl-2 interacting mediator of cell death), its impor-
tance in cell death is highlighted through its negative selection of B- and T-cell precursors
and regulation of peripheral lymphocyte homeostasis [30]. In support, Bim deficiency
causes, 1) hyperplasia, which facilitates tumorigenesis, as seen from c-myc transgenic
mice developing B-cell leukemia [130]; or, 2) tumorigenic outgrowth of p53- and E1A-
transformed mouse baby kidney-derived epithelial cells [131]. The significance of such
reported findings are also supported by the development of cell-based models utilizing
Bim-directed siRNA knockdown studies [132-135]. Consequently, the role of Bim in tu-
morigenesis is taking on greater importance, as it is emerging as a viable target for cancer
therapy through the design of BH3-mimetics [136].

As in the case of BAX and BAK, targeting the cathepsin(s) responsible for BH3-
only protein degradation may hold good therapeutic value. In this context very little is
known about how currently available anti-cathepsin therapeutics affect the activation (or
proteolysis) of many other BH3-only proteins, including Bim.

5. Cathepsin and the Bcl-2 Proteins: Targeted Therapeutic Development

While a number of validated therapeutics directed at the Bcl-2 anti-apoptotic pro-
teins have been described herein, further questions do arise to address what effects such
therapeutics may have on the activity of upstream modulators, such as the cathepsin
proteases. For example, during the inhibition of BAX-Bcl-2 protein binding, are BAX (or
Bcl-2) protein molecules presented as good substrates for their cognate cathepsin proteases
in the presence of BH3-mimetics? Based on recent developments (reported herein), this
could indeed have an impact on the overall net stability of certain Bcl-2 proteins and how
well they may fulfill their native roles as key apoptotic regulators.

As anovel and alternative ‘semi-rational” approach for therapeutic development, we
have defined a peptide therapeutic based on its ability to potentially disrupt the BAX
BH3-Bcl-xL hydrophobic groove interaction, while at the same time taking on properties of
an allosteric inhibitor directed at the catalytic activity of cathepsin S. Of relevance, may also
be the subcellular compartmentalization shared by the cathepsin and Bcl-2 proteins, and
the penetrability of any arising therapeutics. In this context, while targeting the lysosome
may be achieved with relative ease, other extra-lysosomal compartments, such as the
unidentified and membranous perinuclear compartment in which enriched cathepsin S
and BAX-derived proteins have been uniquely seen to co-localize (and for which we refer to
as the ‘catheptasome’, until further characterization) may present additional challenges [79].
This is a key factor in any therapeutic targeting strategy and is one that warrants further
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consideration, in this instance. Nevertheless, all of the above approaches do indeed offer
an alternative to therapeutic design and assessment, through their potential to target the
regulatory effects of the cathepsin proteases as upstream regulators of the Bcl-2 family of
proteins (Figure 3).

Cathepsin
| CS-PEP1 I Protease

BH-3 I Bcl-2 member protein- | | Bel-2 member protein
mimetics protein interactions cleavage

APOPTOSIS [« P2 [« | MOMP |

I\

Figure 3. Representation of the early intrinsic arm of the apoptotic pathway, highlighting the key
points identified for therapeutic intervention. Whereas BH3-mimetics (black box) can interfere
with the pro-apoptotic BH3-domain interaction with the hydrophobic groove of the anti-apoptotic
protein (green box), the novel inhibitor (CS-PEP1, blue box) can interfere with cathepsin S-mediated
cleavage of the BAX protein (red box) while also potentially interfering with the respective BH3
domain-hydrophobic groove of BAX with Bcl-xL (green box). Consequently, BAX protein can be
stabilized in a manner where it can be readily activated for the induction of MOMP and thus enhance
apoptosis (orange boxes).

6. Future Directions

While one aspect of good therapeutic design directed at the Bcl-2 proteins appears to
have taken shape and is yielding tangible effects against tumor progression and cancer in
the form of BH3-mimetics [137], this review article does highlight a new avenue that could
be explored as an alternative and more inclusive therapeutic design strategy. In light of
the cathepsin proteases having such a notable impact as upstream regulators for the Bcl-2
family members of the extrinsic- and intrinsic- pathway of apoptosis, their incorporation
into effective cancer therapeutic design strategies is timely.

From our recent findings, one possible novel approach that could fulfill this is through
identifying peptide sequences present in the cognate cathepsin protease inhibitor proteins
(such as the cystatins), with a view to evaluating their abilities in modulating the pro-
and anti-apoptotic protein interactions that the BH3-mimetics are designed to disrupt.
Moreover, such therapeutics may also have the potential to interfere negatively with the
cathepsin protease activity directed at certain pro-apoptotic protein members from the
intrinsic apoptosis pathway. The net effect of such an approach may have greater bene-
fits attached to them as such efforts may yield the development of a new generation of
therapeutics that offer greater efficacy and selectivity. With this in mind, the resulting ther-
apeutics may also have greater tolerance to operate at a fluctuating intracellular pH based
upon the broad range at which the cysteine cathepsin protease are active, either within the
tumor microenvironment or intracellularly in cells that have been chemotherapeutically
treated. However, what effects such pH changes may have on cathepsin protease-substrate
specificity, based upon substrate protein conformational changes and alterations in their
sub-cellular localization, are also factors that need to be given greater consideration while
defining the efficacy of any therapeutics arising from this novel approach.



Int. . Mol. Sci. 2021, 22, 4669 10 of 15

Author Contributions: Conception, research, writing, graphics, and editing: S.M.S.; discussions
and editing: S.M.S. and M.V.K,; proofreading: L.V.S.; discussions and editing: S.M.S. and P.A.T.;
discussions, editing and funding acquisition: A.A.Z.]J. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (grant # 16-15-10410).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BH domain (Bcl-2 homology domain); BAX (Bcl-2-associated protein X); BAK (Bcl-2 antago-
nist/killer); BOK (Bcl-2 ovarian killer); Bcl-2 (B cell lymphoma-2); Bel-xL (B cell lymphoma extra-
large); Bim (Bcl-2 interacting mediator of cell death); Bid (Bcl-2 interacting domain death agonist);
Mcl-1 (myeloid cell leukemia-1 protein); MOMP (Mitochondrial Outer Membrane Permeabilization);
Puma (p53-upregulated modulator of apoptosis); CAD (caspase-activated DN Aase); PARP (poly
ADP-ribose polymerase).

References

1.  De Duve, C. The lysosome turns fifty. Nat. Cell Biol. 2005, 7, 847-849. [CrossRef] [PubMed]

2. Firestone, R.A.; Pisano, ].M.; Bonney, R.]. Lysosomotropic agents. 1. Synthesis and cytotoxic action of lysosomotropic detergents.
J. Med. Chem. 1979, 22, 1130-1133. [CrossRef] [PubMed]

3. Turk, B,; Turk, V. Lysosomes as “Suicide Bags” in Cell Death: Myth or Reality? . Biol. Chem. 2009, 284, 21783-21787. [CrossRef]
[PubMed]

4. Rawlings, D.N.; Salvesen, G. Handbook of Proteolytic Enzymes, 3rd ed.; Elsevier: Amsterdam, The Netherlands; Academic Press:
Cambridge, MA, USA, 2013.

