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Abstract

Lysosomes are membrane-bound intracellular organelles that receive macromolecules delivered by
endocytosis, phagocytosis, and autophagy for degradation and recycling. Over the last decade,
advances in lysosome research have established a broad role for the lysosome in the
pathophysiology of disease. In this review, we highlight the recent discoveries in lysosome
biology, with an emphasis on their implications for cancer therapy. We focus on targeting the
lysosome in cancer by exploring lysosomal biogenesis and its role in the crosstalk between
apoptosis and autophagy. We also discuss how lysosomal inhibition could emerge as a new
therapeutic strategy to overcome drug resistance in cancer.
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Introduction

Over the past several years, there have been exciting developments in cancer therapy.
However, the acquisition of resistance to most cancer therapeutics is almost inevitable and
ultimately limits the successful treatment of advanced malignancies. Tumor cells contain a
very high degree of molecular heterogeneity within their microenvironment; drug resistance
can gradually emerge through therapy-induced selection of a resistant subpopulation of cells
in the original tumor.! Therefore, personalized orthogonal therapies that target totally
different pathways may be necessary. The application of genomic, postgenomic, proteomic,
and other modern analytical techniques, especially the use of high-throughput techniques in
combination with the methodologies of bioinformatics and systems biology, have resulted in
significant progress in identifying novel targets that are involved in drug resistance. Among
them, targeting the lysosome in cancer emerges as an attractive approach to overcome drug
resistance. Over the past few decades, research on the molecular regulation of lysosomes has
advanced quickly. It is now recognized that lysosomes play a critical role in fundamental
cellular processes, such as protein secretion, endocytic receptor recycling, energy
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metabolism, and cell signaling.2 In addition, the critical role of the lysosome in autophagy
has important practical implications for developing autophagy inhibitors as cancer
therapeutics. The autophagy-lysosome pathway is intimately associated with the hallmarks
of cancer, such as escaping cell death pathways, evading immune surveillance, and
deregulating metabolism.! Targeting lysosomes therefore has great therapeutic potential in
cancer, because it not only triggers apoptotic and lysosomal cell death pathways but also
inhibits cytoprotective autophagy. Furthermore, lysosomes play an important role in cancer
drug resistance by sequestering cancer drugs in their acidic environment, resulting in a
blunting of the drugs’ effects.® Therefore, the lysosome could be considered an Achilles’
heel of cancer cells.

Lysosomal proteins in cancer

The term /lysosome is derived from the Greek word for digestive body and describes
degradative organelles present in all eukaryotic cells. Lysosomes are surrounded by a lipid
protein membrane and contain different hydrolases. The basic function of lysosomes is to
digest extracellular material that has been internalized by endocytosis and intracellular
components that have been sequestered by autophagy. They recycle the unwanted cellular
material as energy, providing a nutrient source for maintaining cellular homeostasis.
Lysosomes were first discovered in 1955 by Christian de Duve, who later won the Nobel
Prize in Physiology or Medicine for his discovery. Since then, lysosomes have mainly been
considered to be digestive sacs made of a lipoprotein membrane and filled with various
hydrolases for carrying out their basic digestive function. Although its digestive role has
been appreciated for more than 50 years, the lysosome is now increasingly recognized as a
highly advanced organelle with more complex functions. Lysosomes not only receive
extracellular material through the endocytic pathway or intracellular material via autophagy
but also secrete their contents by fusing with the plasma membrane.? It is this two-way
trafficking that makes them highly dynamic in many fundamental cellular processes, such as
cell death, signaling, immunity, and stress responses. Lysosomes contain two classes of
proteins that are essential for their functions: soluble hydrolases and integral lysosomal
membrane proteins. There are over 60 hydrolases that have been identified and
characterized,® which are produced in the endoplasmic reticulum (ER) and are transported to
the Golgi apparatus, where they receive a mannose-6-phosphate tag that targets them for the
lysosome.# Lysosomal hydrolases are also referred to as acid hydrolases because they have
optimal activity at the acidic pH 4-5 in the lysosome. But, in some cases, they can also
function at a neutral pH outside of the lysosomes. For instance, some cathepsins can
function in the cytosol to initiate cell death following lysosomal membrane permeabilization
(LMP).6

