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ABSTRACT
Lysosomes are acidic organelles that are critically involved in a number of
physiological processes, including macromolecule degradation, endocytosis,
autophagy, exocytosis and cholesterol homeostasis. Several pathological conditions,
such as cancer, neurodegenerative disorders and lysosomal storage diseases, involve
lysosomal disturbances, indicating the importance of the organelle for correct
cellular function. The aim of this thesis was to investigate the role of lysosomes in
cell death signaling.
Previous studies have shown that permeabilization of the lysosomal membrane and
release of hydrolytic enzymes such as cathepsin D to the cytosol occurs during
apoptosis. We identified Bid and 14-3-3 proteins as cytosolic targets of
cathepsin D in human fibroblasts. Truncated Bid, generated by cathepsin D
proteolytic cleavage, stimulates Bax-mediated release of pro-apoptotic factors from
the mitochondria, thereby engaging the intrinsic pathway to apoptosis.
Since the presence of cathepsins in the cytosol is sufficient to induce apoptosis, the
permeability of the lysosomal membrane influences the fate of the cell. In this
thesis, we demonstrated that the stability of the lysosomal membrane can be
manipulated by altering the lysosomal cholesterol content. Cells with high
lysosomal cholesterol content were less prone to undergo apoptosis when
challenged with stimuli known to induce lysosome-mediated cell death. In
addition, cholesterol accumulation was associated with increased expression of
lysosome-associated membrane proteins and storage of other lipids; however, these
factors did not contribute to lysosomal stabilization.
Lysosomal membrane permeabilization and cathepsins contribute to ultraviolet
(UV) irradiation-induced apoptosis. We demonstrate plasma membrane damage
induced by UVA irradiation to be rapidly repaired by lysosomal exocytosis in
human keratinocytes. Despite efficient plasma membrane resealing, the cells

underwent apoptosis, which was dependent on early activation of caspase-8. The
activation of caspase-8 was lysosome-dependent and occurred in vesicles positive
for lysosomal markers.
This thesis demonstrates the importance of lysosomal stability for apoptosis
regulation and that this stability can be influenced by drug intervention.
Modulation of the lysosomal membrane permeability may have potential for use as
a therapeutic strategy in conditions associated with accelerated or repressed
apoptosis.

SAMMANFATTNING
Varje dygn bildas mer än tusen miljarder nya celler i en människokropp, och lika
många celler dör. Celldöd som sker enligt ett förbestämt program kallas apoptos,
eller programmerad celldöd. Om obalans mellan cellbildning och celldöd uppstår
kan det bidra till allvarliga sjukdomar. Vid cancer sker för lite celldöd och skadade
celler tillåts överleva. Neurodegenerativa sjukdomar, som till exempel Alzheimers
sjukdom, orsakas istället av en alltför omfattande nervcellsdöd. Lysosomer fungerar
normalt som cellens motsvarighet till återvinningsstationer där cellkomponenter
bryts ned till sina beståndsdelar som kan återanvändas av cellen. Denna avhandling
syftar till att undersöka lysosomernas roll vid celldöd.
Lysosomer innehåller många enzymer, däribland cathepsiner. Normallt befinner sig
cathepsinerna inuti lysosomen och skiljs från resten av cellen av ett skyddande
hölje, lysosommembranet. Vid apoptos går lysosomens membran sönder och
cathepsinerna läcker ut och påverkar övriga delar av cellen. Denna avhandling visar
att cathepsin D bidrar till celldöd genom att aktivera proteinet Bid. Eftersom
läckage av cathepsiner från lysosomen är tillräckligt för att en cell ska dö är det
viktigt att lysosommembranets genomsläpplighet regleras noga. Det är dock till stor
del oklart vilka faktorer som påverkar membranet och hur. Avhandlingen visar att
kolesterol är en sådan faktor. Ett högt kolesterolinnehåll i lysosommmebranet gör
det mindre genomsläppligt och bidrar till att cellen blir mer motståndskraftig mot
celldöd.
När vi är ute i solsken träffas vår hud av ultraviolett strålning som skadar cellens
yttre hölje. Reparation av denna skada är viktig för cellens överlevnad och vi visar
att lagningen sker med hjälp av lysosomer. Våra resultat visar att trots att lagningen
är effektiv kommer vissa celler att dö på grund av skador orsakade av strålningen.
Denna celldöd är viktig för att förhindra uppkomsten av hudcancer.