5. Soond, S.M.; Kozhevnikova, M.V.; Zamyatnin, A.A., Jr. ‘Patchiness” and basic cancer research: Unravelling the proteases. Cell
Cycle 2019, 18, 1687-1701. [CrossRef]

6. Jordans, S.; Jenko-Kokalj, S.; Kiihl, N.M.; Tedelind, S.; Sendt, W.; Bromme, D.; Turk, D.; Brix, K. Monitoring compartment-specific
substrate cleavage by cathepsins B, K, L, and S at physiological pH and redox conditions. BMC Biochem. 2009, 10, 23. [CrossRef]

7. Turk, V.; Stoka, V.; Vasiljeva, O.; Renko, M.; Sun, T,; Turk, B.; Turk, D. Cysteine cathepsins: From structure, function and regulation
to new frontiers. Biochim. Biophys. Acta 2012, 1824, 68-88. [CrossRef]

8. Soond, S.M.; Kozhevnikova, M.V.; Townsend, P.A.; Zamyatnin, ].A.A. Cysteine Cathepsin Protease Inhibition: An update on its
Diagnostic, Prognostic and Therapeutic Potential in Cancer. Pharmaceuticals 2019, 12, 87. [CrossRef]

9. Soond, S.M.; Kozhevnikova, M.V,; Frolova, A.S.; Savvateeva, L.V,; Plotnikov, E.Y.; Townsend, P.A.; Han, Y.-P.; Zamyatnin, A.A.
Lost or Forgotten: The nuclear cathepsin protein isoforms in cancer. Cancer Lett. 2019, 462, 43-50. [CrossRef]

10. Soond, S.M.; Savvateeva, L.V.; Makarov, V.A.; Gorokhovets, N.V.; Townsend, P.A.; Zamyatnin, J.A.A. Making Connections:
p53 and the Cathepsin Proteases as Co-Regulators of Cancer and Apoptosis. Cancers 2020, 12, 3476. [CrossRef]

11.  Vaux, D.L.; Cory, S.; Adams, ].M. Bcl-2 gene promotes haemopoietic cell survival and cooperates with c-myc to immortalize pre-B
cells. Nature 1988, 335, 440-442. [CrossRef]

12. Worth, A.; Thrasher, A J.; Gaspar, H.B. Autoimmune lymphoproliferative syndrome: Molecular basis of disease and clinical
phenotype. Br. |. Haematol. 2006, 133, 124-140. [CrossRef]

13.  Ethell, D.W,; Buhler, L.A. Fas ligand-mediated apoptosis in degenerative disorders of the brain. J. Clin. Immunol. 2003, 23, 439-446.
[CrossRef]

14. Almeida, S.; Sarmento-Ribeiro, A.B.; Janudrio, C.; Rego, A.C.; Oliveira, C.R. Evidence of apoptosis and mitochondrial ab-
normalities in peripheral blood cells of Huntington’s disease patients. Biochem. Biophys. Res. Commun. 2008, 374, 599-603.
[CrossRef]

15.  Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495-516. [CrossRef]

16. Duprez, L.; Wirawan, E.; Berghe, T.V.; Vandenabeele, P. Major cell death pathways at a glance. Microbes Infect. 2009, 11, 1050-1062.
[CrossRef]

17.  Galluzzi, L.; Kepp, O.; Kroemer, G. Mitochondria: Master regulators of danger signalling. Nat. Rev. Mol. Cell Biol.
2012, 13, 780-788. [CrossRef]

18. Galluzzi, L.; Morselli, E.; Kepp, O.; Vitale, I; Rigoni, A.; Vacchelli, E.; Michaud, M.; Zischka, H.; Castedo, M.; Kroemer, G.
Mitochondrial gateways to cancer. Mol. Asp. Med. 2010, 31, 1-20. [CrossRef]

19. Kalkavan, H.; Green, D.R. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ. 2018, 25, 46-55. [CrossRef]

20. Brenner, D.; Mak, T.W. Mitochondrial cell death effectors. Curr. Opin. Cell Biol. 2009, 21, 871-877. [CrossRef]

21. Wang, C.; Youle, R.J. The Role of Mitochondria in Apoptosis. Annu. Rev. Genet. 2009, 43, 95-118. [CrossRef]

22. Brunelle, ].K,; Letai, A. Control of mitochondrial apoptosis by the Bcl-2 family. . Cell Sci. 2009, 122, 437-441. [CrossRef] [PubMed]

23. Gupta, S.; Kass, G.E.N,; Szegezdi, E.; Joseph, B. The mitochondrial death pathway: A promising therapeutic target in diseases.

J. Cell. Mol. Med. 2009, 13, 1004-1033. [CrossRef] [PubMed]


http://doi.org/10.1038/ncb0905-847
http://www.ncbi.nlm.nih.gov/pubmed/16136179
http://doi.org/10.1021/jm00195a026
http://www.ncbi.nlm.nih.gov/pubmed/114658
http://doi.org/10.1074/jbc.R109.023820
http://www.ncbi.nlm.nih.gov/pubmed/19473965
http://doi.org/10.1080/15384101.2019.1632639
http://doi.org/10.1186/1471-2091-10-23
http://doi.org/10.1016/j.bbapap.2011.10.002
http://doi.org/10.3390/ph12020087
http://doi.org/10.1016/j.canlet.2019.07.020
http://doi.org/10.3390/cancers12113476
http://doi.org/10.1038/335440a0
http://doi.org/10.1111/j.1365-2141.2006.05993.x
http://doi.org/10.1023/B:JOCI.0000010420.96419.a8
http://doi.org/10.1016/j.bbrc.2008.07.009
http://doi.org/10.1080/01926230701320337
http://doi.org/10.1016/j.micinf.2009.08.013
http://doi.org/10.1038/nrm3479
http://doi.org/10.1016/j.mam.2009.08.002
http://doi.org/10.1038/cdd.2017.179
http://doi.org/10.1016/j.ceb.2009.09.004
http://doi.org/10.1146/annurev-genet-102108-134850
http://doi.org/10.1242/jcs.031682
http://www.ncbi.nlm.nih.gov/pubmed/19193868
http://doi.org/10.1111/j.1582-4934.2009.00697.x
http://www.ncbi.nlm.nih.gov/pubmed/19220575

Int. . Mol. Sci. 2021, 22, 4669 11 0f 15

24.

25.

26.
27.

28.

29.
30.