The best studied lysosomal hydrolases are the cathepsin proteases, subdivided into three
subgroups on the basis of the active site of amino acids, which confers the catalytic activity:
cysteine cathepsins, serine cathepsins, and aspartic cathepsins. It has been suggested that,
depending on the location of the cathepsins, they can either suppress or promote tumor
growth. Specifically, the cytosolic cathepsins can suppress tumor growth through activation
of the intrinsic apoptotic pathway. In contrast, the extracellular cathepsins can promote
tumor growth through their ability to break down basement membrane and activate other
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protumorigenic proteins.” In fact, cathepsins B, S, and E are all associated with cancer
progression and metastasis in various cancer types.8-10

Though many research groups focus on the luminal lysosomal hydrolases, lysosomal
membrane proteins have been found to have indispensable functions and thus may also have
potential as targets for cancer therapeutics. More than 25 lysosomal membrane proteins have
been identified,! with the most abundant lysosomal membrane proteins being lysosome-
associated membrane protein 1 (LAMP-1) and LAMP-2, which represent 50% of all
membrane proteins of the lysosomal membrane.12 These proteins are essential for lysosomal
biogenesis, lysosomal acidification, transportation of metabolites, as well as chaperone-
mediated autophagy (CMA).11 LAMP-2A functions as a receptor of CMA in the lysosomal
membrane that can be increased by reduced degradation and/or redistribution from the
lysosomal lumen to the lysosomal membrane.13 LAMP-1 has been found on the cell surface
of highly metastatic tumor cells, especially in metastatic colon cancer cells, suggesting a role
for this protein in cell-cell adhesion and migration.14

Another important lysosomal membrane protein is vacuolar H*-ATPase (V-ATPase), a
proton pump that uses the energy from ATP hydrolysis to pump hydrogen ions into the
lumen, thereby creating the acidic pH of lysosomes. It was found that V-ATPase is an
important regulator of endocytotic trafficking and affects the tumor microenvironment by
proton extrusion into the extracellular medium.1® The acid environment favors tissue
damage because of the activation of destructive enzymes in the extracellular matrix. The
application of specific inhibitors of \-ATPase can decrease the acidity of tumors and may
allow the reduction of tumor metastasis and prevent tumor progression.1® A recent study
shows that V-ATPase also functions as a master effector of E2F1-mediated lysosomal
trafficking, mTORCL1 activation, and autophagy in tumor malignancy. These findings
suggest that pharmacological intervention at the level of V-ATPase may be beneficial for the
treatment of metastatic tumors overexpressing E2F1.17

Recently, acid sphingomyelinase (ASM) has emerged as another extensively studied
hydrolase within the lysosome. ASM breaks down the sphingomyelin into the ceramide,
which serves as a substrate for the generation of other sphingolipids, such as sphingomyelin
and sphingosine 1-phosphate (S1P).18 Abnormal sphingolipid metabolism is involved in
many cancers, with either decreased levels of ceramide, which functions as a proapoptotic
lipid, or with increased levels of S1P, which functions as a proliferative lipid.1® As a result,
many investigators have focused their efforts on finding agents that promote ceramide-
mediated cell death.

Advantages of provoking LMP

LMP results in the release of lysosomal enzymes, especially cathepsins, into the cytosol and
can give rise to necroptosis, autophagy, and apoptosis.2? Despite this advanced knowledge of
the consequences of LMP, rigorous methods to track and measure LMP have only recently
been reported.?! LMP is a complex process with different outcomes, depending on the level
of permeabilization. It has been proposed that limited lysosomal enzyme release can result
in lysosomal cell death and apoptosis, whereas extensive lysosomal enzyme release can
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result in necrosis. This necrotic type of cell death and lysosomal cell death are of major
interest in cancer therapy, because cancer cells often acquire mutations in the apoptotic
machinery protecting them from cell death by the classical apoptotic pathways.