Genom att studera hur apoptos regleras och kartlägga orsakerna till felreglerad
celldöd kan man utveckla nya sätt att behandla sjukdomar som har ett samband
med ökad eller minskad celldöd.
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3-MA

3-methyladenine

DD

death domain

25-HC

25-hydroxycholesterol

DED

death effector domain

ACAT

acyl CoA:cholesterol
acyltransferase

DISC

death-inducing signaling
complex

AIF

apoptosis inducing factor

DMSO

dimethyl sulfoxide

AO

acridine orange

EEA1

early endosomal antigen 1

Apaf-1

apoptosis protein activating
factor-1

ER

endoplasmic reticulum

FADD

Fas associated death domain

aSMase

acid sphingomyelinase

FC

free cholesterol

BCECF

2',7'-bis-(2-carboxyethyl)-5(and-6)-carboxyfluorescein

GAPDH

glyceraldehyde-3-phosphate
dehydrogenase

BH

Bcl-2 homology

Hsp

heat shock protein

BMP

bis(monoacylglycero)phosphate

IAP

inhibitor of apoptosis

CAD

cationic amphiphilic drug

ILV

intraluminal vesicle

CARD

caspase activation and
recruitment domain

LAMP

lysosome-associated
membrane protein

CE

cholesterol ester

LDH

lactate dehydrogenase

CHO

Chinese hamster ovary

LDL

low density lipoprotein

CLEAR

coordinated lysosomal
expression and regulation

LMP

lysosomal membrane
permeabilization

DAPI

4’,6-diamidino-2phenylindole

M6P

mannose-6-phosphate

MβCD

methyl-β-cyclodextrin
15

MEF

mouse embryonic fibroblast

STS

staurosporine

MOMP

mitochondrial outer
membrane permeabilization

Syt VII

synaptotagmin VII

TFEB

transcription factor EB

TGN

trans-Golgi network

TNF

tumor necrosis factor

TRADD

TNF receptor 1-associated
death domain

TRAIL

TNF-related apoptosisinducing ligand

tBid

truncated Bid

UV

ultraviolet

wt

wild type

XIAP

X-linked inhibitor of
apoptosis

MSDH

O-methyl-serine
dodecylamine hydrochloride

MTT

3-(4,5-dimethylthiazol-2-yl),5-diphenyltetrazolium
bromide

NAG

N-acetyl-β-glucosaminidase

NPC

Niemann-Pick disease type C

Pep A

pepstatin A

PLA2

phospholipase A2

ROS

reactive oxygen species

SNARE

soluble N-ethylmaleimidesensitive factor attachment
protein receptors

16

INTRODUCTION

INTRODUCTION
APOPTOSIS
Programmed cell death, or apoptosis, is a fundamental process that is evolutionary
conserved. Apoptosis is essential for normal development because it removes
unnecessary or excessive cells during tissue formation, but it is also important later
in life for the precise regulation of cell numbers to maintain tissue homeostasis
(Penaloza et al., 2006). In addition, cell death is also crucial as a defense
mechanism to remove damaged or potentially dangerous cells, such as malignant
cells, virus-infected cells and self-reactive lymphocytes (Moffitt et al., 2010).
Traditionally, cell death has mainly been categorized as apoptotic or necrotic based
on morphological changes.
The term apoptosis was coined in 1972 by John Kerr, Andrew Wyllie and Alastair
Currie and is used to describe the specific morphological changes associated with
this type of cell death (Kerr et al., 1972). The apoptotic cell death process is
divided into three phases: the initiation phase, which involves the activation of
heterogeneous signaling pathways; the commitment phase, during which the cell
becomes irreversibly committed to death; and the execution phase, during which
the morphological changes characterizing apoptosis occur. As illustrated in Figure
1, these alterations include a reduction of cellular volume, retraction of
pseudopods, chromatin condensation, nuclear fragmentation, plasma membrane
blebbing and disassembly of the cell into apoptotic bodies (Häcker, 2000). In vivo,
this process culminates in the engulfment of the apoptotic bodies by other cells,
preventing the release of cellular content into the extracellular space. By contrast,
necrosis is generally considered an acute and uncontrolled mode of cell death that
is associated with cell swelling and lysis, resulting in inflammation in the tissue.
However, increasing evidence suggests that the execution of necrotic cell death may
also be finely regulated (Festjens et al., 2006; Galluzzi et al., 2011; McCall, 2010).
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Figure 1. Morphological changes associated with apoptosis and necrosis. Necrotic morphology is
characterized by increased cellular volume and loss of plasma membrane integrity, resulting in the
release of cellular content to the surroundings. Apoptosis is associated with a reduction in cell volume,
condensation and nuclear fragmentation. During this process, the plasma membrane remains intact,
and the formation of apoptotic bodies, which are engulfed by neighboring cells, prevents inflammation.