31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

Kroemer, G.; Galluzzi, L.; Brenner, C. Mitochondrial Membrane Permeabilization in Cell Death. Physiol. Rev. 2007, 87, 99-163.
[CrossRef] [PubMed]

Slee, E.A.; Adrain, C.; Martin, S.J. Executioner Caspase-3, -6, and -7 Perform Distinct, Non-redundant Roles during the Demolition
Phase of Apoptosis. J. Biol. Chem. 2001, 276, 7320-7326. [CrossRef] [PubMed]

Fadok, V.A.; Chimini, G. The phagocytosis of apoptotic cells. Semin. Immunol. 2001, 13, 365-372. [CrossRef] [PubMed]

Cory, S.; Adams, .M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002, 2, 647-656. [CrossRef]
[PubMed]

Ola, M.S.; Nawaz, M.; Ahsan, H. Role of Bcl-2 family proteins and caspases in the regulation of apoptosis. Mol. Cell. Biochem.
2011, 351, 41-58. [CrossRef] [PubMed]

Garcia-Saez, A.J. The secrets of the Bcl-2 family. Cell Death Differ. 2012, 19, 1733-1740. [CrossRef] [PubMed]

Youle, RJ.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol.
2008, 9, 47-59. [CrossRef]

Kvansakul, M.; Yang, H.; Fairlie, W.D.; Czabotar, P.E.; Fischer, S.F,; Perugini, M.A.; Huang, D.C.S.; Colman, P.M. Vaccinia virus
anti-apoptotic F1L is a novel Bcl-2-like domain-swapped dimer that binds a highly selective subset of BH3-containing death
ligands. Cell Death Differ. 2008, 15, 1564-1571. [CrossRef]

Huang, D.C.; Adams, ].M.; Cory, S. The conserved N-terminal BH4 domain of Bcl-2 homologues is essential for inhibition of
apoptosis and interaction with CED-4. EMBO ]. 1998, 17, 1029-1039. [CrossRef]

Pefia-Blanco, A.; Garcia-Saez, A.]. Bax, Bak and beyond—M itochondrial performance in apoptosis. FEBS J. 2018, 285, 416—431.
[CrossRef]

Huang, D.C.; Strasser, A. BH3-Only Proteins—Essential Initiators of Apoptotic Cell Death. Cell 2000, 103, 839-842. [CrossRef]
Petros, A.M.; Olejniczak, E.T.; Fesik, S.W. Structural biology of the Bcl-2 family of proteins. Biochim. Biophys. Acta 2004, 1644, 83-94.
[CrossRef]

Ashkenazi, A.; Fairbrother, W].; Leverson, ].D.; Souers, A.]. From basic apoptosis discoveries to advanced selective BCL-2 family
inhibitors. Nat. Rev. Drug Discov. 2017, 16, 273-284. [CrossRef]

Carneiro, B.A.; El-Deiry, W.S. Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 2020, 17, 395-417. [CrossRef]

Adams, ].M.; Cory, S. The BCL-2 arbiters of apoptosis and their growing role as cancer targets. Cell Death Differ. 2018, 25, 27-36.
[CrossRef]

Merino, D.; Kelly, G.L.; Lessene, G.; Wei, A.H.; Roberts, A.W.; Strasser, A. BH3-Mimetic Drugs: Blazing the Trail for New Cancer
Medicines. Cancer Cell 2018, 34, 879-891. [CrossRef]

Delbridge, A.R.D; Strasser, A. The BCL-2 protein family, BH3-mimetics and cancer therapy. Cell Death Differ. 2015, 22, 1071-1080.
[CrossRef]

Kim, H.; Tu, H.-C; Ren, D.; Takeuchi, O.; Jeffers, ].R.; Zambetti, G.P,; Hsieh, ].].-D.; Cheng, E.H.-Y. Stepwise Activation of BAX
and BAK by tBID, BIM, and PUMA Initiates Mitochondrial Apoptosis. Mol. Cell 2009, 36, 487-499. [CrossRef]

Wang, K.; Gross, A.; Waksman, G.; Korsmeyer, S.J. Mutagenesis of the BH3 Domain of BAX Identifies Residues Critical for
Dimerization and Killing. Mol. Cell. Biol. 1998, 18, 6083-6089. [CrossRef]

Hinds, M.G.; Lackmann, M.; Skea, G.L.; Harrison, P.J.; Huang, D.C.S.; Day, C.L. The structure of Bcl-w reveals a role for the
C-terminal residues in modulating biological activity. EMBO ]. 2003, 22, 1497-1507. [CrossRef]

Sattler, M.; Liang, H.; Nettesheim, D.; Meadows, R.P; Harlan, J.E.; Eberstadt, M.; Yoon, H.S.; Shuker, S.B.; Chang, B.S.;
Minn, A.J.; et al. Structure of Bcl-xL-Bak Peptide Complex: Recognition Between Regulators of Apoptosis. Science 1997, 275,
983-986. [CrossRef]

Walensky, L.D. Targeting BAX to drug death directly. Nat. Chem. Biol. 2019, 15, 657-665. [CrossRef]

Lopez, J.; Tait, S.W. Mitochondrial apoptosis: Killing cancer using the enemy within. Br. ]. Cancer 2015, 112, 957-962. [CrossRef]
Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. |. Pharmacol. 2014, 740, 364-378.
[CrossRef]

Cosentino, K.; Garcia-Saez, A.J. Bax and Bak Pores: Are We Closing the Circle? Trends Cell Biol. 2017, 27, 266-275. [CrossRef]
Shalaby, R.; Flores-Romero, H.; Garcia-Séez, A.J. The Mysteries around the BCL-2 Family Member BOK. Biomolecules 2020, 10, 1638.
[CrossRef]

Edlich, E; Banerjee, S.; Suzuki, M.; Cleland, M.M.; Arnoult, D.; Wang, C.; Neutzner, A.; Tjandra, N.; Youle, R.J. Bcl-xL
Retrotranslocates Bax from the Mitochondria into the Cytosol. Cell 2011, 145, 104-116. [CrossRef]

Todt, E; Cakir, Z.; Reichenbach, F.; Emschermann, F.; Lauterwasser, J.; Kaiser, A.; Ichim, G.; Tait, SW.G.; Frank, R;
Langer, H.F;; et al. Differential retrotranslocation of mitochondrial Bax and Bak. EMBO ]. 2015, 34, 67-80. [CrossRef]

Setoguchi, K.; Otera, H.; Mihara, K. Cytosolic factor- and TOM-independent import of C-tail-anchored mitochondrial outer
membrane proteins. EMBO . 2006, 25, 5635-5647. [CrossRef] [PubMed]

Echeverry, N.; Bachmann, D.C.G; Ke, F,; Strasser, A.; Simon, H.-U.; Kaufmann, T. Intracellular localization of the BCL-2 family
member BOK and functional implications. Cell Death Differ. 2013, 20, 785-799. [CrossRef] [PubMed]

Schulman, J.J.; Wright, EA.; Han, X.; Zluhan, E.J.; Szczesniak, L.M.; Wojcikiewicz, R.J.H. The Stability and Expression Level of Bok
Are Governed by Binding to Inositol 1,4,5-Trisphosphate Receptors. J. Biol. Chem. 2016, 291, 11820-11828. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00013.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237344
http://doi.org/10.1074/jbc.M008363200
http://www.ncbi.nlm.nih.gov/pubmed/11058599
http://doi.org/10.1006/smim.2001.0333
http://www.ncbi.nlm.nih.gov/pubmed/11708892
http://doi.org/10.1038/nrc883
http://www.ncbi.nlm.nih.gov/pubmed/12209154
http://doi.org/10.1007/s11010-010-0709-x
http://www.ncbi.nlm.nih.gov/pubmed/21210296
http://doi.org/10.1038/cdd.2012.105
http://www.ncbi.nlm.nih.gov/pubmed/22935609
http://doi.org/10.1038/nrm2308
http://doi.org/10.1038/cdd.2008.83
http://doi.org/10.1093/emboj/17.4.1029
http://doi.org/10.1111/febs.14186
http://doi.org/10.1016/S0092-8674(00)00187-2
http://doi.org/10.1016/j.bbamcr.2003.08.012
http://doi.org/10.1038/nrd.2016.253
http://doi.org/10.1038/s41571-020-0341-y
http://doi.org/10.1038/cdd.2017.161
http://doi.org/10.1016/j.ccell.2018.11.004
http://doi.org/10.1038/cdd.2015.50
http://doi.org/10.1016/j.molcel.2009.09.030
http://doi.org/10.1128/MCB.18.10.6083
http://doi.org/10.1093/emboj/cdg144
http://doi.org/10.1126/science.275.5302.983
http://doi.org/10.1038/s41589-019-0306-6
http://doi.org/10.1038/bjc.2015.85
http://doi.org/10.1016/j.ejphar.2014.07.025
http://doi.org/10.1016/j.tcb.2016.11.004
http://doi.org/10.3390/biom10121638
http://doi.org/10.1016/j.cell.2011.02.034
http://doi.org/10.15252/embj.201488806
http://doi.org/10.1038/sj.emboj.7601438
http://www.ncbi.nlm.nih.gov/pubmed/17110923
http://doi.org/10.1038/cdd.2013.10
http://www.ncbi.nlm.nih.gov/pubmed/23429263
http://doi.org/10.1074/jbc.M115.711242
http://www.ncbi.nlm.nih.gov/pubmed/27053113