Many stimuli can cause the release of cathepsins from the lysosomal lumen into the cytosol,
which could have potential applications for targeting the lysosome in cancer. Among these
stimuli, reactive oxygen species (ROS) may be the most commonly encountered within the
tumor microenvironment and can induce LMP through activation of phospholipases A2,
causing alteration of lysosome membranes by degradation of membrane phospholipids.22
Another important stimulus is sphingomyelin, which can be converted to ceramide and
further to sphingosine by ASM and ceramidase.23 Accumulation of sphingosine, as well as
ceramide, in lysosomes can induce LMP.24

There are numerous methods for quantifying LMP, such as detecting the enzymatic activity
of lysosomal hydrolases in cytosol, visualizing LMP by tracking the imaging of lysosomes
with fluorescent dextran, or, most recently, by monitoring LMP using fluorescent antibody
probes against galcetins. Since LMP is a highly dynamic process and each assay has its own
limitations with some intrinsic technical problems, accurate quantification of LMP is both
biologically and technically challenging. Therefore, in order to obtain reliable results,
carefully selecting an assay and/or using combined complementary methods is critical to
correct interpretation of the results.20.21.25

In contrast, there are some molecules known to protect lysosomal membranes against
permeabilization, such as the heat shock protein 70 (HSP70), LAMP-1, and LAMP-2.26
Among these, HSP70 has attracted the most attention and belongs to the HSP70 family,
which contains both heat-inducible and constitutively expressed proteins. The latter are
called heat-shock cognate (HSC) proteins and include HSC70, which can interact with
LAMP-1 for CMA.27 Here, HSP70 is referred to as a heat-inducible protein, an
evolutionarily conserved chaperone protein, which modulates many lysosomal proteins.
HSP70 is expressed in many tumor types and can specifically bind to bis monoacylglycero
phosphate in the lysosome lumen. This binding activates ASM, which breaks down the lipid
sphingomyelin. It has been suggested that increased ASM activity supports lysosomal
integrity; thus inhibition of ASM in cancer cells would increase lysosomal LMP and lead to
cell death.28 An example of a novel HSP70 inhibitor is the small-molecule 2-
phenylethyenesulfonamide (PES), which inhibits lysosomal function, inhibits autophagy,
and promotes tumor cell death.2

The endosome-lysosome pathway and lysosome formation

The endosome-lysosome pathway can be viewed as the main means of trafficking and
exchanging organelles and membrane components within the cell. Two sources of cell
components via three routes are delivered to lysosomes for degradation. From inside the cell,
intracellular components for lysosomal degradation are delivered to the lysosomes via
autophagy, and from outside the cell, exogenous materials are delivered to the lysosomes via
endocytosis and phagocytosis, which includes processes such as micropinocytosis or LC3-
associated phagocytosis.#30 Structurally, the trafficking vesicles can be categorized as early
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endosomes, with an intraluminal pH of 6.0-6.6; late endosomes, with a more acidic pH of 5;
or lysosomes with the most acidic pH of 4.5. Lysosomes serve as the terminal station for the
endosome-lysosome pathway. The cargo for endocytosis starts with the delivery of cellular
components to the early endosome, where they are sorted. The majority of cargo and
receptors are delivered back to the plasma membrane. In contrast, the cargo destined for
degradation in lysosomes is retained in the early endosome and then converted into a late
endosome, which has a multivesicular appearance, also known as multivesicular bodies, and
finally fuses with a lysosome.31

Lysosome formation involves vesicular trafficking through the entire endolysosomal system
and occurs by the fusion of vesicles from the trans-Golgi and plasma membrane via
endocytosis. Lysosomes receive not only cargo from late endosomes but also new lysosomal
hydrolases and membrane proteins, and growth factors from the trans-Golgi network
(TGN).32 Trafficking between the TGN and endosomes is a highly dynamic process, in
which newly synthesized enzymes are delivered to the endolysosomal compartment from the
TGN, and some of them are returned to the TGN for recycling. Because of the complexity of
the endocytic network, it is difficult to distinguish the lysosomes from other related vesicles,
such as early and late endosomes. Morphologically, the early endosome is shown by electron
microscopy as a central vacuole with multiple tubules, whereas the late endosomes/lysosome
appear as globular vacuoles.33 Biochemically, the early endosome may be identified by a
marker of Rab5, a protein that in humans is encoded by the gene RAB5A. Rab5 localizes to
early endosomes, where it regulates intracellular membrane trafficking and is involved in the
maturation of cell compartments to late endosomes.3* The late endosome may be identified
by a marker of mannose 6-phosphate receptors (M6PRs),3> whereas, the lysosome may be
distinguished from others by an absence of M6PRs and their internal acidity, which is
usually less than pH 5.2 As such, the highly dynamic changes of the compartments of the
endocytic—lysosomal system pose a problem for the development of drugs targeting the
lysosome with high specificity.

