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A major confounding issue in the successful treatment of cancer is the existence of tumor
cell populations that resist therapeutic agents and regimens. While tremendous effort has
gone into understanding the biochemical mechanisms underlying resistance to each
traditional and targeted therapeutic, a broader approach to the problem may emerge
from the recognition that existing anti-cancer agents elicit their cytotoxic effects almost
exclusively through apoptosis. Considering the myriad mechanisms cancer cells employ to
subvert apoptotic death, an attractive alternative approach would leverage programmed
necrotic mechanisms to side-step therapeutic resistance to apoptosis-inducing agents.
Lysosomal cell death (LCD) is a programmed necrotic cell deathmechanism that is engaged
upon the compromise of the limitingmembrane of the lysosome, a process called lysosomal
membrane permeabilization (LMP). The release of lysosomal components into the cytosol
upon LMP triggers biochemical cascades that lead to plasma membrane rupture and
necrotic cell death. Interestingly, the process of cellular transformation appears to render the
limiting lysosomal membranes of tumor cells more fragile than non-transformed cells,
offering a potential therapeutic window for drug development. Here we outline the concepts
of LMP and LCD, and discuss strategies for the development of agents to engage these
processes. Importantly, the potential exists for existing cationic amphiphilic drugs such as
antidepressants, antibiotics, antiarrhythmics, and diuretics to be repurposed to engage
LCD within therapy-resistant tumor cell populations.

Keywords: cancer treatment, therapeutic resistance, therapeutic targeting, therapeutic repurposing, necrosis,
lysosomal cell death, lysosomal membrane permeabilization, cationic amphiphilic drugs
INTRODUCTION

Despite decades of research into its underlying drivers and the development of corresponding
therapeutic agents, cancer remains the second leading cause of death in the United States. Moreover,
worldwide cancer incidence and death rates are predicted to increase by two-thirds over the next two
decades as a result of an expanding and aging population (1). A potential barrier to therapeutic outcomes
concerns the specific cytotoxic mechanism by which anti-cancer agents act. The overwhelming majority
of conventional and targeted cancer therapeutics employed in the clinic today kill tumor cells via
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caspase-dependent apoptosis, characterized by the breakdown of
cellular components and their distribution into apoptotic bodies
that are consumed by phagocytic cells (2). However, suppression of
apoptosis is a hallmark of cancer (3); cancer cells engage a variety of
strategies to subvert apoptotic mechanisms and engage anti-
apoptotic pathways to promote their expansion, therapeutic
resistance, and progression to malignancy. These general
observations underscore the notion that engagement of non-
apoptotic cell death pathways could offer an attractive alternative
to the treatment of tumors that have proven refractory to currently
employed therapeutic agents.

Necrotic cell death, characterized by plasma membrane rupture
(2), has traditionally been considered a non-specific response to
acute cellular stress. However, numerous observations over the last
decade have revealed that cells can respond to stressful conditions
by engaging a variety of pathways that trigger caspase-independent
cell death.While these pathways appear distinct and their associated
cell death mechanisms go by different names [e.g. necroptosis,
ferroptosis, pyroptosis, parthanatos; (4)], their common
underlying characteristic is plasma membrane rupture. Thus, our
understanding of necrosis has expanded with the realization that it
too is a programmed cell death mechanism (5–7). While the
therapeutic potential of the various necrotic pathways for cancer
remains to be fully explored, recent evidence suggests that
engagement of lysosomal cell death (LCD) may offer a
particularly attractive avenue.