Int. . Mol. Sci. 2021, 22, 4669 12 of 15

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Schulman, J.J.; Wright, EA.; Kaufmann, T.; Wojcikiewicz, R.J.H. The Bcl-2 Protein Family Member Bok Binds to the Coupling Do-
main of Inositol 1,4,5-Trisphosphate Receptors and Protects Them from Proteolytic Cleavage. J. Biol. Chem. 2013, 288, 25340-25349.
[CrossRef]

Rampino, N.; Yamamoto, H.; Ionov, Y.; Li, Y.; Sawai, H.; Reed, J.C.; Perucho, M. Somatic Frameshift Mutations in theBAXGene in
Colon Cancers of the Microsatellite Mutator Phenotype. Science 1997, 275, 967-969. [CrossRef]

Zhang, M.; Zheng, ].; Nussinov, R.; Ma, B. Oncogenic Mutations Differentially Affect Bax Monomer, Dimer, and Oligomeric Pore
Formation in the Membrane. Sci. Rep. 2016, 6, 33340. [CrossRef]

Zhang, Z.; Zhu, W.; Lapolla, S.M.; Miao, Y.; Shao, Y.; Falcone, M.; Boreham, D.; McFarlane, N.; Ding, ].; Johnson, A.E.; et al.
Bax Forms an Oligomer via Separate, Yet Interdependent, Surfaces. J. Biol. Chem. 2010, 285, 17614-17627. [CrossRef]

Shibata, M.-A.; Liu, M.-L.; Knudson, M.C; Shibata, E.; Yoshidome, K.; Bandey, T.; Korsmeyer, S.].; Green, J.E. Haploid loss of
bax leads to accelerated mammary tumor development in C3(1)/SV40-TAg transgenic mice: Reduction in protective apoptotic
response at the preneoplastic stage. EMBO J. 1999, 18, 2692-2701. [CrossRef]

Knudson, C.M.; Tung, K.S.K.; Tourtellotte, W.G.; Brown, G.A.].; Korsmeyer, S.J. Bax-Deficient Mice with Lymphoid Hyperplasia
and Male Germ Cell Death. Science 1995, 270, 96-99. [CrossRef]

Lindsten, T.; Ross, A.J.; King, A.; Zong, W.-X.; Rathmell, J.C.; Shiels, H.A.; Ulrich, E.; Waymire, K.G.; Mahar, P.; Frauwirth, K; et al.
The Combined Functions of Proapoptotic Bcl-2 Family Members Bak and Bax Are Essential for Normal Development of Multiple
Tissues. Mol. Cell 2000, 6, 1389-1399. [CrossRef]

Fannjiang, Y.; Kim, C.-H.; Huganir, RL.; Zou, S.; Lindsten, T.; Thompson, C.B.; Mito, T.; Traystman, R.J.; Larsen, T.;
Griffin, D.E.; et al. BAK Alters Neuronal Excitability and Can Switch from Anti- to Pro-Death Function during Postnatal
Development. Dev. Cell 2003, 4, 575-585. [CrossRef]

Todt, E,; Cakir, Z.; Reichenbach, F.; Youle, R.J.; Edlich, F. The C-terminal helix of Bcl-xL mediates Bax retrotranslocation from the
mitochondria. Cell Death Differ. 2012, 20, 333-342. [CrossRef]

Wei, M.C.; Zong, W.X.; Cheng, E.H.; Lindsten, T.; Panoutsakopoulou, V.; Ross, A.J.; Roth, K.A.; MacGregor, G.R.; Thompson, C.B.;
Korsmeyer, S.J. Proapoptotic bax and bak: A requisite gateway to mitochondrial dysfunction and death. Science 2001, 292, 727-730.
[CrossRef]

Lovell, ].E; Billen, L.P,; Bindner, S.; Shamas-Din, A.; Fradin, C.; Leber, B.; Andrews, D.W. Membrane Binding by tBid Initiates an
Ordered Series of Events Culminating in Membrane Permeabilization by Bax. Cell 2008, 135, 1074-1084. [CrossRef]

Hsu, Y.-T.; Wolter, K.G.; Youle, R.J. Cytosol-to-membrane redistribution of Bax and Bcl-XL during apoptosis. Proc. Natl. Acad. Sci.
USA 1997, 94, 3668-3672. [CrossRef]

Llambi, E; Wang, Y.-M.; Victor, B.; Yang, M.; Schneider, D.M.; Gingras, S.; Parsons, M.].; Zheng, ]. H.; Brown, S.A.; Pelletier, S.; et al.
BOK Is a Non-canonical BCL-2 Family Effector of Apoptosis Regulated by ER-Associated Degradation. Cell 2016, 165, 421-433.
[CrossRef]

Einsele-Scholz, S.; Malmsheimer, S.; Bertram, K.; Stehle, D.; Johdnning, J.; Manz, M.; Daniel, P.T.; Gillissen, B.E; Schulze-Osthoff,
K.; Essmann, F. Bok is a genuine multi-BH-domain protein that triggers apoptosis in the absence of Bax and Bak. J. Cell Sci.
2016, 129, 2213-2223. [CrossRef]

Fernandez-Marrero, Y.; Bleicken, S.; Das, K.K.; Bachmann, D.; Kaufmann, T.; Garcia-Saez, A.]. The membrane activity of BOK
involves formation of large, stable toroidal pores and is promoted by ¢BID. FEBS J. 2017, 284, 711-724. [CrossRef]

Ke, F; Voss, A.; Kerr, ].B.; O'Reilly, L.A ; Tai, L.; Echeverry, N.; Bouillet, P.; Strasser, A.; Kaufmann, T. BCL-2 family member BOK
is widely expressed but its loss has only minimal impact in mice. Cell Death Differ. 2012, 19, 915-925. [CrossRef]

Suominen, ].S.; Yan, W.; Toppari, J.; Kaipia, A. The expression and regulation of Bcl-2-related ovarian killer (Bok) mRNA in the
developing and adult rat testis. Eur. ]. Endocrinol. 2001, 145, 771-778. [CrossRef]