Although cell death has traditionally been categorized based on morphology, a new
molecular classification of cell death modalities has recently been proposed
(Galluzzi et al., 2012a). It has become evident that the morphology of cell death
can be similar even though the lethal signaling cascade may vary. Therefore,
definitions based on biochemical rather than morphological criteria may be more
appropriate. According to the new classification, cell death is divided into extrinsic
apoptosis, caspase-dependent or caspase-independent intrinsic apoptosis, regulated
necrosis, mitotic catastrophe and autophagic cell death (Galluzzi et al., 2012a).
Although multiple death modalities exist, the majority of described cell death
processes are mediated by a caspase-dependent apoptotic mechanism. The
apoptotic program involves a highly sophisticated and well-regulated machinery to
efficiently eliminate cells. There are several pathways through which the apoptotic
machinery can be activated, which frequently converge in the activation of
caspases, which are responsible for the dismantling of the cell.
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Caspases
Caspases are a structurally related family of proteases. They are cysteine-dependent
aspartate-specific proteases, hence their name. In humans, 12 caspases have been
identified, seven of which are involved in apoptotic signaling (Würstle et al., 2012).
The other caspases participate in cytokine activation as part of immune responses.
The apoptotic caspases are classified into two categories; initiation caspases
(caspase-2, -8, -9 and -10) and effector caspases (caspase-3, -6 and -7) (Pop and
Salvesen, 2009). As shown in Figure 2, caspases are synthesized and exist in healthy
cells as inactive zymogens containing a pro-domain, a large subunit and a small
subunit (Würstle et al., 2012). Effector caspases possess short prodomains, while
initiator caspases have long prodomains harboring specific motifs essential for their
activation. Initiation caspases are activated through specific and highly regulated
mechanisms that generally involve the formation of multimeric protein complexes.
As illustrated in Figure 2, initiator caspases activate effector caspases via proteolytic
removal of the prodomain, thus generating a proteolytic cascade (Pop and Salvesen,
2009). Dimerization is required for caspase activity, as it allows the formation of
the active site and the substrate pocket (van Raam and Salvesen, 2012). In contrast
to executor caspases which exist as inactive dimers, initiator procaspases are
monomers, which dimerize during activation.

Figure 2. Caspases are synthesized as inactive zymogens, which are activated during apoptosis.
Caspase zymogens consist of a prodomain, a large subunit and a small subunit. Effector caspases,
including caspase-3, have a short prodomain, while initiator caspases (for example caspase-8 and -9)

have long prodomains with death effector domains (DEDs) or caspase recruitment domains (CARDs),
which enable their activation in protein complexes. Activation of an effector caspase occurs through
proteolytic processing at internal aspartic residues, resulting in removal of the prodomain. Two caspases
dimerize, allowing the formation of the active site () and thus active caspases are found as dimers in
the cell.
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Effector caspases have a large number of cytosolic substrates, and their proteolysis
results in the biochemical and morphological changes associated with apoptosis,
such as fragmentation of DNA, chromatin condensation and plasma membrane
blebbing (Häcker, 2000). Caspase activity can be controlled upstream, by the
regulation of signals that lead to zymogen activation, or downstream, by inhibitors
that prevent caspases from interacting with their substrates (Pop and Salvesen,
2009). Inhibitor of apoptosis proteins (IAPs) are a family of proteins that can
inhibit caspases. X-linked IAP (XIAP) is the only mammalian IAP that directly
functions as a caspase inhibitor, and it effectively inhibits caspase-3, -7 and -9
(Gyrd-Hansen and Meier, 2010). In addition, XIAP and other members of this
family, including cIAP1 and cIAP2, can indirectly inhibit the activity of caspases
by ubiquitination, which may lead to proteasomal degradation (Gyrd-Hansen and
Meier, 2010). Although caspases are normally key mediators of apoptosis, caspase
activation is not an absolute requirement for apoptosis to occur (Galluzzi et al.,
2012a).