Lysosomes canonically participate in the digestion of complex
molecules such as glycoproteins and glycolipids, recycling basic
building blocks such as amino acids and sugars for reuse (8). These
organelles are comprised of a limiting lipid bilayer containing
numerous structural proteins and channels, an internal glycocalyx
lining protecting the limiting membrane from the acidic lysosomal
lumen (9), and endosome-derived intraluminal vesicles (ILVs)
that harbor enzymes, lipids, and cofactors involved in the
highly regulated breakdown of delivered substrates (10, 11).
Simultaneously, lysosomes serve as reservoirs for amino acids and
Ca2+, and engage in nutrient sensing and autophagy (12). However,
one of the more underappreciated functions of lysosomes is their
role in non-apoptotic cell death, where conditions that promote the
breach of the limiting membrane (lysosomal membrane
permeabilization, LMP) triggers cascades of events culminating in
plasma membrane rupture (13, 14). In this mini-review we discuss
LMP and LCD in detail, focusing on agents such as cationic
amphiphilic drugs that promote these processes, and highlighting
the potential for existing FDA-approved therapeutics to be
repurposed for cancer.
LMP AND ITS ROLE IN CANCER

Release of cathepsins into the cytosol upon LMP results in the
cleavage of multiple proteins, triggering a cascade of events
culminating in plasma membrane rupture and LCD (15, 16).
This process is akin to caspase-mediated apoptosis following
compromise of the mitochondrial outer membrane (17).
Interestingly, the degree of lysosomal compromise may dictate
the mechanism of cell death; some evidence suggests that
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extensive LMP can initiate a largely necrotic outcome, while
limited LMP can initiate an apoptotic fate (18, 19). As
discussed below, a variety of external agents can induce LMP,
including lysosomotropic detergents, v-ATPase inhibitors, and
cationic amphiphilic drugs [CADs; (20)]. Moreover, LMP
efficiency may be influenced by an array of internal factors,
including reactive oxygen species (ROS) levels, cytosolic
calcium concentration, and the lipid composition of the
lysosomal limiting membrane (e.g. cholesterol levels), each of
which is commonly dysregulated in cancer (21–23).

Transformation, the process thatmakes normal cells cancerous,
confers marked behavioral changes to the cell, including altered
metabolism, enhanced proliferation, increased invasiveness, and
drug resistance. These changes are accompanied by dramatic
alterations to cellular membranous components, including the
cell surface and organelles (3). Increased lysosomal activity is
essential to meeting the newly acquired growth demands, and
tumor cells often exhibit alterations in lysosomal quantity, volume,
membrane composition, hydrolase activity, and energy expended
on pH maintenance (20, 21). Paradoxically, the transformation-
associated changes critical to efficient tumor cell growth and
invasiveness render the cancer cell limiting lysosome membrane
more unstable, exposing a cancer-specific vulnerability thatmay be
exploited therapeutically (24, 25). Upon LMP, cathepsins activate
various pro-apoptotic proteins including p53, Bid, and TNF (26).
However, LCD appears not to rely on p53 or caspases, but instead
on ROS and Ca2+-dependent calpain proteases (27, 28), providing
support for the hypothesis that an LCD-based therapeutic strategy
may be exploited in the treatment of tumors resistant to apoptosis-
inducing agents.
LMP ASSAYS

Development of LCD-based therapeutic agents requires robust
LMP assays that are sufficiently sensitive to detect low levels or
early stages of lysosomal membrane compromise, and are readily
adaptable to high throughput formats. Several assays are
currently available, each with its strengths and drawbacks.

The LysoTracker probe, available in different colors, accumulates
in acidic organelles such as lysosomes where its fluorescence is
inversely correlated with pH (29). Thus, LysoTracker fluorescence is
diminished as lysosomal pH increases from LMP induction (30),
and quantification across dozens to hundreds of untreated versus
treated cells can uncover the lysosomal impact of tested agents.
However, loss of fluorescence can also reflect the accumulation of
drug in lysosomes (31), making interpretations of untested
compounds challenging.