Jaaskeldinen, M.; Nieminen, A.; Pokkyld, R.-M.; Kauppinen, M.; Liakka, A.; Heikinheimo, M.; Vaskivuo, T.E.; Klefstrom, J.;
Tapanainen, ].S. Regulation of cell death in human fetal and adult ovaries—Role of Bok and Bcl-XL. Mol. Cell. Endocrinol.
2010, 330, 17-24. [CrossRef] [PubMed]

Chen, Q.; Galleano, M.; Cederbaum, A.I. Cytotoxicity and Apoptosis Produced by Arachidonic Acid in Hep G2 Cells Overex-
pressing Human Cytochrome P4502E1. |. Biol. Chem. 1997, 272, 14532-14541. [CrossRef] [PubMed]

Ahmad, K.A.; Iskandar, K.B.; Hirpara, J.L.; Clement, M.-V.; Pervaiz, S. Hydrogen Peroxide-Mediated Cytosolic Acidification Is a
Signal for Mitochondrial Translocation of Bax during Drug-Induced Apoptosis of Tumor Cells. Cancer Res. 2004, 64, 7867-7878.
[CrossRef] [PubMed]

Nie, C,; Tian, C.; Zhao, L.; Petit, P.X.; Mehrpour, M.; Chen, Q. Cysteine 62 of Bax Is Critical for Its Conformational Activation and
Its Proapoptotic Activity in Response to H202-induced Apoptosis. J. Biol. Chem. 2008, 283, 15359-15369. [CrossRef]

Cao, X.; Deng, X.; May, W.S. Cleavage of Bax to p18 Bax accelerates stress-induced apoptosis, and a cathepsin-like protease may
rapidly degrade p18 Bax. Blood 2003, 102, 2605-2614. [CrossRef]

Jurgensmeier, ].M.; Xie, Z.; Deveraux, Q.; Ellerby, L.; Bredesen, D.; Reed, ].C. Bax directly induces release of cytochrome ¢ from
isolated mitochondria. Proc. Natl. Acad. Sci. USA 1998, 95, 4997-5002. [CrossRef]

Droga-Mazovec, G.; Boji¢, L.; Petelin, A.; Ivanova, S.; Romih, R.; Repnik, U.; Salvesen, G.S.; Stoka, V.; Turk, V.; Turk, B.
Cysteine Cathepsins Trigger Caspase-dependent Cell Death through Cleavage of Bid and Antiapoptotic Bcl-2 Homologues. J. Biol.
Chem. 2008, 283, 19140-19150. [CrossRef]


http://doi.org/10.1074/jbc.M113.496570
http://doi.org/10.1126/science.275.5302.967
http://doi.org/10.1038/srep33340
http://doi.org/10.1074/jbc.M110.113456
http://doi.org/10.1093/emboj/18.10.2692
http://doi.org/10.1126/science.270.5233.96
http://doi.org/10.1016/S1097-2765(00)00136-2
http://doi.org/10.1016/S1534-5807(03)00091-1
http://doi.org/10.1038/cdd.2012.131
http://doi.org/10.1126/science.1059108
http://doi.org/10.1016/j.cell.2008.11.010
http://doi.org/10.1073/pnas.94.8.3668
http://doi.org/10.1016/j.cell.2016.02.026
http://doi.org/10.1242/jcs.181727
http://doi.org/10.1111/febs.14008
http://doi.org/10.1038/cdd.2011.210
http://doi.org/10.1530/eje.0.1450771
http://doi.org/10.1016/j.mce.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20673843
http://doi.org/10.1074/jbc.272.23.14532
http://www.ncbi.nlm.nih.gov/pubmed/9169410
http://doi.org/10.1158/0008-5472.CAN-04-0648
http://www.ncbi.nlm.nih.gov/pubmed/15520193
http://doi.org/10.1074/jbc.M800847200
http://doi.org/10.1182/blood-2003-01-0211
http://doi.org/10.1073/pnas.95.9.4997
http://doi.org/10.1074/jbc.M802513200

Int. . Mol. Sci. 2021, 22, 4669 13 of 15

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Soond, S.; Savvateeva, L.; Makarov, V.; Gorokhovets, N.; Townsend, P.; Zamyatnin, A. Cathepsin S Cleaves BAX as a Novel and
Therapeutically Important Regulatory Mechanism for Apoptosis. Pharmaceutics 2021, 13, 339. [CrossRef]

Bideére, N.; Lorenzo, H.K.; Carmona, S.; Laforge, M.; Harper, F; Dumont, C.; Senik, A. Cathepsin D Triggers Bax Activation,
Resulting in Selective Apoptosis-inducing Factor (AIF) Relocation in T Lymphocytes Entering the Early Commitment Phase to
Apoptosis. ]. Biol. Chem. 2003, 278, 31401-31411. [CrossRef]

Shahar, N.; Larisch, S. Inhibiting the inhibitors: Targeting anti-apoptotic proteins in cancer and therapy resistance. Drug Resist.
Updat. 2020, 52, 100712. [CrossRef]

Jullien, M.; Gomez-Bougie, P.; Chiron, D.; Touzeau, C. Restoring Apoptosis with BH3 Mimetics in Mature B-Cell Malignancies.
Cells 2020, 9, 717. [CrossRef]

Oltersdorf, T.; Elmore, S.W.; Shoemaker, A.R.; Armstrong, R.C.; Augeri, D.J.; Belli, B.A.; Bruncko, M.; Deckwerth, T.L.; Dinges, J.;
Hajduk, PJ.; et al. An inhibitor of Bcl-2 family proteins induces regression of solid tumours. Nature 2005, 435, 677-681. [CrossRef]
Bruncko, M.; Oost, TK,; Belli, B.A.; Ding, H.; Joseph, M.K.; Kunzer, A.; Martineau, D.; McClellan, W.J.; Mitten, M.; Ng, S.-C.; et al.
Studies Leading to Potent, Dual Inhibitors of Bcl-2 and Bcl-xL. J. Med. Chem. 2007, 50, 641-662. [CrossRef]

Gassian, N.; Frontczak, A.; El Kaddissi, A.; Calcagno, F.; Almotlak, H.; Barkatz, J.; Mouillet, G.; Maurina, T.; Stein, U.;
Hon, T.N.T,; et al. Traitement systémique du cancer du pénis localement avancé ou métastatique. Bull Cancer 2020, 107, S17-S23.
[CrossRef]

Kaiser, U.; Schilli, M.; Haag, U.; Neumann, K.; Kreipe, H.; Kogan, E.; Havemann, K. Expression of bcl-2—Protein in small cell
lung cancer. Lung Cancer 1996, 15, 31-40. [CrossRef]

Delbridge, A.R.D.; Grabow, S.; Strasser, A.; Vaux, D.L. Thirty years of BCL-2: Translating cell death discoveries into novel cancer
therapies. Nat. Rev. Cancer 2016, 16, 99-109. [CrossRef]

Beroukhim, R.; Mermel, C.H.; Porter, D.; Wei, G.; Raychaudhuri, S.; Donovan, J.; Barretina, J.; Boehm, J.S.; Dobson, ]J.;
Urashima, M.; et al. The landscape of somatic copy-number alteration across human cancers. Nature 2010, 463, 899-905. [Cross-
Ref]

