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al of degradative enzymes are increasingly becoming an area of interest in the
field of oncology. The changes induced in this compartment upon transformation are numerous and whereas
most are viewed as pro-oncogenic the same processes also render cancer cells susceptible to lysosomal death
pathways. This review will provide an overview of the pro- and anti-oncogenic potential of this compartment
and how these might be exploited for cancer therapy, with special focus on lysosomal death pathways.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Since the discovery of lysosomes by de Duve in 1955[1] this
organelle has been mainly viewed as a final destination for endocytic
cargo and macromolecules destined for breakdown. This view of the
lysosomes as, at best, a garbage disposal unit, and at worst, an
unspecific “suicide bag” has changed dramatically due to recent
discoveries that provide evidence for numerousmore specific tasks for
lysosomes and their contents.

As the main compartment for intracellular degradation and
subsequent recycling of cellular constituents, the lysosomes receive
both hetero- and autophagic cargo, which in the degradative lumen of
this organelle find their final destination. The degradation is carried
out by a number of acid hydrolases (phosphatases, nucleases,
glycosidases, proteases, peptidases, sulfatases, lipases, etc) capable
of digesting all major cellular macromolecules [2]. The best-studied
lysosomal hydrolases are the cathepsin proteases which can be
divided into three sub-groups according to their active site amino acid,
i.e. cysteine (B, C, H, F, K, L, O, S, V,Wand X/Z), aspartate (D and E) and
serine (G) cathepsins [3].

Until recently the function of lysosomes and their cathepsins was
thought to be limited to intralysosomal protein-turnover, and the
degradation of the extracellularmatrixonce secreted. However, during
the past few years many of the cathepsins have been accredited with
more specific functions including roles in bone remodeling, antigen
presentation, epidermal homeostasis, prohormone processing,
maintenance of the central nervous system in mice, angiogenesis,
cell death and cancer cell invasion [4–8]. Importantly, cancer cells
ll rights reserved.
show transformation-induced changes of the lysosomal compartment
which have pro-oncogenic effects when lysosomal hydrolases parti-
cipate in tumor growth, migration, invasion and angiogenesis [9] (Fig.
1). Simultaneously, however, the very same changes in the lysosomal
compartment may sensitize cells to the lysosomal death pathway,
hereby allowing cell death to occur even in cancer cells with multiple
defects in the classical apoptosis signaling pathways [10].

This review will seek to offer a detailed view of how the pro- and
anti-oncogenic potential of this degradative compartment can be
exploited to the benefit of the cancer patient, with emphasis on
lysosomal induced cell death.

2. Lysosomes and cancer cell death

Regulation of overall cell number as well as the amount of cells
constituting the different tissues along with the need for a mechanism
of eliminating unwanted cells is of fundamental importance in
multicellular organisms [11]. Apoptosis is the primary means to this
end, endowing the multicellular organism with the potential to rid
itself of unwanted cells without the leakage of cellular constituents,
thus avoiding the inflammation associated with necrosis, the
conceptual counterpart to programmed cell death. A recurrent
theme in the development of cancers is the development of defects
in the complex pathways controlling programmed cell death [10].
Cancer cells often harbor mutations in pro-apoptotic proteins (e.g.
Bax, Apaf-1 and p53) and can also rely on the overexpression of anti-
apoptotic proteins (e.g. Bcl-2, Bcl-xL, Akt/PKB and inhibitors of
apoptotic proteins) as a means to protect them from cell death. As
such, cancer cells have a number of opportunities to block classical
apoptotic pathways and interfere with efficient caspase activation
[10]. Fortunately several lines of evidence suggest that although
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Fig. 1. Lysosomal involvement in cancer. Lysosomes and their enzymes serve multiple roles in cancer depending on the context. An example is the case of release of cysteine
cathepsins; if released intracellularly they can contribute to the demise of the cancer cell; if released extracellularly they can act pro-oncogenic in breaking down the extracellular
matrix, stimulating angiogenesis and migration. Other roles for lysosomes in cancer include their role as a degradative compartment in the turnover of macromolecules;
downregulation of signaling from receptor tyrosine kinases as e.g. the EGFR as well as being the final station in the autophagic pathway. RTK: Receptor tyrosine kinase, EGFR:
Epidermal growth factor receptor.
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cancer cells may have a block in their normal apoptotic programs, cell
death can still occur through the release of lysosomal enzymes.
Importantly, the lysosomal cell death pathway can be efficiently
triggered by many conventional chemotherapeutic regimens (Table 1
and references herein).

The appreciation of a regulated lysosomal involvement in cell
death began within the past decade where the exclusive role of
caspases as the executioners of cell death was challenged [12–15].

As newly developed caspase-specific pharmacological inhibitors as
well as inactivation of caspase-pathways by different factors [10,16,17]
did not always stop the progression towards death, they revealed, or
even enhanced, a subset of underlying caspase-independent death
programs. These programs include death-receptor initiated pathways
[10,18,19] as well as pathways elicited by cancer drugs, growth-factor
deprivation, staurosporine, Bax-related proteins and the depletion of
Hsp70[16,20–22]. The morphological features of these caspase-
independent death programs are often reminiscent of the ones
observed for classical apoptosis, and experimental support for a role
for other proteases such as cathepsins, calpains and serine proteases as
essential cofactors eitherupstreamordownstreamof caspases is rapidly
growing [14,23–28]. The argument is strengthened by the findings that
many non-caspase proteases are able to cleave at least some of the
classic caspase substrates, which might explain some of the similarities
observed between the caspase-dependent and -independent death
programs [14,27,29,30].

The discovery of lysosomal cell death pathways may have been
additionally delayed, because the lysosomal ultrastructure appears
intact in apoptotic cells analyzed by electron microscopy [31]. Thus,
the lysosomal rupture has until recently been considered as an all-or-
nothing switch during late stages of uncontrolled necrotic cell death
and tissue autolysis [32]. However, newer studies have revealed that
lysosomes with normal ultrastructure may have leaked part of their
enzymes, and that partial lysosomal membrane permeabilization
(LMP) not only occurs early in many death paradigms, but can in fact
trigger apoptosis and apoptosis-like cell death [8,27].

Although one can argue the relevance of such lysosomal death
programs, as they are masked by the efficacy of the caspases, evidence
is gathering for an evolutionarily conserved role for lysosomal
cathepsin proteases in cell death programs initiated as a response to
various stimuli such as death receptors of the tumor necrosis factor
receptor family, hypoxia, oxidative stress, osmotic stress, heat and
anti-cancer drugs [15,31,33–35].

2.1. Evidence for lysosomes as cell death initiators

Evidence for the potential of lysosomes as programmed cell death
initiators come from studies with various compounds that directly
target the integrity of the lysosomal membranes. These have convin-
cingly proven that moderate lysosomal permeabilization can result in
programmed cell death [8,36–40]. A quantitative relationship
between the amount of lysosomal rupture and the mode of cell
death has been suggested to explain the widely different morpholo-
gical outcomes following LMP [41]. According to this model, low stress
intensities trigger a limited release of lysosomal contents to the
cytoplasm followed by apoptosis or apoptosis-like cell death, while
high intensity stresses lead to a generalized lysosomal rupture and
rapid cellular necrosis. Accordingly, low concentrations of sphingo-
sine, an acid ceramidase-generated metabolite of ceramide with
detergent-like properties at low pH, induces partial LMP and caspase-
mediated apoptosis, whereas higher concentrations result in massive
LMP and caspase-independent necrotic cell death. In this model, the
death triggered by partial LMP can be inhibited by pharmacological



Table 1
Lysosomal enzymes involved in cancer cell death

Lysosomal enzyme Cell type Stimulus Reference

Cathepsin B and L Immortalized and transformed murine embryonic fibroblasts TNF-α [32]
MCF-7 human breast cancer Siramesine [94]
HeLa human cervix carcinoma, U-2-OS human osteosarcoma, MCF-7 LEDGF RNAi [22]
MCF-7, MDA-MB-468 human breast cancer Hsp70 antisense [91]
WEHI-S mouse fibrosarcoma cells, ME-180 human cervix carcinoma TNF-α [91]
HeLa, MCF-7 Vincristine, vincristine+siramesine [40]
U937 human leukemia cells and Namalwa B human lymphoma cells Camptothecin [96]
Human non-small cell lung cancer Microtubule stabilizing agents [11]
MCF-7 TNF-α [81]
WEHI-S, ME-180 TNF-α [35]
Rat hepatoma cell line Bile salt [35]

Cathepsin D U937 Etoposide, TNF-α, TRAIL [29]
HeLa TNF-α, IFN-γ, anti-Fas [25]
HL-60 human leukemia Synthetic retinoid CD437 [126]
Jurkat human leukemia T cells Sphingosine [65]
Murine lymphoma cell line Induction of wild-type p53 [127]