Apoptotic signaling pathways
There are two classical signaling pathways leading to the activation of the caspase
cascade: the intrinsic and the extrinsic pathways (Figure 3). The apoptotic demise
of cells can be triggered by a number of intracellular stress conditions, including
DNA damage and oxidative stress. Although the signaling that initiates intrinsic
apoptosis is heterogeneous, mitochondrial participation is unifying for the intrinsic
pathway. Normally, a number of signaling cascades (both pro- and anti-apoptotic)
converge at the level of mitochondria. When the pro-apoptotic signals dominate,
the integrity of the mitochondrial membrane is lost in a process known as
mitochondrial outer membrane permeabilization (MOMP) (Martinou and Youle,
2011). MOMP results in the release of pro-apoptotic factors, including
cytochrome c, from the intermembrane space of mitochondria to the cytosol. As
shown in Figure 3, cytosolic cytochrome c acts as a cofactor for the assembly of the
apoptosome, a protein complex in which caspase-9 is activated (Würstle et al.,
2012).
The extrinsic pathway to apoptosis is dependent on death receptors belonging to
the tumor necrosis factor (TNF) receptor family. These include the Fas receptor
20
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(APO-1/CD95), TNF receptor 1 and TNF-related apoptosis-inducing ligand
(TRAIL) receptors 1 and 2 (Dickens et al., 2012). The extrinsic pathway is
activated by the ligation of death receptors found on the cell surface by their
respective ligands (Fas ligand, TNF-α and TRAIL). In the case of Fas receptor
signaling, Fas spontaneously trimerizes at the plasma membrane. Ligand binding
stabilizes these trimers and induces a conformational change that permits the
assembly of a multimeric protein complex at the cytosolic part of the receptors.
The adaptor protein Fas associated death domain (FADD) is recruited and
interacts with the death receptor via their respective death domains (DDs). FADD,
in turn, recruits procaspase-8 via a homotypic interaction between their respective
death effector domains (DEDs) (Dickens et al., 2012). Lethal signaling by TNF
receptor 1 requires the participation of additional adaptor proteins, including
tumor necrosis factor receptor type 1-associated death domain (TRADD) (CabalHierro and Lazo, 2012). The assembled protein complex is known as the death
inducing signaling complex (DISC), which serves as a platform for dimerization of
caspase-8 (Figure 3). The caspase-8 dimer is active in the absence of proteolytic
processing, but after dimerization proteolytic cleavage serves to stabilize the active
conformation and increase the activity (van Raam and Salvesen, 2012). The active
caspase-8 dimer can be released from the DISC-complex by proteolytic cleavage
between the DED and the large subunit.
In type I cells, active caspase-8 directly activates caspase-3, thereby triggering the
execution phase of apoptosis in a mitochondria-independent manner (Figure 3).
However, in most cells (type II cells), amplification of the death signal by
mitochondrial engagement is required for efficient activation of the caspase cascade
(Kantari and Walczak, 2011). The difference between type I and type II cells is the
expression of XIAP (Jost et al., 2009). High expression of XIAP results in the
inability of caspase-8 to efficiently activate caspase-3, and thus mitochondrial
amplification of the death signal is required. Mitochondrial engagement in type II
cells is achieved by caspase-8-mediated proteolytic processing of the Bcl-2 protein
Bid, which, in its active truncated form, promotes MOMP (Kantari and Walczak,
2011).
Caspase-10, like caspase-8, contains a DED, indicating a role in death receptor
signaling. Indeed, caspase-10 is activated in a FADD-dependent manner in the
21
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DISC, but it is not required for apoptosis and cannot substitute for caspase-8
deficiency (Sprick et al., 2002). Interestingly, signaling by death receptors appears
to be regulated by their intracellular localization, and endocytosis of the receptor
complexes modulates the apoptotic signaling (Akazawa et al., 2009; Lee et al.,
2006; Schneider-Brachert et al., 2004).

Figure 3. The extrinsic and intrinsic pathways to apoptosis. The two classical apoptosis pathways
are characterized by the activation of death receptors and the permeabilization of the mitochondrial
outer membrane, respectively. These signaling pathways are interconnected by the protein Bid, and
both ultimately result in the activation of the caspase cascade. Abbreviations: Apaf-1, apoptosis protein
activating factor-1; Cyt c, cytochrome c; DD, death domain; DED, death effector domain; DISC,
death inducing signaling complex; FADD, Fas associated death domain; MOMP, mitochondrial outer
membrane permeabilization; and tBid, truncated Bid.

In addition to the well-known role of DISC in caspase-8 activation, alternative
modes of caspase-8 activation have been described. For example, activation of
caspase-8 and the subsequent proteolytic processing of Bid have been demonstrated
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to be due to caspase-8 insertion, homodimerization and autoactivation at the
mitochondrial outer membrane (Gonzalvez et al., 2008).
The machinery for apoptosis is present in essentially all mammalian cells at all
times. The danger of such a suicide program is obvious, and therefore a complex
regulatory network has evolved. The Bcl-2 protein and its homologs are key
elements in this regulatory network.