A more direct method involves the quantification of
fluorescently-tagged dextrans released from lysosomes into the
cytosol upon LMP (32). Dextrans are hydrophilic polysaccharides
that are endocytosed and delivered to lysosomes following their
addition to media of cultured cells. Release of luminal dextrans
through lysosomal pores alters fluorescence distribution from a
highly punctate to a more diffuse pattern (32, 33). A strength of
this method is a range of dextran sizes (10 to 250 kDa) may be
employed to estimate the magnitude of drug-induced pores within
December 2020 | Volume 10 | Article 605361
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the membrane (33). A weakness is the dimming of puncta can be
difficult to discern at low levels of LMP. However, it has been
reported that loss of signal by flow cytometry allows quantification
of LMP (34), useful for comparisons across drug candidates.

A similar approach involves the release of cathepsin proteases
into the cytosol following LMP. Lysosomal resident cathepsins
are canonically involved in the breakdown of proteins, however
their cleavage of cytosolic proteins upon LMP is capable of
initiating cell death pathways (35). Microscopic analysis of
fixed cells with cathepsin antibodies reveals that staining
evolves from a highly punctate pattern to a more diffuse
pattern with increasing LMP (15). A notable strength of this
method is that it can be applied to formalin-fixed, paraffin-
embedded tissue samples to assess LMP patient samples and
animal models. A variation on this theme assesses cytosolic
cathepsin enzyme activity of lysed cells to quantify LMP (32).

Finally, the galectin assay sidesteps issues surrounding the
subtle dimming of lysosomal puncta upon LMP, characteristic of
the dextran and cathepsin assays, by inverting the strategy to assess
increased lysosomal puncta in response to LMP. Galectins are a
family of cytosolic and secreted lectins that bind to b-galactoside
sugars. Upon LMP, cytosolic lectins diffuse through lysosomal
pores and bind to the glycocalyx lining of the inner leaflet of the
limiting lysosomal membrane (36); thus, staining offixed cells with
galectin antibodies reveals a more robust punctate pattern after
cellular exposure to LMP-inducing agents (32). Galectin
abundance in most cells and its immediate translocation to
lysosomes make this the most sensitive of LMP assays (37).
Moreover, this approach may be coupled with dextran or other
lysosomal markers to facilitate high-throughput screening (33).
LMP-INDUCING AGENTS

In general, three classes of drugs have been demonstrated to induce
LMP to provoke lysosomal cell death. The physicochemical
properties of lysosomotropic detergents, consisting of a weak
base moiety attached to a lipophilic tail, allow these agents to
partially permeabilize the limiting lysosomal membrane (38). Their
selective accumulation in acidic compartments coupled with the
elevated fragility of cancer cell lysosomes relative to non-
transformed cells make this class of molecules attractive
candidates for the development of novel anti-cancer therapeutics
(39). O‐methyl‐serine dodecylamine hydrochloride (MSDH), a
synthetic detergent under analysis as a potential anticancer
therapy, appears to be endocytosed in an inert vesicular form by
cells at neutral pH and reconfigures to a toxic micellar form at
lysosomal pH (40), suggesting a mechanism by which MSDH may
specifically act toward lysosomal membranes and not other
membranous structures such as the plasma membrane. L-leucyl-
leucine methyl ester (LLOMe), a lysosomotropic agent that
provokes the death of cancer cells, also exhibits considerable
toxicity toward primary cells (41), highlighting the need for
further research into the mechanisms and cell type selectivities of
these agents as cancer treatments. Additionally, lysosomotropic
detergents have been explored as potential vehicles for directly
delivering drugs to lysosomes to induce a more targeted effect (42).
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v-ATPase inhibitors block the ATP-dependent proton pump
involved in maintaining the cellular pH of lysosomes (20). While
inhibition of proton transporters, such as Na+/H+ exchanger
isoform 1 (NHE1), monocarboxylate transporters (MCTs), and
carbonic anhydrases (CAs), have been explored in the context of
cancer because of dysregulated cytosolic and extracellular hydrogen
ion concentrations associated with tumor metabolism (43), a
v-ATPase inhibition anti-cancer strategy specifically focuses on
disrupting lysosomal pH to provoke LMP. For instance,
Bafilomycin A1, a macrolide antibiotic that targets v-ATPase, has
exhibited some promise as an antitumor agent (44). Bafilomycin A1
mechanism of action involves the elevation of lysosomal pH and
release of cathepsins into the cytoplasm, and has the potential to
subvert therapeutic resistance (45). Interestingly, omeprazole, a
gastritis and duodenal ulcer treatment targeting the H+/K+-
ATPase of parietal cells through pH modification, has exhibited
effectiveness in pancreatic cancer cells by eliciting alterations in
lysosomal lipidmetabolism to trigger cell death (46). Together, these
observations underscore the potential of pH manipulation in the
development of novel lysosome-acting therapeutics.