Acid sphingomyelinase Human glioma cells Anti-Fas [107]
Human glioma cells γ-radiation [47]
HT-29 Human colorectal cancer TNF-α [21]

Acid ceramidase Ewings sarcoma cells Fenretinide [6]
Human glioma cells γ-radiation [47]

Not identified HeLa L-leucyl-l-leucine methyl ester [20]
1c1c7 murine hepatoma Photodynamic therapy [16]
HeLa Cipro-/Norfloxacin+UV light [10]
Jurkat human leukemia T cells α-tocopherol succinate [89]
Jurkat human leukemia T cells Anti-Fas, oxidative stress, growth factor starvation [15]
Human glioblastoma and gastric cancer Oncogenic Ras expression [19]

748 T. Kirkegaard, M. Jäättelä / Biochimica et Biophysica Acta 1793 (2009) 746–754
inhibitors of cysteine and aspartate cathepsins, and the increase in the
cytosolic cathepsin activity precedes the activation of caspases and
mitochondrial membrane potential changes suggesting a direct role
for cytosolic cathepsins in the death process. Importantly, the role of
LMP and cathepsins in cell death is not limited to the experimental
models employing direct lysosomal disrupters. LMP also participates
in the execution of cell death in response to a wide variety of classic
apoptotic stimuli, such as activation of death receptors of tumor
necrosis factor (TNF) receptor family [23,26,42,43], interleukin-1[44],
p53 activation [45], growth factor starvation [42], microtubule
stabilizing agents [46], etoposide [10,40], sigma-2 receptor activation
[47], synthetic retinoid CD437[48], B cell receptor activation [49,50],
staurosporine [51], osmotic stress [33], as well as small molecules
identified in a screen for novel anti-cancer drugs that induce p53
independent apoptosis [52].

Interestingly, studies employing immortalized murine embryonic
fibroblasts (MEFs) from mice deficient for individual cathepsins have
clearly revealed that different cathepsins are crucial components in
cell death programmes, although their mutual importance varies
depending on the stimulus triggering LMP [53]. Immortalized MEFs
from cathepsin B and L deficient mice, but not from cathepsin D
deficient mice, are e.g. highly resistant to TNF, whereas the opposite
picture emerges when the cells are treated with staurosporine.
Extensive studies on TNF-induced cell death pathways have further
revealed that the role of individual cathepsins in cell death depends
on the cell type studied as exemplified by cathepsin D depletionwhich
effectively protects HeLa cervix cancer cells against TNF- and cisplatin-
induced cytotoxicity [25,54]. This difference does not appear to be due
to general differences between human and murine cells, because
cathepsin B alone or together with other cysteine cathepsins is also
crucial for the effective TNF-induced killing in human cervix (ME-180)
and breast (MCF-7) cancer cell lines [23]. The explanation for this
diversity is as yet unknown, but varying expression levels of individual
cathepsins and their inhibitors in different cell lines could play a role.
Accordingly, the varying ability of different death stimuli to regulate
the expression levels of individual cathepsins or their inhibitors could
explain the difference in response to different stimuli. For example,
adriamycin and etoposide are known to enhance the expression of
cathepsin D via the activation of p53[55]. Alternatively, other signaling
pathways induced by various stimuli may co-operate with specific
cathepsins.

2.2. Signaling to lysosomal membrane permeabilization

Lysosomal membrane permeabilization followed by the release of
lysosomal contents, especially cathepsins, to the cytosol is considered
to be the key activation step of the lysosomal death pathway. However,
aside from the direct membrane-disruptive stimuli described above,
the signaling pathways leading to LMP are only beginning to emerge
(Fig. 2).

One of the best-studied mechanisms is the signaling from the TNF-
receptor 1 although the clarification of this signaling pathway to LMP
has been greatly complicated bywidely different responses in different
target cells.

In summary, TNF can either induce caspase-dependent or
-independent permeabilization of lysosomal membranes depending
on cellular context [23,56,57]. In addition, the TNF-related ligands
FasL, TRAIL and TWEAK have also all been associated with caspase-
independent cell death [18,19,23,43,56,58]. Pharmacological and
genetic studies indicate that the caspase-mediated pathway leading
from TNF to LMP is dependent on caspases-8 and -9, although
activation of caspase-9 differs widely between human and murine
cells [23,59–61]. The link between caspases and LMP is as yet
unknown, and although TNF-induced caspase-8-mediated cleavage
of Bid has been suggested to contribute to LMP, these findings could
not be verified by TNF-induced LMP in Bid-deficient immortalized
MEFs [59,61]. Bid has furthermore been suggested to be a target for
cathepsins in lysosomal death pathways implicating Bid downstream,
rather than upstream, of the LMP, although this role for Bid has been
questioned by work done in a Bid- and cystatin B-deficient mouse
model of progressive myoclonus epilepsy [36,62].

TNF also stimulates sphingomyelin breakdown to phosphorylcho-
line and ceramide by activating neutral sphingomyelinase (SMase) at
the plasma membrane and acid SMase (aSMase) in the lysosomal
compartment [63]. Both events have been implicated in TNF-induced
cell death pathways, but so far only neutral SMase has been connected



Fig. 2. Schematic presentation of lysosomal involvement in cell death signaling. Numerous cytotoxic treatments either directly or indirectly induce permeabilization of the lysosomal
membranes (LMP), resulting in the release of lysosomal content into the cytosol. Here, e.g. lysosomal proteases, the cathepsins, can mediate cell death either in a caspase-
independent manner or by inducing release of apoptogenic factors from the mitochondria followed by caspase activation (please refer to the text for details). Stimuli that induce LMP
are printed in red. Proteins that modulate the lysosomal death pathways are printed in blue.
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to LMP through the factor associated with neutral SMase (FAN)[64].
Studies based on FAN deficient immortalized MEFs as well as human
fibroblasts expressing a dominant negative form of FAN have shown
that FAN does not only mediate TNF-induced ceramide production,
but also contributes to the caspase-8 processing and cell death. Since
the TNF-induced LMP in murine hepatocytes depends on caspase-8,
its reduced processing may explain the reduced LMP in TNF-treated
hepatocytes expressing dominant negative FAN [8,59]. The role of
ceramide and its metabolites can, however, not be ruled out. Their role
in TNF-induced death signaling is supported by the reduced TNF and
Fas-induced hepatotoxicity in mice deficient for aSMase, which is
activated downstream of caspase-8[65,66]. Especially sphingosine
that is generated from ceramide in a reaction catalyzed by the
lysosomal enzyme acid ceramidase is a tempting candidate, as it,
contrary to ceramide, can act as a detergent, directly destabilizing the
lysosomal membrane [67,68]. In addition to increasing the generation
of the sphingosine precursor, ceramide, by activating SMases, TNF
regulates sphingosine levels also by cathepsin B-mediated down-
regulation of sphingosine kinase-1, an enzyme that converts the pro-
apoptotic sphingosine to an anti-apoptotic sphingosine-1-phosphate
[69]. This activity of cathepsin B could result in the accumulation of
sphingosine in the lysosomes and may thus, at least partially, explain
the requirement of cathepsin B for an efficient LMP in TNF-treated
hepatocytes [68].

TNF can also trigger LMP and cell death in the presence of caspase
inhibitors. This pathway is independent of caspase-8, but requires
the death domain-containing receptor interacting protein-1 (RIP-1)
and involves the generation of reactive oxygen species [19,38,70,71]
(T. Farkas and M. Jäättelä, unpublished data). Oxidative stress can,
together with intralysosomal iron, generate oxygen radicals through
a Fenton-type chemistry and thereby may cause oxidation of
lysosomal membrane lipids, resulting in the destabilization of the
membrane and the release of the lysosomal content [72,73]. The
molecular links between RIP-1, oxidative stress and LMP are, however,
still missing.

The induction of cell death by several classic apoptosis inducers
(e.g. p53, etoposide and staurosporine) also involves LMP followed by
cathepsin-dependent mitochondrial membrane permeabilization
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[40,45,51,74]. However, the signaling pathways from these stimuli to
LMP remain to be revealed.