The Bcl-2 protein family
The Bcl-2 protein family consists of more than 20 proteins that share homology in
at least one of four conserved motifs known as Bcl-2 homology domains (BH1BH4) (Shamas-Din et al., 2011). As illustrated in Figure 4, the Bcl-2 protein
family is divided into three functional groups based on the expression of these BHdomains: i) anti-apoptotic Bcl-2 proteins (Bcl-2, Bcl-XL, Bcl-W, Mcl-1 and A1),
which possess all four BH-domains; ii) pro-apoptotic Bcl-2 proteins, which express
multiple BH-domains (Bax and Bak); and iii) pro-apoptotic Bcl-2 proteins, which
only contain the BH3 domain and are therefore referred to as BH3-only proteins
(including Bad, Bim, Bid, Bik, Noxa and Puma) (Chipuk et al., 2010). The proapoptotic multidomain proteins Bax and Bak were originally described to possess
BH1-BH3 but have since been discovered to contain a conserved BH4 motif, as
well (Kvansakul et al., 2008). In addition, a third member of this subclass, Bok, has
been described, but its action is not well characterized (Hsu et al., 1997a; Ke et al.,
2012).

Figure 4. The three subgroups of the mammalian Bcl-2 protein family. The presence of the Bcl-2
homology (BH) domains is used to classify the Bcl-2 protein family into three functional groups. The
anti-apoptotic Bcl-2 proteins express all four BH domains, while their pro-apoptotic relatives are either
multi domain proteins or express only the BH3 domain. Many of the proteins of the Bcl-2 family also
contain a transmembrane domain (TM).
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The integrity of the mitochondrial outer membrane is tightly controlled by the
Bcl-2 proteins. Pro-apoptotic members cooperate to induce MOMP, while the
anti-apoptotic members preserve mitochondrial integrity. Because the Bcl-2 family
acts at the mitochondria and, thus, usually upstream of irreversible cellular damage,
these proteins play a pivotal role in whether a cell will live or die. This fate is
determined by the level of pro- versus anti-apoptotic Bcl-2 family members present
in the cell.
There are several proposed models for how Bcl-2 family members interact with
each other (Shamas-Din et al., 2011). The lipid composition and the structural
organization of the membrane in which these interactions generally occur
significantly influences binding and protein conformation, thus leading to the
proposal of the “embedded together theory” of Bcl-2 interactions (Bogner et al.,
2010). In most cases, a Bcl-2 protein interaction is dependent on the BH3 domain
of one protein and a hydrophobic groove on its partner (Westphal et al., 2011).
Anti-apoptotic members block apoptosis by sequestering both BH3-only proteins
and Bax/Bak (Llambi et al., 2011). BH3-only proteins can be classified either as
sensitizers (Bad, Bik and Noxa) or activators (Bim, tBid and possibly Puma) (Letai
et al., 2002). Activators directly bind to and activate Bax and Bak, while sensitizers
promote MOMP indirectly (Figure 5). In healthy cells, BH3-only proteins are
either inactive or sequestered by anti-apoptotic proteins. BH3-only proteins act as
pathway-specific sensors in the cell, and in response to an apoptotic signal,
activation can be fulfilled by several mechanisms, such as transcriptional induction,
phosphorylation or cleavage (Shamas-Din et al., 2011). In addition, activator BH3only proteins can be released from anti-apoptotic Bcl-2 proteins by sensitizer BH3only proteins that bind to the anti-apoptotic relatives with higher affinity (ShamasDin et al., 2011). After their activation or release, the activator BH3-only proteins
transmit the death signal to the multidomain Bcl-2 family members, Bax and Bak,
which are the executioners of MOMP (Wei et al., 2001). These two proteins seem
to be functionally redundant, and inactivation of both is required to fully impair
apoptosis in most tissues (Lindsten et al., 2000).
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B

Death stimulus

Anti-apoptotic
proteins

Cell survival

Pro-apoptotic
proteins

Checkpoint

Cell death

Death stimulus

Sensitizer
BH3-only protein

Direct activator
BH3- only protein

Anti-apoptotic
Bcl-2 protein

Bax/Bak

MOMP

Figure 5. Proteins of the Bcl-2 protein family regulates apoptosis. A) The ratio between pro- and
anti-apoptotic Bcl-2 family proteins determines the fate of the cell. Excessive anti-apoptotic proteins
results in cell survival, but when the pro-apoptotic proteins prevail apoptosis is induced. B) There are
several proposed models for the interactions between the different subgroups of Bcl-2 proteins, but to
date, the exact mechanisms remain obscure. BH3-only proteins promote the activation of Bax and/or
Bak either directly or indirectly. BH3-only proteins capable of directly activating Bax/Bak are called
activators; tBid, Bim and Puma belong to this group. Sensitizing BH3-only (Bad, Bik and Noxa)
proteins promote Bax/Bak activation by binding to and neutralizing anti-apoptotic Bcl-2 proteins such
as Bcl-2 and Bcl-XL. Anti-apoptotic Bcl-2 proteins inhibit mitochondrial outer membrane
permeabilization (MOMP) by interacting with both BH3-only proteins and Bax/Bak.