Lysosomes and cancer cell death pathways

Cancer cell death can be classified as type | (apoptosis), type 11 (autophagy), or type 111 cell
death (necrosis),which does not involve digestion.36 Lysosomes can play a role in each of
these types of cell death.

Apoptosis is divided into intrinsic and extrinsic pathways. The intrinsic pathway is activated
by permeabilization of the mitochondrial outer membrane and the release of cytochrome ¢
into the cytoplasm, which initiates activation of the caspase cascade, while the extrinsic
apoptotic pathway is initiated by cell death receptors, which leads to activation of the
caspase cascade.3” Caspase activation is regulated by a family of intracellular proteins
known as B cell lymphoma 2 (Bcl-2),which governs mitochondrial outer membrane
permeabilization. Bcl-2 proteins can be either antiapoptotic (e.g., Bcl-2 and Bcl-xL) or
proapoptotic (e.g., Bax and Bid). LMP can contribute to or accelerate apoptosis through
cathepsin cleavage of Bid, which induces Bax-mediated release of cytochrome c.
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Autophagy is another major cell death pathway with dual roles in cancer therapy and is an
evolutionarily conserved process that allows the cell to digest and recycle cellular
components. In the setting of advanced cancers treated with cancer therapeutics, while very
high doses of certain drugs can induce an apoptosis-independent, autophagy-dependent cell
death, in most cases, a secondary death process, such as necrosis, is the ultimate cause of
death. On the other hand, because of its recycling capacity, multiple experiments have
demonstrated that therapy-induced autophagy mainly serves as a tumor survival pathway.
Autophagy can be divided into noncanonical and canonical pathways, with canonical
pathways having three different forms: macroautophagy, microautophagy, and CMA. Both
microautophagy and CMA directly deliver cellular components to the lysosome. In contrast,
macroautophagy delivers unwanted cellular materials to the lysosome through double-
membraned vacuoles, called autophagosomes, which sequester cytoplasmic materials.38
Autophagy was previously regarded as a nonselective process; however, it has been
recognized in recent years that autophagy can also selectively degrade specific cellular
constituents in the lysosome (such as mitochondria), referred to as mitophagy,3 and in the
nucleus, referred to as nucleophagy,*C as well as in damaged lysosomes, a process known as
lysophagy.#! Regardless of the mechanisms underlying different kinds of autophagy and
other endocytic compartments, all endocytic and autophagic pathways ultimately rely on the
lysosome for completing their catabolic functions. Simply put, autophagy is a lysosome-
dependent pathway. This provides a strong argument for targeting the lysosome to inhibit
autophagy.*2

Among cell death pathways, both apoptosis and autophagy are forms of programmed cell
death, which is cell death mediated by a genetically-defined program. In contrast, necrosis
was thought to be a nonprogrammed cellular catastrophe that involved membrane explosion.
Necrosis was thought to be a nonphysiological process that occurs as a result of trauma,
infection, or injury to the cell. A form of programmed necrosis, called necroptosis, has
recently been recognized as an alternate form of programmed cell death, which can serve as
a cell death backup to apoptosis when apoptosis signaling is blocked by endogenous or
exogenous factors, such as viruses or mutations.*3 Most recently, the receptor-interacting
serine/threonine protein kinase 1 (RIPK1) and RIPK3 have been suggested to regulate both
apoptosis and necroptosis, which involves lysosomal function. When caspase activation in
apoptosis is interrupted, RIPK1 and RIPK3 can induce necroptosis through
sphingomyelinase-mediated LMP.#4 In human renal cell carcinoma cells, inhibition of
mTOR with CCI-779 induces autophagy and suppresses RIPKSs, and autophagy inhibition
stimulates RIPK- and ROS-dependent necroptosis /n vitro and suppresses xenograft growth
that may enhance cancer treatment efficacy.*