The chemical structure characteristic of CADs, a weak base
moiety attached to a hydrophobic region (47), ensure that these
molecules accumulate in lysosomes. At neutral pH, the hydrophobic
portion permits diffusion across membranes, while at lower pH the
base becomes protonated and the charged molecule becomes
trapped within the lysosomal lumen (31). CADs are found among
a wide variety of drug classes, including antidepressants,
neuroleptics, cardiac antiarrhythmics, and tranquilizers (48).
Mechanistically, lysosomally trapped CADs are thought to inhibit
ILV-localized hydrolytic enzymes to suppress the breakdown of
complex lipids (49), which in turn accumulate to levels that
compromise lysosomal limiting membrane integrity. For example,
siramesine, originally developed as a potential antidepressant,
selectively kills cultured cancer cells by inhibiting the lysosomal
sphingolipid catabolic enzyme acid sphingomyelinase (ASM) (50–
52). Likewise, antihistamines such as loratadine and ebastine exhibit
similar efficacy in killing cancer cells through lysosomal membrane
destabilization, and epidemiologic evidence points to their
effectiveness in reduced cancer mortalities when delivered in
conjunction with chemotherapy (53). Accumulating observations
suggest that CAD mechanism of action may be particularly well
suited to inducing the non-apoptotic death of cancer cells.
DRUG-INDUCED PHOSPHOLIPIDOSIS AS
AN ANTICANCER STRATEGY

Phospholipidosis results from the excessive accumulation of
phospholipids within cells upon CAD treatment (47). As CAD
action inhibits breakdown of complex lipids delivered to the
lysosome (31, 49), lipid substrates accumulate to form
multilamellar bodies reminiscent of membranous cytoplasmic
bodies found in lysosomal storage diseases (LSDs) such as Tay-
Sachs disease and GM2 gangliosidoses (54). LSDs encompass over
70 very rare genetic diseases that arise from deleterious mutations in
genes responsible for lysosomal function and homeostasis (55).
While these diseases have dire human health consequences (55),
December 2020 | Volume 10 | Article 605361
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often leading to death within the second or third decade, harnessing
the ability of drugs to induce a transient but acutely lipidotic state to
specifically kill cancer cells offers tremendous therapeutic potential
for tumors refractory to other treatment options. It is important to
note that clinical studies suggest CAD-induced phospholipidosis in
normal tissues is reversible with drug withdrawal (54), so adverse
side effects may be rapidly ameliorated.

The primary consideration in cancer therapeutic development is
the ability of drug to reach its tumor tissue and molecular target at
sufficient concentrations to elicit a pharmacologic effect, while
minimizing the impact at normal tissues. Certainly, the intrinsic
ability of CADs to concentrate in lysosomes, the site of their
molecular target, facilitates efficacy, and the abundance and
lability of transformed cell lysosomes relative to those of normal
cells minimizes off-target concerns. At the same time, CADs tend to
accumulate within tumors relative to normal tissue because of their
lower cytosolic pH and the lower difference between cytosolic and
lysosomal pH (56, 57). On the other hand, CADs also distribute
efficiently to tissue types rich in lysosomes, including lung, liver, and
kidney (56), suggesting these sites may be most susceptible to CAD-
induced side effects.