Bax
Bax was the first pro-apoptotic protein of the Bcl-2 family to be isolated and was
given the name Bcl-2 associated protein X because it co-immunoprecipitates with
Bcl-2 and blocks Bcl-2´s prosurvival activity when co-expressed (Oltvai et al.,
1993). In contrast to Bak, which is normally present in the mitochondrial
membrane, Bax is localized mainly to the cytoplasm but redistributes to
mitochondria in response to stress stimuli (Hsu et al., 1997b). It is widely accepted
that Bak and Bax are critical pro-apoptotic effectors that increase the permeability
of the outer mitochondrial membrane, but the exact mechanism remains a subject
of debate.
Sequestration of Bax by 14-3-3 proteins
The mechanisms underlying Bax translocation and insertion into the
mitochondrial membrane are not fully understood, but it has been suggested that
there is a need for a signal that releases Bax from inhibitory interactions with
sequestering proteins (Sawada et al., 2003; Won et al., 2003). A number of
proteins have been shown to negatively regulate apoptosis by binding to Bax and
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sequestering it from the mitochondria, including Ku70, humanin, 14-3-3 and
apoptosis repressor with caspase recruitment domain (ARC) (Guo et al., 2003;
Gustafsson et al., 2004; Nomura et al., 2003; Sawada et al., 2003). However, the
presence and biological significance of these inhibitory interactions remains unclear
(Vogel et al., 2012).
14-3-3 proteins are a family of highly expressed regulatory proteins. Seven isoforms
are found in mammals and they are known for their great ability to bind other
proteins (Obsil and Obsilova, 2011). Through their interactions with key signaling
molecules, 14-3-3 proteins regulate central signaling events such as metabolism,
signal transduction, stress response and progression through the cell cycle (Gardino
and Yaffe, 2011). 14-3-3 proteins control the induction of apoptosis at multiple
levels, including interaction with Bcl-2 family proteins (Gardino and Yaffe, 2011).
The 14-3-3 proteins were first discovered to interact with Bad (Subramanian et al.,
2001; Zha et al., 1996) but were later shown to bind to Bax. When overexpressed,
14-3-3 proteins selectively inhibit Bax-mediated apoptosis (Nomura et al., 2003;
Samuel et al., 2001). Bax is thought to be held in an inactive conformation by the
14-3-3 proteins, and this interaction is supposed to be disrupted upon the
induction of apoptosis (Nomura et al., 2003; Samuel et al., 2001). However,
contradictory evidence indicates that the interaction persists during apoptosis
(Sutheesophon et al., 2006). Bax liberation is partly dependent on caspasemediated cleavage of the 14-3-3 proteins, which reduces the binding affinity and
results in Bax release and redistribution to the mitochondria (Nomura et al., 2003;
Won et al., 2003). In one study apoptosis-associated cleavage of the 14-3-3θ (also
called τ) isoform was almost unaffected by the addition of a broad caspase
inhibitor; thus, the authors proposed that non-caspase proteases contribute to 143-3 processing (Kuzelova et al., 2009). In addition, translocation of Bax to the
mitochondria occurs upstream of caspase activation in a number of experimental
systems, suggesting the existence of other mechanisms responsible for the
dissociation of Bax from 14-3-3 proteins.
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Activation of Bax by Bid
The requirement for the release of Bax from interactions in the cytosol is
controversial, while the need for an activating signal that unleashes its proapoptotic potential is widely recognized. Such a signal can be provided by BH3only proteins, which are activated in response to various apoptotic stimuli
(Shamas-Din et al., 2011).
Bid (BH3 interacting domain death agonist) was identified as a death agonist
capable of interacting with both Bax and Bcl-2 (Wang et al., 1996). It belongs to
the large group of BH3-only proteins but has a unique function because it connects
the extrinsic and intrinsic apoptotic pathways. Under normal conditions, Bid is
found in the cytosol in an inactive form, and its pro-apoptotic function is activated
by proteolytic processing (Kantari and Walczak, 2011). Caspase-8 was the first
protease shown to cleave Bid, but other caspases, calpains, granzymes and cysteine
cathepsins have been demonstrated to activate Bid as well (Barry et al., 2000; Chen
et al., 2001; Cirman et al., 2004; Li et al., 1998; Mandic et al., 2002; Milhas et al.,
2005; Slee et al., 2000). Proteolytic processing of Bid by caspases yields a 15 kDa
truncated form known as tBid (Li et al., 1998; Luo et al., 1998). Cleavage removes
the N-terminus of Bid, which has an inhibitory effect on its pro-apoptotic activity
(Tan et al., 1999). Moreover, removal of this domain results in exposure of the
BH3 domain, thus enabling membrane insertion and facilitating protein
interactions (McDonnell et al., 1999). In most cases, truncation of Bid seems
crucial for its pro-apoptotic function, although some reports have demonstrated
that full-length Bid can induce apoptosis as well (Maas et al., 2011; Sarig et al.,
2003).
The Bax protein consists of nine α-helices and adopts a locked globular structure
under normal conditions. It is mainly cytosolic, but can to a minor extent be found
attached to the membranes of the mitochondria and endoplasmic reticulum (ER)
(Westphal et al., 2011). The C-terminal helix (α9), which may act as a membrane
anchor, is buried in the hydrophobic groove, which may explain why Bax is
predominantly a cytosolic protein (Suzuki et al., 2000). As illustrated in Figure 6,
Bax undergoes major conformational changes during apoptosis, from an inert
monomer to a pore-forming oligomer, and translocates from the cytosol to the
mitochondria (Hsu et al., 1997b; Wolter et al., 1997). Bid is a direct activator of
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Bax and is thus able to induce the conformational changes that ultimately result in
MOMP (Desagher et al., 1999; Eskes et al., 2000). After proteolytic processing,
tBid translocates to the mitochondria, where its membrane-bound form stimulates
translocation and membrane insertion of Bax (Eskes et al., 2000; Gross et al.,
1999).