Lysosomal cell death is referred to as a process involving LMP and leakage of the lysosomal
proteases, namely cathepsins, into the cytosol. Cytosolic cathepsins can initiate caspase-
dependent and/or-independent cell death, as well as necroptosis.2544 The original concept of
lysosomal cell death was defined as necrotic cell death and was first presented in 1974 by
Christian de Duve, who described the lysosomes as “suicide bags” that can cause cell
autolysis upon rupture. Lysosome-mediated autolysis usually occurs in injured cells, such as
those infected with virus or bacteria or those with nutrient depletion. It also occurs when cell
organelles, such as mitochondria and peroxisomes, become old or inactive, leading to release
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of digestive enzymes out of lysosomal membranes in order to digest themselves.*8 However,
recent studies on LMP reveal that this form of cell death functions as more than “suicide
bags” and can have both necrotic and apoptotic features as well as the features of functional
impairment of autophagy.*

Transcriptional regulation of lysosomal biogenesis

The molecular machinery that regulates lysosome formation and biogenesis was thought to
be fully explained by the highly dynamic process of vesicular trafficking from the ER, Golgi
apparatus, endosomes, and lysosomes. However, recent work*8 has demonstrated that
lysosomal biogenesis is fine-tuned at the transcriptional level by a specific gene network
named CLEAR (coordinated lysosomal expression and regulation).® Most recently,
research has shown that transcriptional regulation of lysosome biogenesis and autophagy is
mediated by transcription factors of the MiT/TFE family, which have been shown to
reprogram the metabolism of pancreatic ductal adenocarcinoma (PDA). These findings
demonstrate that the transcriptional activation of the clearance pathways that converge on the
lysosome plays a crucial role in the pathogenesis of PDA.59 Many genes encoding lysosomal
proteins harbor a CLEAR sequence near the transcription start site. This gene network is
coordinated by the transcription factor EB (TFEB), which can enter the nucleus and bind to
the CLEAR elements, inducing gene transcription. TFEB is regarded as a master regulator
of stress responses in the process of lysosomal biogenesis and autophagy,®! and there are
500-800 direct TFEB target genes, many of which involve lysosomal biogenesis and
autophagy.*8 These genes may represent potential targets for drug development in cancer,
either as direct targets or as reporters for assays to identify lysosomal inhibitors (Fig. 1).

Lysosomes promote tumor metastasis via lysosomal changes

Advanced cancer cells are highly dependent on effective lysosomal function. As a result,
cancer progression and metastasis are associated with striking changes in lysosomal
compartments, as compared with normal cells, including lysosome volume, composition,
cellular distribution, and lysosomal enzyme activity.52:53 Most of those changes are closely
correlated with invasive growth, angiogenesis, and drug resistance.>* Since cancer cells
usually exhibit weaker lysosomal membranes as compared to noncancerous cells, they can
be selectively sensitized to cell death.

Drugs targeting the lysosome in cancer

Currently, there are five major categories of agents that target the lysosome in cancer (Table
1). The majority of these agents are still being investigated in the preclinical research
process, except hydroxychloroquine (HCQ), which is widely tested in many clinical trials
combining other anticancer therapies.

Choloroquine derivatives

Chloroquine (CQ), a well-established drug used in the treatment or prevention of malaria, is
a lysosomotropic agent that is presumed to accumulate in, and prevent and/or impair,
endosomal acidification, thereby impairing lysosomal enzymatic function and blocking
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autophagy.®® Little is known about the mechanism of action of CQ derivatives within
lysosomes in mammalian cells. CQ accumulates inside of endosomes and lysosomes;
however, many cancer drugs are weak bases that accumulate in lysosomes without the effect
of autophagy inhibition.56 One explanation for this is that HCQ can displace other combined
drugs from the lysosome to the cytosol or nucleus, improving their intracellular
bioavailability.6 An alternative hypothesis is that there is a protein or nonprotein target of
CQ within the lysosome. There are currently over 40 clinical trials involving HCQ as a
potential autophagy inhibitor worldwide, and the promising results of six trials, five in
humans and one in dogs, were recently published.*2 These studies demonstrated that high
doses of HCQ were required to block autophagy in human tissues, including in tumors.
Some drug combinations involving HCQ were safe enough where relatively high doses of
HCQ could be reached, whereas other combinations produced dose-limiting toxicities such
that dose escalation of HCQ was halted. Therefore, while the safety and feasibility of
autophagy inhibition was clearly established, the required potency for effective autophagy
inhibition is still unknown. The search for more potent autophagy inhibitors has continued.
One example of a more potent CQ derivative that we reported on is Lys05, a novel dimeric
derivative of CQ,%” which has shown to have significant in vivo activity both as a single
agent°8 and in combination with a BRAF (B-Raf proto-oncogene serine/threonine protein
kinase) inhibitor.#2 A number of other more potent novel CQ derivatives or chemical analogs
for cancer have recently been reported, such as EAD1,%° VR23,50 and quinacrine (QN)
analogs.51 EAD1 is a CQ derivative that retained the 4-aminoquinoline subunit of CQ but
incorporated different triazoles into the structure. This compound was tested in human lung
cancer and pancreatic cancer cells and was found to be eightfold more potent than CQ and
HCQ.%° VR 23 is another CQ derivative that was developed using a hybrid pharmacophore
approach. This compound was tested in an /n vitro model of cancer cells and found to cause
massive cell death in a variety of cancer cell types.59 QN is an acridine derivative with a
similar chemical structure to CQ and has a 60-fold higher potency than CQ in autophagy
inhibition but has high cytotoxicity. Newly designed QN analogs have reduced cytotoxicity,
yet strong autophagy inhibition effects; these improved QN analogs may be used as
anticancer agents.51