2.3. Crosstalk between lysosomes and mitochondria

The cytotoxic effects of LMP often rely, at least partially, on the
activation of the mitochondrial death pathway (Fig. 2). An elegant
microinjection study has demonstrated that when localized to the
cytosol, a single lysosomal hydrolase, cathepsin D, is sufficient to
trigger the mitochondrial outer membrane permeabilization and
apoptosis in human fibroblasts at cellular doses corresponding to half
of the total cellular cathepsin D activity [75]. Cathepsin D is, however,
not sufficient to trigger cell death in all models involving LMP. Other
well-documented mediators of LMP-triggered cell death include
cysteine cathepsins B and L as well as reactive oxygen species [76].
It should, however, be emphasized that possible roles for other
lysosomal hydrolases, lysosome-derived secondmessengers and LMP-
induced acidification of the cytosol are still open, not least so because
of lack of research focusing on these questions. One of the links
between cathepsins and mitochondrial membrane permeabilization
may be Bid, a pro-apoptotic BH3-only protein of the Bcl-2 family that
can be processed and activated by several cysteine cathepsins at
cytosolic pH [36]. Along these lines, the aspartic Cathepsin D has been
suggested to cleave and activate Bid in the acidic environment of the
endolysosomal compartment following TNF receptor-1 (TNF-R1)
internalization [77,78]. According to this model, the endocytosis of
the ligand-activated TNF-R1 results in acid sphingomyelinase-
mediated generation of ceramide, which then binds to the inactive
cathepsin D and activates it via autocatalytic processing [79].
Cathepsin D may also activate Bax in a Bid-independent manner as
demonstrated in staurosporine-treated T cells [51]. Furthermore, in
fibroblasts treated with ciprofloxacine, LMP triggers mitochondrial
membrane permeabilization through a Bid-independent activation of
Bax and Bak [39]. In this model system the Bax activation is
independent of cathepsin D, but relies instead on reactive oxygen
species. It should be noted that ciprofloxacine-induced mitochondrial
membrane permeabilization is not fully inhibited in cells lacking both
Bax and Bak. The alternative mechanisms connecting LMP to the
mitochondrial membrane permeabilization may include the direct
effects of reactive oxygen species and/or lipid mediators such as
arachidonic acid that can be generated in a cathepsin B-dependent
manner [76].

2.4. Mitochondrion-independent lysosomal death pathways

Importantly, the lethal effects of LMP and cytosolic cathepsins are
not limited to the activation of the intrinsic apoptosis pathway. In small
cell lung cancer cells treated with microtubule stabilizing drugs
(paclitaxel, epothilone B and discodermolide), LMP occurs early in the
death process and cysteine cathepsins mediate micronucleation and
cell death in a caspase-independent manner [46]. In TNF-treated
human carcinoma cell lines LMP occurs downstream of mitochondrial
outer membrane permeabilization [23,26,61]. However, the inhibition
of cysteine cathepsin activity or expression confers significant
protection against TNF-induced cell death without significantly
inhibiting the effector caspase activation. Furthermore, cathepsin B is
responsible for apoptosis-like changes, such as chromatin condensa-
tion, phosphatidylserine exposure and plasmamembrane blebbing, in
the absence of caspase activity in TNF-treated murine WEHI-S
fibrosarcoma cells [23]. Furthermore, the depletion of heat shock
protein 70 (Hsp70) in various human cancer cells [40] as well as
supraoptimal activation of T cells [80] triggers LMP and cathepsin-
mediated apoptosis-like cell death without the activation of the
intrinsic apoptosis pathway. In line with these data, cathepsin B can
induce nuclear apoptosis in isolated nuclei [81]. Thus, cathepsins
appear to carry both the ability to act as initiator- as well as effector
proteases of programmed cell death depending on the stimulus and
the cellular context. Especially their ability to mediate cell death in
cancer cells, where the mitochondrial death pathway is blocked for
example due to overexpression of Bcl-2, raises hopes that treatments
inducing LMP may prove effective in treatment of cancers that are
resistant to inducers of classic apoptosis [22,40]. This idea is further
supported by data showing that immortalization and transformation
can sensitize cells to the lysosomal cell death [8,23,53,82]. One should
be aware though, that the activity of cysteine proteases is not always
positively correlated to cell death. It has, for instance, been shown that
inhibitors of Cathepsin B such as CA-074 and E-64 lead to human
neuroblastoma cell death dependent on caspases [83]. As such, the
present understanding of the roles of cathepsins in programmed cell
death appears to be context- and/or cell type-dependent, which could
be attributed to functional redundancy of the cathepsins. A compli-
mentary explanation for some of the discrepancies observed in the
literature could be the site of action of the cathepsins as these
proteases can act both intracellularly as well as extracellularly—this
distinction becomes particularly important in cancer where cysteine
cathepsins serve distinct pro-oncogenic extracellular roles, but in
which one might also want to exploit their cytotoxic intracellular
capabilities [9,10].

3. Transformation-induced changes in the lysosomal compartment

Transformation of cells leads to a series of changes in the
lysosomal compartment which ultimately lead to increases in
lysosomal volume and total protease activity as well as enhanced
secretion of lysosomal proteases [9,84,85]. Studies on the lysosomal
proteases, the cathepsins, have revealed that transformation induces
marked changes in the trafficking and subcellular localization of the
cathepsins B, D and L [86–90]. These changes in the lysosomal
compartment become pro-oncogenic when the enhanced secretion of
cysteine cathepsins initiate proteolytic pathways that increase
neoplastic progression [9]. Indeed, particularly cathepsin B is recog-
nized as an important contributor to tumor angiogenesis and the
activity of this protease appears to be positively correlated with the
metastatic potential of human pancreatic cancer [85]. However, also
cathepsin S has been implicated in angiogenesis as a recent study on
cathepsin S knockout mice demonstrated that this cathepsin can act
as an enhancer of angiogenesis associated with wound healing in the
skin [91].

Perhaps the most convincing evidence for the involvement of
cathepsins in oncogenesis, however, come from mouse models of
multistage carcinogenesis [92]. In a model of pancreatic islet
tumorigenesis established by D. Hanahan [93], J.A. Joyce and co-
workers profiled cysteine cathepsin expression and activity and found
an elevation of cysteine cathepsin activity during tumor development,
which was important for tumor angiogenesis, cell proliferation, tumor
growth, and tumor invasion [92]. Further work from the group of J.A.
Joyce has elaborated on these findings and defined distinct roles for a
subset of the cysteine cathepsins (B, L and S) in the same model of
multistage tumorigenesis [94]. Based on null-mutations of the
cathepsins B, L, S and C it was shown that deficiency of cathepsins B
or S impaired tumor formation and angiogenesis, whereas cathepsin B
or L knockouts impeded cell proliferation and tumor growth. The
absence of either cathepsin B, L or S impaired tumor invasion.
Interestingly, the inhibition of cysteine cathepsin activity in this model
using a membrane-permeable, pan-cathepsin-inhibitor, JPM-Oet,
impaired angiogenic switching in progenitor lesions, as well as
tumor growth, vascularity, and invasiveness and was later shown
also to enhance chemotherapy regimens [92,95]. This is particularly
interesting as lysosomal proteases, most notably cathepsin B, has also
been implicated in tumor cell death programs (an overview is
provided in Table 1) and is considered a possible chink in the armor
which protects tumor cells against death.
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In this regard, the primarily investigated way by which
transformation-induced changes in the lysosomal compartment may
serve anti-tumorigenic roles is in the context of induction of cell
death. Even though cancer cells may have several blocks in their
normal apoptotic cascades, tumor cell death may still be initiated via
activation of the lysosomal compartment. Particularly during early
stages of tumorigenesis, cancer cells are sensitized to numerous death
stimuli and often undergo spontaneous cell death, possibly due to
activation of oncogenes such as Myc and Ras, which can be sufficient
to trigger cell death on their own or can sensitize the emerging cancer
cells to various cytotoxic drugs or death-receptor activation [96]. In
line with this, it has recently been shown that spontaneous
immortalization sensitizes murine embryonic fibroblasts (MEFs) to a
cysteine cathepsin-mediated lysosomal death pathway [53]. In this
study, the susceptibility of wild-type MEFs to TNF mediated
cytotoxicity increased more than 1000-fold upon immortalization,
whereas immortalized MEFs deficient for cathepsin B retained the
resistant phenotype of primary cells. In this model, the lack of another
cysteine cathepsin, cathepsin L, also provided resistance to the
sensitizing effect of immortalization to TNF, whereas lack of cathepsin
D and caspase-3 had no effect on the TNF-sensitivity of the
immortalized MEFs. Importantly, further oncogene-driven transfor-
mation of the immortalized MEFs was associated with a several-fold
increase in cathepsin expression and additional sensitization to TNF
and chemotherapeutic agents as well as decreased levels of LAMP-1
and –2 [53,128]. Importantly, in human cancer cell models, K-ras and
erbB2 elicit a similar activation of cysteine cathepsins and cathepsin-
dependent downregulation of LAMPs. The sensitization to various
lysosome-destabilizing drugs witnessed in these models most likely
occur as a consequence of the cathepsin-mediated loss of the LAMPs
as RNAi of either LAMP-1 or -2 is sufficient to sensitize the cells to
lysosomal destabilization [53,128].