Leverson, ].D.; Phillips, D.C.; Mitten, M.].; Boghaert, E.R.; Diaz, D.; Tahir, S.K.; Belmont, L.D.; Nimmer, P.; Xiao, Y.; Ma, X.M.; et al.
Exploiting selective BCL-2 family inhibitors to dissect cell survival dependencies and define improved strategies for cancer
therapy. Sci. Transl. Med. 2015, 7, 279ra40. [CrossRef]

Punnoose, E.A.; Leverson, ].D.; Peale, F.; Boghaert, E.R.; Belmont, L.D.; Tan, N.; Young, A.; Mitten, M.; Ingalla, E.; Darbonne, W.C.;
et al. Expression Profile of BCL-2, BCL-XL, and MCL-1 Predicts Pharmacological Response to the BCL-2 Selective Antagonist
Venetoclax in Multiple Myeloma Models. Mol. Cancer Ther. 2016, 15, 1132-1144. [CrossRef]

Veis, D.J.; Sorenson, C.M.; Shutter, J.R.; Korsmeyer, S.J. Bcl-2-deficient mice demonstrate fulminant lymphoid apoptosis, polycystic
kidneys, and hypopigmented hair. Cell 1993, 75, 229-240. [CrossRef]

Motoyama, N.; Wang, E; Roth, K.A.; Sawa, H.; Nakayama, K.; Negishi, L; Senju, S.; Zhang, Q.; Fujii, S.; Et, A. Massive cell death
of immature hematopoietic cells and neurons in Bcl-x-deficient mice. Science 1995, 267, 1506-1510. [CrossRef] [PubMed]
Opferman, J.T. Obligate Role of Anti-Apoptotic MCL-1 in the Survival of Hematopoietic Stem Cells. Science 2005, 307, 1101-1104.
[CrossRef] [PubMed]

Opferman, J.T.; Letai, A.; Beard, C.; Sorcinelli, M.D.; Ong, C.C.; Korsmeyer, S.J. Development and maintenance of B and T
lymphocytes requires antiapoptotic MCL-1. Nature 2003, 426, 671-676. [CrossRef] [PubMed]

Lessene, G.; Czabotar, PE.; Colman, PM. BCL-2 family antagonists for cancer therapy. Nat. Rev. Drug Discov. 2008, 7, 989-1000.
[CrossRef] [PubMed]

Wendt, M.D.; Shen, W.; Kunzer, A.; McClellan, W.J.; Bruncko, M.; Oost, TK.; Ding, H.; Joseph, M.K.; Zhang, H.; Nimmer, PM.; et al.
Discovery and Structure— Activity Relationship of Antagonists of B-Cell Lymphoma 2 Family Proteins with Chemopotentiation
Activity in Vitro and in Vivo. J. Med. Chem. 2006, 49, 1165-1181. [CrossRef] [PubMed]

Tse, C.; Shoemaker, A.R.; Adickes, J.; Anderson, M.G.; Chen, J.; Jin, S.; Johnson, E.E.; Marsh, K.C.; Mitten, M.].; Nimmer, P, et al.
ABT-263: A Potent and Orally Bioavailable Bcl-2 Family Inhibitor. Cancer Res. 2008, 68, 3421-3428. [CrossRef] [PubMed]
Wilson, W.H.; O’Connor, O.A.; Czuczman, M.S.; LaCasce, A.S.; Gerecitano, J.F.; Leonard, ].P; Tulpule, A.; Dunleavy, K.; Xiong, H.;
Chiu, Y.-L.; et al. Navitoclax, a targeted high-affinity inhibitor of BCL-2, in lymphoid malignancies: A phase 1 dose-escalation
study of safety, pharmacokinetics, pharmacodynamics, and antitumour activity. Lancet Oncol. 2010, 11, 1149-1159. [CrossRef]
Roberts, A.W.; Seymour, J.E; Brown, ].R.; Wierda, W.G.; Kipps, T.J.; Khaw, S.L.; Carney, D.A.; He, S.Z.; Huang, D.C.; Xiong, H.;
et al. Substantial Susceptibility of Chronic Lymphocytic Leukemia to BCL2 Inhibition: Results of a Phase I Study of Navitoclax in
Patients With Relapsed or Refractory Disease. J. Clin. Oncol. 2012, 30, 488-496. [CrossRef]

Rudin, C.M.; Hann, C.L.; Garon, E.B.; De Oliveira, M.R.; Bonomi, P.D.; Camidge, D.R.; Chu, Q.; Giaccone, G.; Khaira, D.;
Ramalingam, S.S.; et al. Phase II Study of Single-Agent Navitoclax (ABT-263) and Biomarker Correlates in Patients with Relapsed
Small Cell Lung Cancer. Clin. Cancer Res. 2012, 18, 3163-3169. [CrossRef]

Kipps, TJ.; Eradat, H.; Grosicki, S.; Catalano, J.; Cosolo, W.; Dyagil, 1.S.; Yalamanchili, S.; Chai, A.; Sahasranaman, S.;
Punnoose, E.; etal. A phase 2 study of the BH3 mimetic BCL2 inhibitor navitoclax (ABT-263) with or without rituximab,
in previously untreated B-cell chronic lymphocytic leukemia. Leuk. Lymphoma 2015, 56, 2826-2833. [CrossRef]

Mason, K.D.; Carpinelli, M.R.; Fletcher, J.I; Collinge, J.E.; Hilton, A.A,; Ellis, S.; Kelly, PN.; Ekert, PG.; Metcalf, D.;
Roberts, A.W.; et al. Programmed Anuclear Cell Death Delimits Platelet Life Span. Cell 2007, 128, 1173-1186. [CrossRef]


http://doi.org/10.3390/pharmaceutics13030339
http://doi.org/10.1074/jbc.M301911200
http://doi.org/10.1016/j.drup.2020.100712
http://doi.org/10.3390/cells9030717
http://doi.org/10.1038/nature03579
http://doi.org/10.1021/jm061152t
http://doi.org/10.1016/S0007-4551(20)30274-5
http://doi.org/10.1016/0169-5002(96)00568-5
http://doi.org/10.1038/nrc.2015.17
http://doi.org/10.1038/nature08822
http://doi.org/10.1038/nature08822
http://doi.org/10.1126/scitranslmed.aaa4642
http://doi.org/10.1158/1535-7163.MCT-15-0730
http://doi.org/10.1016/0092-8674(93)80065-M
http://doi.org/10.1126/science.7878471
http://www.ncbi.nlm.nih.gov/pubmed/7878471
http://doi.org/10.1126/science.1106114
http://www.ncbi.nlm.nih.gov/pubmed/15718471
http://doi.org/10.1038/nature02067
http://www.ncbi.nlm.nih.gov/pubmed/14668867
http://doi.org/10.1038/nrd2658
http://www.ncbi.nlm.nih.gov/pubmed/19043450
http://doi.org/10.1021/jm050754u
http://www.ncbi.nlm.nih.gov/pubmed/16451081
http://doi.org/10.1158/0008-5472.CAN-07-5836
http://www.ncbi.nlm.nih.gov/pubmed/18451170
http://doi.org/10.1016/S1470-2045(10)70261-8
http://doi.org/10.1200/JCO.2011.34.7898
http://doi.org/10.1158/1078-0432.CCR-11-3090
http://doi.org/10.3109/10428194.2015.1030638
http://doi.org/10.1016/j.cell.2007.01.037