Figure 6. Activation of Bax, dimer formation and membrane insertion. A proposed sequence of
Bax structural rearrangement involved in the conversion from an inert cytosolic monomer to a
membrane-inserted oligomer. Exposure of the N-terminus results in opening of the Bax structure and
exposure of the BH3-domain. This domain is only transiently exposed because it participates in
symmetric BH3:groove dimer formation by binding the hydrophobic groove of another Bax protein.
Membrane insertion involves the C-terminal α9 helix, as well as the α5 and α6 (black) helices. Dimers
can be linked via the α6-helices to form oligomers (Westphal et al., 2011). Oligomerization is
necessary and sufficient for membrane permeabilization.

Bax-mediated permeabilization of the mitochondrial membrane
Bax and Bak are absolutely required for MOMP and cells from Bax and Bak
double knockout mice are resistant to a number of apoptotic stimuli that induce
apoptosis via activation of the intrinsic pathway (Wei et al., 2001). However, the
exact mechanism by which Bax permeabilizes membranes to allow the release of
proteins remains unclear. It has been suggested that Bax could modulate the
opening of an existing channel, such as the permeability transition pore or the
voltage dependent anion channel. However, genetic studies have demonstrated that
it is unlikely that any of these channels participate in Bax-induced MOMP (Tait
and Green, 2010). Instead, the prevalent hypothesis is that Bax, alone or in
combination with other factors, forms a channel in the mitochondrial membrane.
This was first suggested based on the structural similarities between Bcl-2 family
proteins and bacterial pore-forming toxins (Muchmore et al., 1996). Indeed, Bax
has been shown to form channels in liposomes and phospholipid bilayers, and
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purified Bax can release cytochrome c from isolated mitochondria (Narita et al.,
1998; Schlesinger et al., 1997). However, it is not clear whether Bax induces the
formation of a proteinaceous or a lipidic pore (Figure 7). Bax pores formed in
planar lipid bilayers and liposomes have the characteristics of a lipidic pore, but a
protein pore was observed in mitochondria isolated from apoptotic cells (MartinezCaballero et al., 2009). This protein pore was named the mitochondrial apoptosisinduced channel (MAC). This channel formed de novo during apoptosis, and it has
been suggested to contain roughly ten Bax monomers (Martinez-Caballero et al.,
2009). It is not known if MAC formation is the only mechanism for the release of
apoptotic factors from the mitochondria.

Figure 7. Two possible mechanisms by which Bax might porate the mitochondrial membrane.
In the proteinaceous pore, part of the Bax protein aligns to form a barrel-like pore that spans the
membrane. Bax could also form a lipidic pore by inserting into the membrane and inducing
membrane curvature such that the outer and inner leaflet are continuous, thus allowing cytochrome c
(Cyt c) release.