4. Cancer cell defenses against anti-tumorigenic lysosomal changes

Given the potential fatal outcome of lysosomal membrane per-
meabilization, it is not surprising that cells have developed numerous
strategies to counteract it—either by inhibiting the lysosome mem-
brane permeabilization itself or by protecting cells against the acid
hydrolases leaking to the cytosol as a consequence of lysosomal
rupture. This also holds true for cancer cells whose lysosomal
compartment is particularly prone to destabilizing events [53].

4.1. Intracellular protease inhibitors

In the event of release of lysosomal proteases to the cytosol,
cytosolic protease inhibitors present a bulwark against its deleterious
consequences. When it comes to cancer, the best characterized
intracellular lysosomal protease inhibitors are probably the squamous
cell carcinoma antigens (SCCA) 1 and 2. These are tumor-associated
proteins of squamous cell carcinomas of various organs and have been
classified as serine protease inhibitors (serpin B3 and B4)whose levels
are widely used for the diagnosis and management of diverse
squamous cell carcinomas [97]. SCCA 1 and 2 are capable of inhibiting
a variety of proteases including many of lysosomal origin such as
cathepsins G, S, L and K and their inhibitory functions have been
shown to confer tumor cell death resistance towards different
apoptotic stimuli such as TNF and the activity of IL-2 activated NK-
cells [97,98].

Whereas no endogenous inhibitors of cathepsin D are known,
cysteine cathepsins can also be effectively inhibited by several other
cytosolic protease inhibitors, i.e. cystatin A and B and serine protease
inhibitor 2A (Spi2A) which was recently found to possess potent
inhibitor activity also against several cysteine cathepsins (B, H, K, L
and V) and cathepsin G [99–101]. The importance of these inhibitors
in preventing cell death in physiological and pathological conditions is
demonstrated by cystatin B-deficient mice which display increased
apoptosis of cerebellar granule cells [102]. Moreover, the expression of
Spi2A is induced upon TNF-treatment via the NF-κB pathway, and
effectively inhibits TNF-induced cytosolic cathepsin B activity and cell
death in MEFs [101,103].

Interestingly, it has just been reported that in C. elegans, the
cytosolic serine protease inhibitor (serpin)-6 can protect against both
the induction as well as the lethal effects from lysosomal injury caused
by hypo-osmotic stress as well as a variety of other lysosomal stresses,
demonstrating that protection against LMP is an evolutionarily
conserved mechanism [33].

4.2. PI3K-signalling

Among its many other functions, phosphatidylinositol 3-kinase
(PI3K) has been reported to protect lysosomes against destabilization.
Inhibition of PI3K in human vascular endothelial cells induces the
release of cathepsin B to the cytosol arguing for a rather direct role of
PI3K in preserving lysosomal membrane integrity [44]. Furthermore,
PI3K inhibitors sensitize the cells to the TNF- and interleukin-1-
induced lysosomal death pathways [44]. Thus, PI3K, which is
commonly activated in human cancer cells, may also contribute to
lysosomal stability of tumor cells and thereby increase their cell death
resistance.

4.3. Heat shock protein 70

Whereas the role of PI3K on the stability of tumor cell lysosomes at
this point remains speculative, recent data advocate for a definite role
for Heat shock protein (Hsp) 70 as a guardian of lysosomal integrity.
This work has mainly been done in tumor cells, which also often
demonstrate a localization of Hsp70 on the plasma membrane as well
as in the endolysosomal compartment [40,104–108].

Apart from its anti-apoptotic abilities as a consequence of being a
molecular chaperone, i.e. facilitating protein folding under otherwise
denaturing conditions, Hsp70 is also able to enhance survival of cells
in the face of a wide variety of stimuli including death-inducing
cytokines and classical chemotherapeutic drugs [109–116].

A role for Hsp70 as an essential factor for cancer cell survival was
first presented in a report by Wei et al., in a depletion-study of Hsp70
in cancer cells [117]. This role has since been substantiated in a series
of experiments in which adenoviral antisense-mediated depletion of
Hsp70 triggers a tumor cell-specific lysosomal death program [22,40].
In vivo studies utilizing orthotopic xenografts of glioblastoma and
breast carcinomas as well as sub-cutaneous xenografts of colon-
carcinoma in immunodeficient mice has further demonstrated the
anti-cancer potential of Hsp70 depletion, as the tumors of mice
receiving locoregional application of the adenoviral construct showed
intracellular release of cathepsins, tumor cell death and recruitment of
macrophages [118]. These studies clearly demonstrate the depen-
dence of some tumors upon the presence of Hsp70, although parts of
the observed cytotoxicity probably stem from the ability of the
antisense construct to also target other Hsp70-family members such
as Hsp70-2 [119–121]. Importantly, the cell death induced by the
depletion of Hsp70 was not dependent on caspases, but was
characterized by the release of cathepsins to the cytosol and inhibition
of these provided significant cytoprotection [22,40], which suggests
that parts of the potent cytoprotective effect of Hsp70 are due to
stabilization of lysosomalmembranes. Further evidence for this comes
from studies which show that exogenous Hsp70 effectively inhibits
lysosomal destabilization induced by various stresses [40,61,107] and
that mice deficient for Hsp70 suffer from pancreatitis caused by the
leakage of lysosomal proteases into the cytosol [122].

This cytoprotective mechanism of Hsp70, which many cancer cells
seem to have adapted, i.e. the translocation of Hsp70 to the
endolysosomal compartment [40] may have unfortunate consequences



Fig. 3. Current and theoretical approaches to target and exploit the transformation-induced changes of the lysosomal compartment. During transformation several changes occur in
the lysosomal compartment—amongst these increases in overall cathepsin activity. As lysosomal proteases both serve pro- as well as anti-oncogenic roles during tumor development
via their extra- and intracellular functions, respectively, different approaches can be consideredwhen it comes to target these for anti-cancer therapy. The global inhibition of cysteine
cathepsins in a mouse model of pancreatic cancer has verified the feasibility of an “inhibit-all” approach [92] but in this way the pro-cell death functions of cathepsins are of course
also inhibited. Alternatively, but yet only theoretically, the trafficking or secretion of lysosomes would present an obvious target. In this model, the inhibition of e.g. the secretory
pathway would eliminate the extracellular pro-oncogenic properties of lysosomal proteases while increasing the intracellular amount available for cell death execution. As the
lysosomal compartment furthermore becomes increasingly sensitive to disruptive stimuli upon transformation, thismight render the cancer cells evenmore susceptible to lysosome-
targeting anti-cancer agents such as Siramesine [125]. Additionally, the sheer bulk of “trapped” lysosomes might be enough to provide the amount of lysosomal protease release
necessary for efficient cancer cell death to occur.
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for the cancer cells however. Studies have shown that more than 50% of
tumors show localization of Hsp70 on the plasma membrane surface
[106] —an area which is directly connected with the endolysosomal
compartment via endocytic and secretory events. Whereas the
endolysosomal localized Hsp70 offers cytoprotection, the surface-
exposed Hsp70 can act as a recognition structure for natural killer
(NK)cells, stimulating their proliferation and cytolytic activity [105,123].
As the endolysosomal membranes and plasma membranes are
constantly interchanged, the presence of Hsp70 on the surface of cancer
cells could be an “unfortunate” consequence of two events that promote
tumor progression; the secretion of cathepsins, which promotes
invasion and angiogenesis, and the localization of Hsp70 on the
lysosomal membranes, which prevents accidental release of cysteine
cathepsins to the cytosol and ensuing cell death [92,124]. As such, these
changesmight all be parts of an ancient stress response triggered by the
process of oncogenesis for better and for worse, although this remains
speculative.

Whatever the primary cause of Hsp70 localization to the
lysosomal compartment may be, the molecular mechanism for the
cytoprotection this localization confers has so far remained elu-
sive, but could provide several interesting targets for future cancer
therapy.

5. Perspectives

The study of lysosomal changes in tumour progression and
treatment is still very young, but the recent great advances in this
field promise rapid progress in the near future. In this regard it is
interesting that drug delivery should be very practicable for drugs
targeting the lysosomes, as this compartment can be reached through
the endocytic machinery. Other approaches targeting the lysosomes
could include drugs targeting the already altered lysosomal trafficking
pathways occurring in cancer cells, as this might give rise to
populations of lysosomes even more prone to membrane rupture
(Fig. 3).

Drug screens to identify molecules that induce lysosomal rupture
may also prove effective in finding new compounds that activate the
lysosomal death pathway. Interestingly, in a recent small molecule
library screen, more than 50% of the compounds that induce
significant cell death in p53-null cells trigger LMP and cathepsin-
mediated killing of tumor cells [52]. Importantly, promising anti-
cancer compounds targeting lysosomal integrity are also appearing
such as the sigma-2 receptor ligand Siramesine [47,125].

At this point, the rapid advances in our understanding of cancer-
associated changes in the lysosomes prompt additional investments in
how to best target the pro- and anti-oncogenic potential of this
complex compartment. In this regard, future elucidation of the
molecular mechanisms controlling lysosomal membrane stability
will hopefully present novel targets for cancer therapy.