V-ATPase inhibitors

Most V-ATPase inhibitors are natural compounds of microbial origin, such as cleistanthin A,
manzamine A, archazolid, and bafilomycin Al. Bafilomycin Al is considered to be the
prototypical V-ATPase inhibitor at low nanomolar concentrations and is therefore often used
to block distal autophagic flux in a key autophagic flux assay known as the bafilomycin
clamp. However, caution should be exercised when using bafilomycin, as other mechanisms
of action have now been proposed. Bafilomycin A may target both early and late stages of
the autophagy pathway by activating mammalian target of rapamycin signaling and by
disassociating the Beclin 1-Vps34 complex, as well as by inhibiting the formation of
autolysosomes.52 In addition, bafilomycin A1 induces the binding of Beclin 1 to Bcl-2,
which further inhibits autophagy and promotes apoptotic cell death. Bafilomycin Al also
targets mitochondria and induces caspase-independent apoptosis by inducing the
translocation of apoptosis-inducing factor from mitochondria to the nucleus.®3
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Another well studied inhibitor of \-ATPase is archazolid, a myxobacterial agent. Research
shows that inhibition of V-ATPase by archazolid reduces the activity of proteases such as
cathepsin B /n vitroand in vivo.8* Other inhibitors of V-ATPase include cleistanthin-A,
which is a diphyllin glycoside isolated from a tropical plant and has shown cytotoxicity in
several tumor cell lines.85 Manzamine A was isolated from marine sponges of the genus
Haliclona, which has shown activity against pancreatic cancer cells through inhibition of V-
ATPase and autophagy.%®

ASM modulators

ASM is mainly located within the lysosome, where it cleaves sphingomyelin to ceramide
and sphingosine in the cellular response to stress. Cancer cells show high susceptibility to
ASM targeting, because ASM activity is usually lower in cancer cells than in normal cells,
leading to higher sphingomyelin levels. Further inhibiting ASM activity results in even
higher levels of sphingomyelin, which interferes with the normal function of the lysosomal
membrane.5” An example of ASM modulators are cationic amphiphilic drugs, such as
clorpromazine, CQ, and amiodarone, which can reduce ASM activity by displacing ASM
from vesicular membranes in the lysosome. This elicits LMP and an induction of tumor cell
death.28

Cathepsin inhibitors

Subcellular localization of cathepsins is a crucial factor in determining the role of cathepsins
in cancer. The intercellular release of cathepsins into the extracellular space is of oncogenic
character, which has been associated with tumor progression and metastasis in various
cancer types. As such, cathepsin inhibitors, including the inhibitors of cathepsins D,58 B,59
K,70 E,68 5,71 and L,”2 have been developed for cancer therapy. Although many studies have
indicated that cathepsins would be effective targets for cancer drugs, there are currently no
cathepsin inhibitors that have advanced to clinical trials in cancer. The main focus of
research on the development of cathepsin inhibitors is on osteoporosis’3 and rheumatoid
arthritis.”