Int. . Mol. Sci. 2021, 22, 4669 14 of 15

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

Debrincat, M.A.; Pleines, I.; Lebois, M.; Lane, RM.; Holmes, M.L.; Corbin, J.; Vandenberg, C.J.; Alexander, W.S.; Ng, A.P.;
Strasser, A.; et al. BCL-2 is dispensable for thrombopoiesis and platelet survival. Cell Death Dis. 2015, 6, €1721. [CrossRef]
Stilgenbauer, S.; Eichhorst, B.; Schetelig, J.; Coutre, S.; Seymour, ].E; Munir, T.; Puvvada, S.D.; Wendtner, C.-M.; Roberts, A.W.;
Jurczak, W.; et al. Venetoclax in relapsed or refractory chronic lymphocytic leukaemia with 17p deletion: A multicentre, open-label,
phase 2 study. Lancet Oncol. 2016, 17, 768-778. [CrossRef]

Roberts, A.W.; Davids, M.S.; Pagel, ] M.; Kahl, B.S.; Puvvada, S.D.; Gerecitano, J.E; Kipps, T.J.; Anderson, M.A.; Brown,
J.R.,; Gressick, L.A.; et al. Targeting BCL2 with Venetoclax in Relapsed Chronic Lymphocytic Leukemia. N. Engl. ]. Med.
2016, 374, 311-322. [CrossRef]

Cerella, C.; Dicato, M.; Diederich, M. BH3 Mimetics in AML Therapy: Death and Beyond? Trends Pharmacol. Sci. 2020, 41, 793-814.
[CrossRef]

Tahir, S.K; Smith, M.L.; Hessler, P; Rapp, L.R,; Idler, K.B.; Park, C.H.; Leverson, J.D.; Lam, L.T. Potential mechanisms of resistance
to venetoclax and strategies to circumvent it. BMC Cancer 2017, 17, 1-10. [CrossRef]

Lessene, G.; Czabotar, PE.; Sleebs, B.E.; Zobel, K.; Lowes, K.N.; Adams, ].M.; Baell, ].B.; Colman, PM.; Deshayes, K,;
Fairbrother, W.J.; et al. Structure-guided design of a selective BCL-XL inhibitor. Nat. Chem. Biol. 2013, 9, 390-397. [Cross-
Ref]

Koehler, M.ET.,; Bergeron, P.; Choo, E.F; Lau, K; Ndubaku, C.; Dudley, D.; Gibbons, P; Sleebs, B.E.; Rye, C.S,;
Nikolakopoulos, G.; et al. Structure-Guided Rescaffolding of Selective Antagonists of BCL-XL. ACS Med. Chem. Lett.
2014, 5, 662—667. [CrossRef]

Tao, Z.-F.; Hasvold, L.; Wang, L.; Wang, X.; Petros, A.M.; Park, C.H.; Boghaert, E.R.; Catron, N.D.; Chen, J.; Colman, PM.; et al.
Discovery of a Potent and Selective BCL-XL Inhibitor with in Vivo Activity. ACS Med. Chem. Lett. 2014, 5, 1088-1093. [CrossRef]
Wei, G.; Margolin, A.A.; Haery, L.; Brown, E.; Cucolo, L.; Julian, B.; Shehata, S.; Kung, A.L.; Beroukhim, R.; Golub, T.R.
Chemical Genomics Identifies Small-Molecule MCL1 Repressors and BCL-xL as a Predictor of MCL1 Dependency. Cancer Cell
2012, 21, 547-562. [CrossRef]

Wertz, LE.; Kusam, S.; Lam, C.; Okamoto, T.; Sandoval, W.; Anderson, D.]J.; Helgason, E.; Ernst, ].A.; Eby, M.,; Liu, J.; et al.
Sensitivity to antitubulin chemotherapeutics is regulated by MCL1 and FBW7. Nature 2011, 471, 110-114. [CrossRef]

Lee, E.F,; Czabotar, P.E.; Van Delft, M.E; Michalak, E.M.; Boyle, M.].; Willis, S.N.; Puthalakath, H.; Bouillet, P.; Colman, PM.;
Huang, D.C.; et al. A novel BH3 ligand that selectively targets Mcl-1 reveals that apoptosis can proceed without Mcl-1 degradation.
J. Cell Biol. 2008, 180, 341-355. [CrossRef] [PubMed]

Lee, E.E; Czabotar, PE.; Yang, H.; Sleebs, B.E.; Lessene, G.; Colman, PM.; Smith, B.J.; Fairlie, W. Conformational Changes in Bcl-2
Pro-survival Proteins Determine Their Capacity to Bind Ligands. J. Biol. Chem. 2009, 284, 30508-30517. [CrossRef] [PubMed]
Cirman, T.; Oresi¢, K.; Mazovec, G.D.; Turk, V.; Reed, ].C.; Myers, RM.; Salvesen, G.S.; Turk, B. Selective Disruption of Lysosomes
in HeLa Cells Triggers Apoptosis Mediated by Cleavage of Bid by Multiple Papain-like Lysosomal Cathepsins. J. Biol. Chem.
2004, 279, 3578-3587. [CrossRef]

Appelqvist, H.; Johansson, A.C.; Linderoth, E.; Johansson, U.; Antonsson, B.; Steinfeld, R.; Kagedal, K.; Ollinger, K. Lysosome-
mediated apoptosis is associated with cathepsin d-specific processing of bid at phe24, trp48, and phel83. Ann. Clin. Lab. Sci.
2012, 42, 231-242.

Strasser, A. The role of BH3-only proteins in the immune system. Nat. Rev. Immunol. 2005, 5, 189-200. [CrossRef]

Chipuk, J.E.; Moldoveanu, T.; Llambi, F,; Parsons, M.].; Green, D.R. The BCL-2 Family Reunion. Mol. Cell 2010, 37, 299-310.
[CrossRef]

Chen, L.; Willis, S.N.; Wei, A.; Smith, B.J.; Fletcher, ].I.; Hinds, M.G.; Colman, PM.; Day, C.L.; Adams, ].M.; Huang, D.C.
Differential Targeting of Prosurvival Bcl-2 Proteins by Their BH3-Only Ligands Allows Complementary Apoptotic Function.
Mol. Cell 2005, 17, 393-403. [CrossRef]

Zong, W.-X,; Lindsten, T.; Ross, A.].; MacGregor, G.R.; Thompson, C.B. BH3-only proteins that bind pro-survival Bcl-2 family
members fail to induce apoptosis in the absence of Bax and Bak. Genes Dev. 2001, 15, 1481-1486. [CrossRef]

Li, H,; Zhu, H.; Xu, C.-J.; Yuan, J. Cleavage of BID by Caspase 8 Mediates the Mitochondrial Damage in the Fas Pathway of
Apoptosis. Cell 1998, 94, 491-501. [CrossRef]

Luo, X,; Budihardjo, I.; Zou, H.; Slaughter, C.; Wang, X. Bid, a Bcl2 Interacting Protein, Mediates Cytochrome c Release from
Mitochondria in Response to Activation of Cell Surface Death Receptors. Cell 1998, 94, 481-490. [CrossRef]