References

[1] C. De Duve, R. Wattiaux, Functions of lysosomes, Annu. Rev. Physiol. 28 (1966)
435.

[2] D.F. Bainton, The discovery of lysosomes, J. Cell Biol. 91 (1981) 66s.
[3] N.D. Rawlings, A.J. Barrett, MEROPS: the peptidase database, Nucleic Acids Res. 27

(1999) 325.
[4] V. Turk, B. Turk, D. Turk, Lysosomal cysteine proteases: facts and opportunities,

EMBO J. 20 (2001) 4629.
[5] T. Reinheckel, J. Deussing, W. Roth, C. Peters, Towards specific functions of

lysosomal cysteine peptidases: phenotypes of mice deficient for cathepsin B or
cathepsin L, Biol. Chem. 382 (2001) 735.

[6] K.N. Balaji, N. Schaschke, W. Machleidt, M. Catalfamo, P.A. Henkart, Surface
cathepsin B protects cytotoxic lymphocytes from self-destruction after degra-
nulation, J. Exp. Med. 196 (2002) 493.

[7] U. Felbor, B. Kessler, W. Mothes, H.H. Goebel, H.L. Ploegh, R.T. Bronson, B.R. Olsen,
Neuronal loss and brain atrophy in mice lacking cathepsins B and L, Proc. Natl.
Acad. Sci. U. S. A. 99 (2002) 7883.

[8] M.E. Guicciardi, M. Leist, G.J. Gores, Lysosomes in cell death, Oncogene 23 (2004)
2881.

[9] M.M. Mohamed, B.F. Sloane, Cysteine cathepsins: multifunctional enzymes in
cancer, Nat. Rev. Cancer 6 (2006) 764.

[10] M. Jaattela, Multiple cell death pathways as regulators of tumour initiation and
progression, Oncogene 23 (2004) 2746.

[11] J.F. Kerr, A.H. Wyllie, A.R. Currie, Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics, Br. J. Cancer 26 (1972) 239.

[12] M. Leist, M. Jaattela, Four deaths and a funeral: from caspases to alternative
mechanisms, Nat. Rev. Mol. Cell Biol. 2 (2001) 589.

[13] S.H. Kaufmann, M.O. Hengartner, Programmed cell death: alive and well in the
new millennium, Trends Cell Biol. 11 (2001) 526.

[14] D.E. Johnson, Noncaspase proteases in apoptosis, Leukemia 14 (2000) 1695.



753T. Kirkegaard, M. Jäättelä / Biochimica et Biophysica Acta 1793 (2009) 746–754
[15] G. Kroemer, M. Jaattela, Lysosomes and autophagy in cell death control, Nat. Rev.
Cancer 5 (2005) 886.

[16] M. Leist, B. Single, A.F. Castoldi, S. Kuhnle, P. Nicotera, Intracellular adenosine
triphosphate (ATP) concentration: a switch in the decision between apoptosis
and necrosis, J. Exp. Med. 185 (1997) 1481.

[17] M. Leist, B. Single, H. Naumann, E. Fava, B. Simon, S. Kuhnle, P. Nicotera, Inhibition
of mitochondrial ATP generation by nitric oxide switches apoptosis to necrosis,
Exp. Cell Res. 249 (1999) 396.

[18] D. Vercammen, G. Brouckaert, G. Denecker, C.M. Van de, W. Declercq, W. Fiers, P.
Vandenabeele, Dual signaling of the Fas receptor: initiation of both apoptotic and
necrotic cell death pathways, J. Exp. Med. 188 (1998) 919.

[19] N. Holler, R. Zaru, O. Micheau, M. Thome, A. Attinger, S. Valitutti, J.L. Bodmer, P.
Schneider, B. Seed, J. Tschopp, Fas triggers an alternative, caspase-8-independent
cell death pathway using the kinase RIP as effector molecule, Nat. Immunol. 1
(2000) 489.

[20] M. Jaattela, Programmed cell death: many ways for cells to die decently, Ann.
Med. 34 (2002) 480.

[21] J. Xiang, D.T. Chao, S.J. Korsmeyer, BAX-induced cell death may not require
interleukin 1 beta-converting enzyme-like proteases, Proc. Natl. Acad. Sci. U. S. A.
93 (1996) 14559.

[22] J. Nylandsted, M. Rohde, K. Brand, L. Bastholm, F. Elling, M. Jaattela, Selective
depletion of heat shock protein 70 (Hsp70) activates a tumor-specific death
program that is independent of caspases and bypasses Bcl-2, Proc. Natl. Acad. Sci.
U. S. A. 97 (2000) 7871.

[23] L. Foghsgaard, D. Wissing, D. Mauch, U. Lademann, L. Bastholm, M. Boes, F. Elling,
M. Leist, M. Jaattela, Cathepsin B acts as a dominant execution protease in tumor
cell apoptosis induced by tumor necrosis factor, J. Cell Biol. 153 (2001) 999.

[24] L.R. Roberts, P.N. Adjei, G.J. Gores, Cathepsins as effector proteases in hepatocyte
apoptosis, Cell Biochem. Biophys. 30 (1999) 71.

[25] L.P. Deiss, H. Galinka, H. Berissi, O. Cohen, A. Kimchi, Cathepsin D protease
mediates programmed cell death induced by interferon-gamma, Fas/APO-1 and
TNF-alpha, EMBO J. 15 (1996) 3861.

[26] M.E. Guicciardi, J. Deussing, H. Miyoshi, S.F. Bronk, P.A. Svingen, C. Peters, S.H.
Kaufmann, G.J. Gores, Cathepsin B contributes to TNF-alpha-mediated hepato-
cyte apoptosis by promoting mitochondrial release of cytochrome c, J. Clin.
Invest 106 (2000) 1127.

[27] M. Leist, M. Jaattela, Triggering of apoptosis by cathepsins, Cell Death Differ. 8
(2001) 324.

[28] K.K.Wang, Calpain and caspase: can you tell the difference? by kevrin K.W.Wang
vol. 23, pp. 20–26, Trends Neurosci. 23 (2000) 59.

[29] S.A. Susin, E. Daugas, L. Ravagnan, K. Samejima, N. Zamzami, M. Loeffler, P.
Costantini, K.F. Ferri, T. Irinopoulou, M.C. Prevost, G. Brothers, T.W. Mak, J.
Penninger, W.C. Earnshaw, G. Kroemer, Two distinct pathways leading to nuclear
apoptosis, J. Exp. Med. 192 (2000) 571.

[30] N. Joza, S.A. Susin, E. Daugas, W.L. Stanford, S.K. Cho, C.Y. Li, T. Sasaki, A.J. Elia, H.Y.
Cheng, L. Ravagnan, K.F. Ferri, N. Zamzami, A. Wakeham, R. Hakem, H. Yoshida,
Y.Y. Kong, T.W. Mak, J.C. Zuniga-Pflucker, G. Kroemer, J.M. Penninger, Essential
role of the mitochondrial apoptosis-inducing factor in programmed cell death,
Nature 410 (2001) 549.

[31] U.T. Brunk, J. Neuzil, J.W. Eaton, Lysosomal involvement in apoptosis, Redox Rep.
6 (2001) 91.

[32] C. De Duve, Lysosomes revisited, Eur. J. Biochem. 137 (1983) 391.
[33] C.J. Luke, S.C. Pak, Y.S. Askew, T.L. Naviglia, D.J. Askew, S.M. Nobar, A.C. Vetica, O.S.

Long, S.C. Watkins, D.B. Stolz, R.J. Barstead, G.L. Moulder, D. Bromme, G.A.
Silverman, An intracellular serpin regulates necrosis by inhibiting the induction
and sequelae of lysosomal injury, Cell 130 (2007) 1108.

[34] M. Artal-Sanz, C. Samara, P. Syntichaki, N. Tavernarakis, Lysosomal biogenesis
and function is critical for necrotic cell death in Caenorhabditis elegans, J. Cell Biol.
173 (2006) 231.

[35] P. Syntichaki, K. Xu, M. Driscoll, N. Tavernarakis, Specific aspartyl and calpain
proteases are required for neurodegeneration inC. elegans, Nature 419 (2002) 939.

[36] T. Cirman, K. Oresic, G.D. Mazovec, V. Turk, J.C. Reed, R.M. Myers, G.S. Salvesen, B.
Turk, Selective disruption of lysosomes in HeLa cells triggers apoptosis mediated
by cleavage of Bid by multiple papain-like lysosomal cathepsins, J. Biol. Chem.
279 (2004) 3578.

[37] U.T. Brunk, H. Dalen, K. Roberg, H.B. Hellquist, Photo-oxidative disruption of
lysosomal membranes causes apoptosis of cultured human fibroblasts, Free
Radic. Biol. Med. 23 (1997) 616.