HSP70 inhibitors

HSP70 protects lysosomal membrane integrity and promotes tumor cell metastasis,
conferring a survival advantage to cancer cells. Elevated expression of HSP70 is common
and correlates with poor prognosis in many cancers. PES is a recently developed HSP70
modulator,”> which has been shown to have anticancer activities by disrupting protein—
protein interactions between HSP70 and p53. It triggers apoptosis and blocks autophagy at
the level of the lysosome, leading to massive accumulation of autophagosomes with
undigested cargo.’®

Other potential lysosomal targets

The recent discovery of the TFEB, linked to a novel mechanism that controls the lysosomal—
autophagic pathway, suggests that the 500-800 TFEB-regulated genes may include new
targets for drug development in cancer. Most recently, studies have also indicated that
lysosomes may tightly regulate the cell signaling of apoptosis and autophagy through their
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critical roles in the metabolism of iron, heme,”® and calcium.”® As a result, targeting
nonprotein constituents of the lysosome, such as high calcium, iron, and heme content, may
provide another alternative therapeutic strategy for drugs targeting the lysosome in cancer.

Perspective

The emerging role of the lysosome in cancer involves many complex processes of cancer
biology, such as nutrient sensing, cell signaling, cell death, immune responses, and cell
metabolism. The same processes and mechanisms that are used by cancer cells for their
survival can be subverted to sensitize cancer cells to be killed by cancer therapy. What is
currently known about lysosomes is still very limited, and many questions are yet to be
answered. What is the exact role of the hundreds of genes involved in the network of
lysosome hiogenesis and autophagy? What is the exact molecular mechanism of lysosomal
protein trafficking? What are the critical cell signaling modules that control lysosomal
function? How can we effectively analyze the highly dynamic changes within the
endosome-lysosome compartment in response to a variety of stimuli and therapeutic
stresses? To better answer these questions, researchers need to move from gene to genome in
exploring the role of lysosomes within the tumor microenvironment. Systematic and
interdisciplinary approaches, with an emphasis on genomic and postgenomic analysis using
high-throughput techniques such as transcriptomics, proteomics, and metabolomics to
analyze patient-derived tissues, may lead to a deeper understanding of lysosomal variation.
These new approaches may provide effective strategies to develop biomarkers that may
detect a subset of human cancer that is more prone to lysosomal inhibition. Consequently,
these biomarkers could be used to match emerging lysosome-targeted therapies that may be
effective single agents and also to overcome cancer drug resistance.
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Figure 1.
Overview of the lysosomal-autophagy pathway. TFEB regulates both autophagy and

lysosome biogenesis.>1 After LMP, cathepsin initiates both caspase-dependent and -
independent lysosomal cell death, as well as necroptosis.*4 The lysosome is the final
destination of the lysosomal-autophagy pathway, and drugs targeting the lysosome in cancer
not only disable all pathways of autophagy but also block both apoptotic and lysosomal cell
death.%2 Abbreviations: M6pR, mannose 6-phosphate receptor; PLA2, phospholipases A2;
ROS, reactive oxygen species; LMP, lysosomal membrane permeabilization; HSP70, heat
shock protein 70; CMA, chaperone-mediated autophagy; TFEB, transcription factor EB;
PES, 2-phenylethynesulfonamide; LMP-1 and LMP-2, lysosome-associated membrane
protein-1 and -2; ASM, acid sphingomyelinase; CAD, cationic amphiphilic drug.
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Table 1

Examples of drugs targeting the lysosome in cancer

Target Compound Mode of action Clinical potential Reference
End stage of autophagy HCQ Autophagolysosome formation ~ Autophagy inhibition 42,55
Lyso 5 Autophagolysosome formation ~ Autophagy inhibition 57

Vacuolar H*-ATPase

ASM

Lysosomal hydrolases

HPS70

Bafilomycin Al
Archazolid

Cleistanthin A

Manzamine A

Cationic amphiphilic drugs
Pepstatin

CA-074

Z-FF-FMK

Cat S/6n

PES

Deacidification
Deacidification
Deacidification
Deacidification

Modulate ASM metabolism
Inhibition of cathepsin D
Inhibition of cathepsin B
Inhibition of cathepsin L
Inhibition of cathepsin S
ASM metabolism, LMP

H*-ATPase inhibition
H*-ATPase inhibition
H*-ATPase inhibition
H*-ATPase inhibition
ASM modulator

Acid protease inhibitor
Acid protease inhibitor
Acid protease inhibitor
Acid protease inhibitor

ASM modulator
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