Gross, A.; Yin, X.-M.; Wang, K.; Wei, M.C.; Jockel, J.; Milliman, C.; Erdjument-Bromage, H.; Tempst, P.; Korsmeyer, S.J.
Caspase Cleaved BID Targets Mitochondria and Is Required for Cytochrome ¢ Release, while BCL-XL Prevents This Release but
Not Tumor Necrosis Factor-R1/Fas Death. J. Biol. Chem. 1999, 274, 1156-1163. [CrossRef]

Slee, E.A.; Keogh, S.A.; Martin, S.J. Cleavage of BID during cytotoxic drug and UV radiation-induced apoptosis occurs down-
stream of the point of Bcl-2 action and is catalysed by caspase-3: A potential feedback loop for amplification of apoptosis-associated
mitochondrial cytochrome c release. Cell Death Differ. 2000, 7, 556-565. [CrossRef]

Eskes, R.; Desagher, S.; Antonsson, B.; Martinou, J.-C. Bid Induces the Oligomerization and Insertion of Bax into the Outer
Mitochondrial Membrane. Mol. Cell. Biol. 2000, 20, 929-935. [CrossRef]

Wei, M.C,; Lindsten, T.; Mootha, V.K.; Weiler, S.; Gross, A.; Ashiya, M.; Thompson, C.B.; Korsmeyer, S.J. Tbid, a membrane-
targeted death ligand, oligomerizes bak to release cytochrome c. Genes Dev. 2000, 14, 2060-2071.


http://doi.org/10.1038/cddis.2015.97
http://doi.org/10.1016/S1470-2045(16)30019-5
http://doi.org/10.1056/NEJMoa1513257
http://doi.org/10.1016/j.tips.2020.09.004
http://doi.org/10.1186/s12885-017-3383-5
http://doi.org/10.1038/nchembio.1246
http://doi.org/10.1038/nchembio.1246
http://doi.org/10.1021/ml500030p
http://doi.org/10.1021/ml5001867
http://doi.org/10.1016/j.ccr.2012.02.028
http://doi.org/10.1038/nature09779
http://doi.org/10.1083/jcb.200708096
http://www.ncbi.nlm.nih.gov/pubmed/18209102
http://doi.org/10.1074/jbc.M109.040725
http://www.ncbi.nlm.nih.gov/pubmed/19726685
http://doi.org/10.1074/jbc.M308347200
http://doi.org/10.1038/nri1568
http://doi.org/10.1016/j.molcel.2010.01.025
http://doi.org/10.1016/j.molcel.2004.12.030
http://doi.org/10.1101/gad.897601
http://doi.org/10.1016/S0092-8674(00)81590-1
http://doi.org/10.1016/S0092-8674(00)81589-5
http://doi.org/10.1074/jbc.274.2.1156
http://doi.org/10.1038/sj.cdd.4400689
http://doi.org/10.1128/MCB.20.3.929-935.2000

Int. . Mol. Sci. 2021, 22, 4669 15 of 15

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Stoka, V.; Turk, B.; Schendel, S.L.; Kim, T.-H.; Cirman, T; Snipas, S.J.; Ellerby, L.M.; Bredesen, D.; Freeze, H.; Abrahamson, M.; et al.
Lysosomal Protease Pathways to Apoptosis. J. Biol. Chem. 2001, 276, 3149-3157. [CrossRef]

Reiners, J.J., Jr.; Caruso, J.A.; Mathieu, P.; Chelladurai, B.; Yin, X.-M.; Kessel, D. Release of cytochrome ¢ and activation of
pro-caspase-9 following lysosomal photodamage involves bid cleavage. Cell Death Differ. 2002, 9, 934-944. [CrossRef]
Blomgran, R.; Zheng, L.; Stendahl, O. Cathepsin-cleaved Bid promotes apoptosis in human neutrophils via oxidative stress-
induced lysosomal membrane permeabilization. J. Leukoc. Biol. 2007, 81, 1213-1223. [CrossRef]

Egle, A.; Harris, A.W.; Bouillet, P.; Cory, S. Bim is a suppressor of Myc-induced mouse B cell leukemia. Proc. Natl. Acad. Sci. USA
2004, 101, 6164-6169. [CrossRef]

Tan, T.-T.; Degenhardt, K.; Nelson, D.A.; Beaudoin, B.; Nieves-Neira, W.; Bouillet, P.; Villunger, A.; Adams, ].M.; White, E.
Key roles of BIM-driven apoptosis in epithelial tumors and rational chemotherapy. Cancer Cell 2005, 7, 227-238. [CrossRef]
Sunters, A.; de Mattos, S.F; Stahl, M.; Brosens, ].J.; Zoumpoulidou, G.; Saunders, C.A.; Coffer, PJ.; Medema, R.H.; Coombes, R.C.;
Lam, E.W.-F. FoxO3a Transcriptional Regulation of Bim Controls Apoptosis in Paclitaxel-treated Breast Cancer Cell Lines. J. Biol.
Chem. 2003, 278, 49795-49805. [CrossRef]

Li, R,; Moudgil, T.; Ross, H.J.; Hu, H.-M. Apoptosis of non-small-cell lung cancer cell lines after paclitaxel treatment involves the
BH3-only proapoptotic protein Bim. Cell Death Differ. 2005, 12, 292-303. [CrossRef]

Kutuk, O.; Letai, A. Displacement of Bim by Bmf and Puma rather than increase in Bim level mediates paclitaxel-induced
apoptosis in breast cancer cells. Cell Death Differ. 2010, 17, 1624-1635. [CrossRef]

Czernick, M.; Rieger, A.; Goping, 1.S. Bim is reversibly phosphorylated but plays a limited role in paclitaxel cytotoxicity of breast
cancer cell lines. Biochem. Biophys. Res. Commun. 2009, 379, 145-150. [CrossRef]

Shukla, S.; Saxena, S.; Singh, B.K.; Kakkar, P. BH3-only protein BIM: An emerging target in chemotherapy. Eur. ]. Cell Biol.
2017, 96, 728-738. [CrossRef]

Opydo-Chanek, M.; Gonzalo, O.; Marzo, I. Multifaceted anticancer activity of BH3 mimetics: Current evidence and future
prospects. Biochem. Pharmacol. 2017, 136, 12-23. [CrossRef]


http://doi.org/10.1074/jbc.M008944200
http://doi.org/10.1038/sj.cdd.4401048
http://doi.org/10.1189/jlb.0506359
http://doi.org/10.1073/pnas.0401471101
http://doi.org/10.1016/j.ccr.2005.02.008
http://doi.org/10.1074/jbc.M309523200
http://doi.org/10.1038/sj.cdd.4401554
http://doi.org/10.1038/cdd.2010.41
http://doi.org/10.1016/j.bbrc.2008.12.025
http://doi.org/10.1016/j.ejcb.2017.09.002
http://doi.org/10.1016/j.bcp.2017.03.006

	Introduction 
	Pro-Apoptotic BAX and BAK as Substrate Proteins for Cathepsin Proteases 
	Anti-Apoptotic Bcl-2 Proteins as Substrates for the Cathepsin Proteases 
	BH3-Only Domain Proteins as Substrates for the Cathepsin Proteases 
	Cathepsin and the Bcl-2 Proteins: Targeted Therapeutic Development 
	Future Directions 
	References