[38] F. Antunes, E. Cadenas, U.T. Brunk, Apoptosis induced by exposure to a low
steady-state concentration of H2O2 is a consequence of lysosomal rupture,
Biochem. J. 356 (2001) 549.

[39] P. Boya, K. Andreau, D. Poncet, N. Zamzami, J.L. Perfettini, D. Metivier, D.M. Ojcius,
M. Jaattela, G. Kroemer, Lysosomal membrane permeabilization induces cell
death in a mitochondrion-dependent fashion, J. Exp. Med. 197 (2003) 1323.

[40] J. Nylandsted, M. Gyrd-Hansen, A. Danielewicz, N. Fehrenbacher, U. Lademann,
M. Hoyer-Hansen, E. Weber, G. Multhoff, M. Rohde, M. Jaattela, Heat shock
protein 70 promotes cell survival by inhibiting lysosomal membrane permea-
bilization, J. Exp. Med. 200 (2004) 425.

[41] K. Kagedal, M. Zhao, I. Svensson, U.T. Brunk, Sphingosine-induced apoptosis is
dependent on lysosomal proteases, Biochem. J. 359 (2001) 335.

[42] U.T. Brunk, I. Svensson, Oxidative stress, growth factor starvation and Fas
activationmay all cause apoptosis through lysosomal leak, Redox Rep. 4 (1999) 3.

[43] M. Nakayama, K. Ishidoh, N. Kayagaki, Y. Kojima, N. Yamaguchi, H. Nakano, E.
Kominami, K. Okumura, H. Yagita, Multiple pathways of TWEAK-induced cell
death, J. Immunol. 168 (2002) 734.

[44] L.A. Madge, J.H. Li, J. Choi, J.S. Pober, Inhibition of phosphatidylinositol 3-kinase
sensitizes vascular endothelial cells to cytokine-initiated cathepsin-dependent
apoptosis, J. Biol. Chem. 278 (2003) 21295.

[45] X.M. Yuan, W. Li, H. Dalen, J. Lotem, R. Kama, L. Sachs, U.T. Brunk, Lysosomal
destabilization in p53-induced apoptosis, Proc. Natl. Acad. Sci. U. S. A. 99 (2002)
6286.

[46] L.E. Broker, C. Huisman, S.W. Span, J.A. Rodriguez, F.A. Kruyt, G. Giaccone,
Cathepsin B mediates caspase-independent cell death induced by microtubule
stabilizing agents in non-small cell lung cancer cells, Cancer Res. 64 (2004) 27.

[47] M.S. Ostenfeld, N. Fehrenbacher, M. Hoyer-Hansen, C. Thomsen, T. Farkas, M.
Jaattela, Effective tumor cell death by sigma-2 receptor ligand siramesine
involves lysosomal leakage and oxidative stress, Cancer Res. 65 (2005) 8975.

[48] Y. Zang, R.L. Beard, R.A. Chandraratna, J.X. Kang, Evidence of a lysosomal pathway
for apoptosis induced by the synthetic retinoid CD437 in human leukemia HL-60
cells, Cell Death Differ. 8 (2001) 477.

[49] M. van Eijk, C. de Groot, Germinal center B cell apoptosis requires both caspase
and cathepsin activity, J. Immunol. 163 (1999) 2478.

[50] J. He, Y. Tohyama, K. Yamamoto, M. Kobayashi, Y. Shi, T. Takano, C. Noda, K.
Tohyama, H. Yamamura, Lysosome is a primary organelle in B cell receptor-
mediated apoptosis: an indispensable role of Syk in lysosomal function, Genes
Cells 10 (2005) 23.

[51] N. Bidere, H.K. Lorenzo, S. Carmona, M. Laforge, F. Harper, C. Dumont, A. Senik,
Cathepsin D triggers Bax activation, resulting in selective AIF relocation in T
lymphocytes entering the early commitment phase to apoptosis, J. Biol. Chem.
(2003).

[52] H. Erdal, M. Berndtsson, J. Castro, U. Brunk, M.C. Shoshan, S. Linder, Induction
of lysosomal membrane permeabilization by compounds that activate p53-
independent apoptosis, Proc. Natl. Acad. Sci. U. S. A 102 (2005) 192.

[53] N. Fehrenbacher, M. Gyrd-Hansen, B. Poulsen, U. Felbor, T. Kallunki, M. Boes, E.
Weber, M. Leist, M. Jaattela, Sensitization to the lysosomal cell death pathway
upon immortalization and transformation, Cancer Res. 64 (2004) 5301.

[54] L. Emert-Sedlak, S. Shangary, A. Rabinovitz, M.B. Miranda, S.M. Delach, D.E.
Johnson, Involvement of cathepsin D in chemotherapy-induced cytochrome c
release, caspase activation, and cell death, Mol. Cancer Ther. 4 (2005) 733.

[55] G.S. Wu, P. Saftig, C. Peters, W.S. El Deiry, Potential role for cathepsin D in p53-
dependent tumor suppression and chemosensitivity, Oncogene 16 (1998) 2177.

[56] A. Khwaja, L. Tatton, Resistance to the cytotoxic effects of tumor necrosis factor
alpha can be overcome by inhibition of a FADD/caspase-dependent signaling
pathway, J. Biol. Chem. 274 (1999) 36817.

[57] S. Luschen, S. Ussat, G. Scherer, D. Kabelitz, S. Adam-Klages, Sensitization to death
receptor cytotoxicity by inhibition of fas-associated death domain protein
(FADD)/caspase signaling. Requirement of cell cycle progression, J. Biol. Chem.
275 (2000) 24670.

[58] D. Vercammen, R. Beyaert, G. Denecker, V. Goossens, G. van Loo, W. Declercq, J.
Grooten, W. Fiers, P. Vandenabeele, Inhibition of caspases increases the
sensitivity of L929 cells to necrosis mediated by tumor necrosis factor, J. Exp.
Med. 187 (1998) 1477.

[59] N. Werneburg, M.E. Guicciardi, X.M. Yin, G.J. Gores, TNF-alpha-mediated
lysosomal permeabilization is FAN and caspase 8/Bid dependent, Am. J. Physiol.
Gastrointest. Liver Physiol. 287 (2004) G436–G443.

[60] M.A. McDonnell, D. Wang, S.M. Khan, M.G. Vander Heiden, A. Kelekar, Caspase-9
is activated in a cytochrome c-independent manner early during TNFalpha-
induced apoptosis in murine cells, Cell Death. Differ. 10 (2003) 1005.

[61] M. Gyrd-Hansen, T. Farkas, N. Fehrenbacher, L. Bastholm, M. Hoyer-Hansen, F.
Elling, D. Wallach, R. Flavell, G. Kroemer, J. Nylandsted, M. Jaattela, Apoptosome-
independent activation of the lysosomal cell death pathway by caspase-9, Mol.
Cell Biol. 26 (2006) 7880.

[62] M.K. Houseweart, A. Vilaythong, X.M. Yin, B. Turk, J.L. Noebels, R.M. Myers,
Apoptosis caused by cathepsins does not require Bid signaling in an in vivomodel
of progressive myoclonus epilepsy (EPM1), Cell Death. Differ. 10 (2003) 1329.

[63] K. Wiegmann, S. Schutze, T. Machleidt, D. Witte, M. Kronke, Functional
dichotomy of neutral and acidic sphingomyelinases in tumor necrosis factor
signaling, Cell 78 (1994) 1005.

[64] B. Segui, O. Cuvillier, S. Adam-Klages, V. Garcia, S. Malagarie-Cazenave, S.
Leveque, S. Caspar-Bauguil, J. Coudert, R. Salvayre, M. Kronke, T. Levade,
Involvement of FAN in TNF-induced apoptosis, J. Clin. Invest 108 (2001) 143.

[65] T. Lin, L. Genestier, M.J. Pinkoski, A. Castro, S. Nicholas, R. Mogil, F. Paris, Z. Fuks,
E.H. Schuchman, R.N. Kolesnick, D.R. Green, Role of acidic sphingomyelinase in
Fas/CD95-mediated cell death, J. Biol. Chem. 275 (2000) 8657.

[66] C. Garcia-Ruiz, A. Colell, M. Mari, A. Morales, M. Calvo, C. Enrich, J.C. Fernandez-
Checa, Defective TNF-alpha-mediated hepatocellular apoptosis and liver damage
in acidic sphingomyelinase knockout mice, J. Clin. Invest 111 (2003) 197.

[67] N. Andrieu-Abadie, T. Levade, Sphingomyelin hydrolysis during apoptosis,
Biochim. Biophys. Acta 1585 (2002) 126.