Siramesine and hexamethylene amiloride (HMA) are examples
of CADs that illustrate the potential of the phospholipidosis
induction strategy in cancer therapy. As mentioned above,
siramesine specifically targets a variety of cancer cell lines
through ASM inhibition (50, 51), and its mechanism of action
appears to involve inhibition of ASM binding to and activation by
the acidic lysosome-specific lipid bis(monoacylglycero)phosphate
(BMP) within ILVs (51). Lysosomal accumulation of ASM
substrates upon drug treatment may contribute to membrane
destabilization and LMP. Interestingly, altered sphingomyelin
metabolism common to tumors may further sensitize cells to
siramesine, and evidence has been presented that siramesine can
reverse drug resistance to confer tumor cell sensitivity to
conventional chemotherapeutics (51), underscoring the potential
of this drug as a repurposed anticancer therapeutic. HMA, a
derivative of the diuretic amiloride that has been used clinically for
over 50 years, is cytotoxic toward breast cancer cells independent
of tumor subtype or species, while exhibiting marginal impact on
non-transformed cells from a variety of tissues (58). Notably,
HMA cytotoxicity contrasts with that of conventional
chemotherapeutics in that it kills tumor cells trapped in G1
phase of the cell cycle, suggesting that poorly proliferative tumor
cell populations resistant to traditional chemotherapeutics are
susceptible to CADs. Mechanistically, HMA induces the
formation of multilamellar bodies in lysosomes of treated tumor
cells upon very short (1–3 h) exposure, and triggers a caspase-
independent and cathepsin-, Ca2+- and ROS-dependent cell death
mechanism within 24 hours (58). Further studies assessing HMA-
induced lysosomal lipid metabolism are warranted.
NON-CAD INDUCTION OF LCD

Though CADs offer a straightforward approach to engaging
LCD to combat cancer, other agents and strategies also show
significant promise. In addition to the membrane-permeabilizing
Frontiers in Oncology | www.frontiersin.org 4
lysosomotropic detergents and pH modifying v-ATPase
inhibitors discussed above, agents that interfere with lysosomal
iron disposition are also attractive candidate LCD inducers. As a
primary store of cellular iron, acute dysregulation of lysosomal
iron homeostasis triggers the ferroptosis cell death mechanism
(4, 59, 60). Salinomycin, an antimicrobial used to treat
coccidiosis, and its derivative ironomycin have exhibited anti-
cancer effects, notably toward cancer stem cells (61, 62). Their
mechanism of action appears to involve the sequestration of iron
within the lysosome, leading to the production of high levels of
ROS that destabilize the limiting membrane, induce LMP, and
ultimately necrotic cell death (63).
CONCLUSIONS

Lysosomes are powerful organelles that maintain steady-state
levels of a variety of cellular metabolites by mediating their
breakdown upon delivery. Acute disruption of these homeostatic
processes can lead to LMP, which ultimately engages LCD
programmed necrotic cell death. Figure 1 summarizes the
biological and chemical factors implicated in triggering LMP,
highlighting the therapeutic potential of repurposed CADs,
v-ATPase inhibitors, lysosomotropic detergents, and
ferroptosis inducers. Although underappreciated in the cancer
therapeutics field, accumulating studies point to exploitation of
this mechanism for tremendous potential in targeting apoptosis-
resistant tumor cell subpopulations. Advantages include the
selective action of LCD inducers toward tumor versus non-
transformed cells, minimizing side effects, and the ability of
LCD inducers to trigger death in quiescent cell populations
resistant to conventional chemotherapeutics.