[68] N.W. Werneburg, M.E. Guicciardi, S.F. Bronk, G.J. Gores, Tumor necrosis factor-
alpha-associated lysosomal permeabilization is cathepsin B dependent, Am. J.
Physiol Gastrointest. Liver Physiol 283 (2002) G947–G956.

[69] T.A. Taha, K. Kitatani, J. Bielawski, W. Cho, Y.A. Hannun, L.M. Obeid, TNF induces
the loss of sphingosine kinase-1 by a cathepsin B dependent mechanism, J. Biol.
Chem. 280 (17) (Apr 29 2005) 17196–17202.

[70] K. Yamashita, A. Takahashi, S. Kobayashi, H. Hirata, P.W. Mesner Jr., S.H.
Kaufmann, S. Yonehara, K. Yamamoto, T. Uchiyama, M. Sasada, Caspases mediate
tumor necrosis factor-alpha-induced neutrophil apoptosis and downregulation
of reactive oxygen production, Blood 93 (1999) 674.

[71] A. Cauwels, B. Janssen, A. Waeytens, C. Cuvelier, P. Brouckaert, Caspase inhibition
causes hyperacute tumor necrosis factor-induced shock via oxidative stress and
phospholipase A2, Nat. Immunol. 4 (2003) 387.



754 T. Kirkegaard, M. Jäättelä / Biochimica et Biophysica Acta 1793 (2009) 746–754
[72] Z. Yu, H.L. Persson, J.W. Eaton, U.T. Brunk, Intralysosomal iron: a major
determinant of oxidant-induced cell death, Free Radic. Biol. Med. 34 (2003) 1243.

[73] H.L. Persson, Z. Yu, O. Tirosh, J.W. Eaton, U.T. Brunk, Prevention of oxidant-
induced cell death by lysosomotropic iron chelators, Free Radic. Biol. Med. 34
(2003) 1295.

[74] A.C. Johansson, H. Steen, K. Ollinger, K. Roberg, Cathepsin Dmediates cytochrome
c release and caspase activation in human fibroblast apoptosis induced by
staurosporine, Cell Death. Differ. 10 (2003) 1253.

[75] K. Roberg, K. Kagedal, K. Ollinger, Microinjection of cathepsin d induces caspase-
dependent apoptosis in fibroblasts, Am. J. Pathol. 161 (2002) 89.

[76] M. Jaattela, J. Tschopp, Caspase-independent cell death in T lymphocytes, Nat.
Immunol. 4 (2003) 416.

[77] M. Heinrich, J. Neumeyer, M. Jakob, C. Hallas, V. Tchikov, S. Winoto-Morbach, M.
Wickel, W. Schneider-Brachert, A. Trauzold, A. Hethke, S. Schutze, Cathepsin D
links TNF-induced acid sphingomyelinase to Bid-mediated caspase-9 and-3
activation, Cell Death. Differ. 11 (2004) 550.

[78] W. Schneider-Brachert, V. Tchikov, J. Neumeyer, M. Jakob, S. Winoto-Morbach, J.
Held-Feindt, M. Heinrich, O. Merkel, M. Ehrenschwender, D. Adam, R. Mentlein,
D. Kabelitz, S. Schutze, Compartmentalization of TNF receptor 1 signaling:
internalized TNF receptosomes as death signaling vesicles, Immunity. 21 (2004)
415.

[79] M. Heinrich, M. Wickel, W. Schneider-Brachert, C. Sandberg, J. Gahr, R.
Schwandner, T. Weber, P. Saftig, C. Peters, J. Brunner, M. Kronke, S. Schutze,
Cathepsin D targeted by acid sphingomyelinase-derived ceramide, EMBO J. 18
(1999) 5252.

[80] M.C. Michallet, F. Saltel, M. Flacher, J.P. Revillard, L. Genestier, Cathepsin-
dependent apoptosis triggered by supraoptimal activation of T lymphocytes: a
possible mechanism of high dose tolerance, J. Immunol. 172 (2004) 5405.

[81] K. Vancompernolle, F. Van Herreweghe, G. Pynaert, C.M. Van de, K. De Vos, N.
Totty, A. Sterling, W. Fiers, P. Vandenabeele, J. Grooten, Atractyloside-induced
release of cathepsin B, a protease with caspase-processing activity, FEBS Lett. 438
(1998) 150.

[82] L. Foghsgaard, U. Lademann, D. Wissing, B. Poulsen, M. Jaattela, Cathepsin B
mediates tumor necrosis factor-induced arachidonic acid release in tumor cells,
J. Biol. Chem. 277 (2002) 39499.

[83] R. Castino, D. Pace, M. Demoz, M. Gargiulo, C. Ariatta, E. Raiteri, C. Isidoro,
Lysosomal proteases as potential targets for the induction of apoptotic cell death
in human neuroblastomas, Int. J. Cancer 97 (2002) 775.

[84] J.A. Joyce, D. Hanahan, Multiple roles for cysteine cathepsins in cancer, Cell Cycle
3 (2004) 1516.

[85] C. Tardy, P. Codogno, H. Autefage, T. Levade, N. ndrieu-Abadie, Lysosomes and
lysosomal proteins in cancer cell death (new players of an old struggle), Biochim.
Biophys. Acta 1765 (2006) 101.

[86] H. Rochefort, M. Garcia, M. Glondu, V. Laurent, E. Liaudet, J.M. Rey, P. Roger,
Cathepsin D in breast cancer: mechanisms and clinical applications, a 1999
overview, Clin. Chim. Acta 291 (2000) 157.

[87] Y. Nishimura, M. Sameni, B.F. Sloane, Malignant transformation alters intracellular
trafficking of lysosomal cathepsin D in human breast epithelial cells, Pathol. Oncol.
Res. 4 (1998) 283.

[88] M. Demoz, R. Castino, A. Dragonetti, E. Raiteri, F.M. Baccino, C. Isidoro,
Transformation by oncogenic ras-p21 alters the processing and subcellular
localization of the lysosomal protease cathepsin D, J. Cell Biochem. 73 (1999) 370.

[89] P.D. Donatien, S.L. Diment, R.E. Boissy, S.J. Orlow, Melanosomal and lysosomal
alterations in murine melanocytes following transfection with the v-rasHa
oncogene, Int. J. Cancer 66 (1996) 557.

[90] B.F. Sloane, K. Moin, M. Sameni, L.R. Tait, J. Rozhin, G. Ziegler, Membrane
association of cathepsin B can be induced by transfection of human breast
epithelial cells with c-Ha-ras oncogene, J. Cell Sci. 107 (Pt 2) (1994) 373.

[91] G.P. Shi, G.K. Sukhova,M. Kuzuya, Q. Ye, J. Du, Y. Zhang, J.H. Pan,M.L. Lu, X.W. Cheng,
A. Iguchi, S. Perrey, A.M. Lee, H.A. Chapman, P. Libby, Deficiency of the cysteine
protease cathepsin S impairs microvessel growth, Circ. Res. 92 (2003) 493.

[92] J.A. Joyce, A. Baruch, K. Chehade, N. Meyer-Morse, E. Giraudo, F.Y. Tsai, D.C.
Greenbaum, J.H. Hager, M. Bogyo, D. Hanahan, Cathepsin cysteine proteases are
effectors of invasive growth and angiogenesis during multistage tumorigenesis,
Cancer Cell 5 (2004) 443.

[93] D. Hanahan, Heritable formation of pancreatic beta-cell tumours in transgenic
mice expressing recombinant insulin/simian virus 40 oncogenes, Nature 315
(1985) 115.

[94] V. Gocheva, W. Zeng, D. Ke, D. Klimstra, T. Reinheckel, C. Peters, D. Hanahan, J.A.
Joyce, Distinct roles for cysteine cathepsin genes in multistage tumorigenesis,
Genes Dev. 20 (2006) 543.

[95] K.M. Bell-McGuinn, A.L. Garfall, M. Bogyo, D. Hanahan, J.A. Joyce, Inhibition of
cysteine cathepsin protease activity enhances chemotherapy regimens by
decreasing tumor growth and invasiveness in a mouse model of multistage
cancer, Cancer Res. 67 (2007) 7378.

[96] D. Hanahan, R.A. Weinberg, The hallmarks of cancer, Cell 100 (2000) 57.
[97] Y. Suminami, S. Nawata, H. Kato, Biological role of SCC antigen, Tumour. Biol. 19

(1998) 488.
[98] G.A. Silverman, A.J. Bartuski, S. Cataltepe, E.R. Gornstein, Y. Kamachi, C. Schick, Y.

Uemura, SCCA1 and SCCA2 are proteinase inhibitors that map to the serpin
cluster at 18q21.3, Tumour. Biol. 19 (1998) 480.

[99] M. Abrahamson, M. Alvarez-Fernandez, C.M. Nathanson, Cystatins, Biochem. Soc.
Symp. 70 (2003) 179–199.

[100] B. Turk, V. Turk, D. Turk, Structural and functional aspects of papain-like cysteine
proteinases and their protein inhibitors, Biol. Chem. 378 (1997) 141.

[101] N. Liu, S.M. Raja, F. Zazzeroni, S.S. Metkar, R. Shah, M. Zhang, Y. Wang, D. Bromme,
W.A. Russin, J.C. Lee, M.E. Peter, C.J. Froelich, G. Franzoso, P.G. Ashton-Rickardt,
NF-kappaB protects from the lysosomal pathway of cell death, EMBO J. 22 (2003)
5313.

[102] L.A. Pennacchio, D.M. Bouley, K.M. Higgins, M.P. Scott, J.L. Noebels, R.M. Myers,
Progressive ataxia, myoclonic epilepsy and cerebellar apoptosis in cystatin B-
deficient mice, Nat. Genet. 20 (1998) 251.

[103] N. Liu, Y. Wang, P.G. Ashton-Rickardt, Serine protease inhibitor 2A inhibits
caspase-independent cell death, FEBS Lett. 569 (2004) 49.

[104] B. Farkas, M. Hantschel, M. Magyarlaki, B. Becker, K. Scherer, M. Landthaler, K.
Pfister, M. Gehrmann, C. Gross, A. Mackensen, G. Multhoff, Heat shock protein 70
membrane expression and melanoma-associated marker phenotype in primary
and metastatic melanoma, Melanoma Res. 13 (2003) 147.

[105] G. Multhoff, Activation of natural killer cells by heat shock protein 70, Int. J.
Hyperthermia 18 (2002) 576.

[106] G. Multhoff, Heat shock protein 70 (Hsp70): membrane location, export and
immunological relevance, Methods 43 (2007) 229.

[107] C. Bivik, I. Rosdahl, K. Ollinger, Hsp70 protects against UVB induced apoptosis by
preventing release of cathepsins and cytochrome c in human melanocytes,
Carcinogenesis 28 (2007) 537.

[108] P.T. Doulias, P. Kotoglou, M. Tenopoulou, D. Keramisanou, T. Tzavaras, U. Brunk, D.
Galaris, C. Angelidis, Involvement of heat shock protein-70 in the mechanism of
hydrogen peroxide-induced DNA damage: the role of lysosomes and iron, Free
Radic. Biol. Med. 42 (2007) 567.

[109] M. Jaattela, D. Wissing, P.A. Bauer, G.C. Li, Major heat shock protein hsp70
protects tumor cells from tumor necrosis factor cytotoxicity, EMBO J. 11 (1992)
3507.

[110] J. Jayakumar, K. Suzuki, I.A. Sammut, R.T. Smolenski, M. Khan, N. Latif, H.
Abunasra, B. Murtuza, M. Amrani, M.H. Yacoub, Heat shock protein 70 gene
transfection protects mitochondrial and ventricular function against ischemia-
reperfusion injury, Circulation 104 (2001) I303–I307.

[111] V.L. Gabai, K. Mabuchi, D.D. Mosser, M.Y. Sherman, Hsp72 and stress kinase c-jun
N-terminal kinase regulate the bid-dependent pathway in tumor necrosis factor-
induced apoptosis, Mol. Cell Biol. 22 (2002) 3415.

[112] J. Song, M. Takeda, R.I. Morimoto, Bag1-Hsp70 mediates a physiological stress
signalling pathway that regulates Raf-1/ERK and cell growth, Nat. Cell Biol. 3
(2001) 276.

[113] M. Jaattela, Heat shock proteins as cellular lifeguards, Ann. Med. 31 (1999) 261.
[114] L. Ravagnan, S. Gurbuxani, S.A. Susin, C. Maisse, E. Daugas, N. Zamzami, T. Mak, M.

Jaattela, J.M. Penninger, C. Garrido, G. Kroemer, Heat-shock protein 70
antagonizes apoptosis-inducing factor, Nat. Cell Biol. 3 (2001) 839.

[115] M. Jaattela, D. Wissing, K. Kokholm, T. Kallunki, M. Egeblad, Hsp70 exerts its anti-
apoptotic function downstream of caspase-3-like proteases, EMBO J. 17 (1998)
6124.

[116] G.C. Li, L.G. Li, Y.K. Liu, J.Y. Mak, L.L. Chen, W.M. Lee, Thermal response of rat
fibroblasts stably transfected with the human 70-kDa heat shock protein-
encoding gene, Proc. Natl. Acad. Sci. U. S. A 88 (1991) 1681.

[117] Y.Q. Wei, X. Zhao, Y. Kariya, K. Teshigawara, A. Uchida, Inhibition of proliferation
and induction of apoptosis by abrogation of heat-shock protein (HSP) 70
expression in tumor cells, Cancer Immunol. Immunother. 40 (1995) 73.

[118] J. Nylandsted, W. Wick, U.A. Hirt, K. Brand, M. Rohde, M. Leist, M. Weller, M.
Jaattela, Eradication of glioblastoma, and breast and colon carcinoma xenografts
by Hsp70 depletion, Cancer Res. 62 (2002) 7139.

[119] V.L. Gabai, K.R. Budagova, M.Y. Sherman, Increased expression of the major heat
shock protein Hsp72 in human prostate carcinoma cells is dispensable for their
viability but confers resistance to a variety of anticancer agents, Oncogene 24
(2005) 3328.

[120] M. Rohde, M. Daugaard, M.H. Jensen, K. Helin, J. Nylandsted, M. Jaattela, Members
of the heat-shock protein 70 family promote cancer cell growth by distinct
mechanisms, Genes Dev. 19 (2005) 570.

[121] M. Daugaard, T. Kirkegaard-Sorensen, M.S. Ostenfeld, M. Aaboe, M. Hoyer-
Hansen, T.F. Orntoft, M. Rohde, M. Jaattela, Lens epithelium-derived growth
factor is an Hsp70-2 regulated guardian of lysosomal stability in human cancer,
Cancer Res. 67 (2007) 2559.

[122] J.H. Hwang, J.K. Ryu, Y.B. Yoon, K.H. Lee, Y.S. Park, J.W. Kim, N. Kim, D.H. Lee, J.B.
Jeong, J.S. Seo, Y.T. Kim, Spontaneous activation of pancreas trypsinogen in heat
shock protein 70.1 knock-out mice, Pancreas 31 (2005) 332.

[123] G. Multhoff, L. Mizzen, C.C. Winchester, C.M. Milner, S. Wenk, G. Eissner, H.H.
Kampinga, B. Laumbacher, J. Johnson, Heat shock protein 70 (Hsp70) stimulates
proliferation and cytolytic activity of natural killer cells, Exp. Hematol. 27 (1999)
1627.

[124] M. Gyrd-Hansen, J. Nylandsted, M. Jaattela, Heat shock protein 70 promotes
cancer cell viability by safeguarding lysosomal integrity, Cell Cycle 3 (2004) 1484.

[125] M.S. Ostenfeld, M. Hoyer-Hansen, L. Bastholm, N. Fehrenbacher, O.D. Olsen, L.
Groth-Pedersen, P. Puustinen, T. Kirkegaard-Sorensen, J. Nylandsted, T. Farkas, M.
Jaattela, Anti-cancer agent siramesine is a lysosomotropic detergent that induces
cytoprotective autophagosome accumulation, Autophagy 4 (2008) 487.

[126] Y. Zang, R.L. Beard, R.A. Chandraratna, J.X. Kang, Evidence of a lysosomal pathway
for apoptosis induced by the synthetic retinoid CD437 in human leukemia HL-60
cells, Cell Death Differ. 8 (2001) 477.

[127] G.S. Wu, P. Saftig, C. Peters, W.S. El Deiry, Potential role for cathepsin D in p53-
dependent tumor suppression and chemosensitivity, Oncogene 16 (1998) 2177.

[128] N. Fehrenbacher, L. Bastholm, T. Kirkegaard-Sørensen, B. Rafn, T. Bøttzauw, C.
Nielsen, E. Weber, S. Shirasawa, T. Kallunki, M. Jäättelä, Sensitization to the
lysosomal cell death pathway by oncogene-induced down-regulation of
lysosome-associated membrane proteins 1 and 2. Cancer Res. 68 (16) (Aug 15)
(2008) 6623–6633 (PMID: 18701486).


	Lysosomal involvement in cell death and cancer
	Introduction
	Lysosomes and cancer cell death
	Evidence for lysosomes as cell death initiators
	Signaling to lysosomal membrane permeabilization
	Crosstalk between lysosomes and mitochondria
	Mitochondrion-independent lysosomal death pathways

	Transformation-induced changes in the lysosomal compartment
	Cancer cell defenses against anti-tumorigenic lysosomal changes
	Intracellular protease inhibitors
	PI3K-signalling
	Heat shock protein 70

	Perspectives
	References