A significant consideration in cancer therapeutic development
concerns the effective integration of a novel drug with existing
treatment paradigms. A popular approach is to incorporate the
newly developed drug into current standard-of-care treatment
protocols, with the hope of realizing synergistic efficacies with
added agents. Such an approach could prove particularly effective
with LMP-inducing agents. It has been suggested that lysosomes
contribute to drug resistance by sequestering chemotherapeutics
(doxorubicin, mitoxantrone, sunitinib, etc.), decreasing their
availability and effective concentrations at target sites (64); thus,
the abrupt release of stored chemotherapeutics into the cytosol
after CAD treatment could allow for a potent one-two punch (65).
On the other hand, doubling up on therapeutic agents runs the
risk of developing synergistic toxicities and unwanted off-target
effects. Given that LCD-inducing agents uniquely target quiescent
and apoptosis- and therapy-resistant cell populations, a more
fruitful strategy may involve delivery of such agents following
standard-of-care treatment to eradicate remaining tumor cells and
minimize chances for recurrence.

Going forward, LMP screens will identify novel agents that
might be developed into more effective anti-cancer therapeutics.
This is somewhat ironic in that the phospholipidosis side effect of
CADs has been known for decades, and many investigators omit
compounds from screens for drugs for other disease states whose
structures might provoke such a phenotype. Deeper analysis will
December 2020 | Volume 10 | Article 605361
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uncover the specific mechanisms by which CADs act. In this
regard, it is important to note that different CADs exhibit
somewhat different phenotypes and cytotoxic parameters, not
surprising given that the phenotypes of lysosomal storage
diseases can differ substantially. It is likely that different CADs
preferentially target different enzymes of lysosome metabolism.
As the molecular targets of CADs are uncovered and their
structures elucidated, rational drug design approaches may be
utilized to develop inhibitors; conferring CAD characteristics to
lysosomal enzyme inhibitors of moderate efficiency could
markedly enhance their potency in cells by promoting their
lysosomal accumulation. These approaches will likely take years
to decades to fully unfold. In the meantime, efforts to repurpose
roughly six dozen existing clinically-employed CADmolecules to
Frontiers in Oncology | www.frontiersin.org 5
anti-cancer purposes could give us a substantial leg up on the
LCD approach.
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FIGURE 1 | LMP agents and biological factors that induce lysosomal rupture and cell death. The limiting lysosomal membrane employs various glycoproteins, NPC1/2 and
LAMP1/2, and a characteristic lipid composition to maintain its functional integrity as a barrier with the cytosol. Internally, ILVs delivered from endosomes via vesicles bind to and
activate lysosomal hydrolases responsible for the metabolic breakdown of delivered glycolipids to maintain cellular steady-state levels. CADs such as siramesine and HMA
compromise this metabolic pathway, likely by interfering with the activation of enzymes such as ASM by ILV-localized acidic lipids such as BMP. The resulting accumulation of
glycolipid substrates such as SM leads to limiting membrane destabilization, LMP and cathepsin release, and ultimately cell death. By suppressing proton import, v-ATPase
inhibitors similarly suppress lysosomal hydrolase function by elevating luminal pH beyond the optimum for catalytic activity. Lysosomotropic detergents directly disrupt the limiting
membrane by partially solubilizing lipid components, and ferroptosis inducers such as salinomycin sequester iron in lysosomes to promote ROS accumulation and limiting
membrane destabilization through lipid oxidation. Internally-produced ROS frommitochondria can also contribute to limiting membrane destabilization, as can the release of Ca2+

from intracellular stores such as the ER to activate calpains. Abbreviations: ASM, acid sphingomyelin; BMP, bis(monoacylglycero)phosphate; CADs, cationic amphiphilic drugs;
Cer, ceramides; Chol, cholesterol; ER, endoplasmic reticulum; HSP70, heat shock protein 70; HMA, hexamethylene amiloride; ILV, intraluminal vesicle; LAMP1/2, lysosomal-
associated membrane protein 1/2; LCD, lysosomal cell death; LMP, lysosomal membrane permeabilization; lyso-PC, lysophosphatidylcholine; NPC1/2, Niemann-Pick disease
1/2; PC, phosphatidylcholine; PLA2, phospholipase 2; ROS, reactive oxygen species; SAP, saposins; SM, sphingomyelins. Illustration created using Biorender.
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