Consequences of mitochondrial outer membrane permeabilization
Irreversible MOMP has a number of lethal consequences for the cell: i) disruption
of the mitochondrial membrane potential, which interrupts mitochondrial ATP
synthesis; ii) release of pro-apoptotic proteins from the intermembrane space to the
cytosol; and iii) inhibition of the respiratory chain, resulting in overproduction of
reactive oxygen species (Tait and Green, 2010). The most well-known of the
proteins released from the mitochondria during apoptosis is cytochrome c, but a
number of other proteins that normally reside within mitochondria assist in the
lethal signaling upon release to the cytosol (Figure 8). Apoptosis inducing factor
(AIF) and endonuclease G translocate to the nucleus, where they mediate DNA
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fragmentation independent of caspases (Li et al., 2001; Susin et al., 1996). Second
mitochondrial activator of caspases/direct inhibitor of apoptosis-binding protein
with low pI (Smac/Diablo) and the mammalian homolog of the bacterial high
temperature requirement protein (HtrA2/OMI) both function by inhibiting the
anti-apoptotic function of XIAP, thereby derepressing caspase activation (Du et al.,
2000; Verhagen et al., 2002).

Figure 8. Release of pro-apoptotic factors during mitochondrial outer membrane
permeabilization (MOMP). Cytosolic cytochrome c (Cyt c) participates in the formation of the
apoptosome, a cytosolic protein complex in which caspase-9 is activated. In addition to cytochrome c,
several proteins with pro-apoptotic properties are released from the mitochondria to the cytosol during
MOMP. Apoptosis inducing factor (AIF) and endonuclease G (Endo G) mediate DNA
fragmentation, while second mitochondrial activator of caspases/direct inhibitor of apoptosis-binding
protein with low pI (Smac/Diablo) and the mammalian homolog of the bacterial high temperature
requirement protein (HtrA2/OMI) facilitate caspase activation by repressing the activity of X-linked
inhibitor of apoptosis (XIAP).
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Dysregulated apoptosis in disease
The enormous importance of the apoptotic process in the normal function of
multicellular organisms is indicated by the number of diseases for which
dysregulated apoptosis is a causative or contributing factor (Figure 9).
Inappropriate apoptosis is implicated in neurodegenerative diseases, stroke,
ischemic injury following myocardial infarction, acquired immunodeficiency
syndrome (AIDS), sustained viral infections, autoimmune disorders and cancer
(Moffitt et al., 2010).

Figure 9. Deregulated apoptosis contributes to many diseases. Homeostasis is achieved when cell
proliferation is perfectly balanced with cell death. Neurodegenerative disorders, acquired
immunodeficiency syndrome (AIDS) and ischemic injuries are examples of diseases involving excessive
apoptosis. There are also conditions in which apoptosis is inadequate, resulting in autoimmune diseases
or the growth of malignant cells.

Normally, the cell death machinery assures the elimination of cells with DNA
damage. However, evasion of cell death is a characteristic feature of cancer, and
tumor cells have a variety of mechanisms to protect against apoptotic elimination.
Mutations in the tumor suppressor p53, the normal function of which is to induce
cell cycle arrest and apoptosis in response to DNA damage, are found in more than
50% of human carcinomas (Reinhardt and Schumacher, 2012). In addition,
tumors frequently display altered expression of IAPs and Bcl-2 family proteins
(Fulda and Vucic, 2012; Moffitt et al., 2010). Radiotherapy and many

31

INTRODUCTION

chemotherapeutic drugs have been shown to induce apoptosis. The efficacy of
these treatments depends on their ability to induce substantial cellular damage, as
well as the ability of the cells to respond to damage. Thus, in addition to
permitting the survival of genetically modified cells, alterations in key components
of the apoptosis signaling network may lead to treatment resistance. Modifying the
ratio of pro- versus anti-apoptotic proteins to reactivate the cell death program in
cancer cells is a promising strategy to overcome resistance to treatment, which is a
major unsolved problem in clinical oncology. Indeed, several apoptosis-based
cancer therapeutics have entered clinical trials for the treatment of several
malignancies (Fulda, 2009). These novel treatments include TRAIL receptor
agonists and compounds designed to inhibit or decrease the expression of the antiapoptotic Bcl-2 family proteins and IAPs (Fulda and Vucic, 2012; Leber et al.,
2010). Interestingly, approximately 80% of human cancer cell lines are sensitive to
TRAIL, whereas most normal cells are completely resistant (Nicholson, 2000).
Due to the differential sensitivity toward TRAIL-mediated apoptosis, TRAIL
receptor activation has attracted considerable interest as a mechanism for inducing
apoptosis specifically in cancer cells.
The therapeutic interventions described above aim to induce cell death; however,
preventing apoptosis may be beneficial in pathological conditions associated with
excessive death. During embryonic development, cells of the central nervous
system are overproduced, and the large quantity of superfluous cells must be
eliminated by apoptosis. However, post-development excessive apoptosis in the
central nervous system is deleterious. Neurons do not divide, meaning that dead
cells cannot be replaced; therefore, neuronal cell loss is associated with deprivation
of vital functions. Loss of specific subsets of neurons in selective parts of the brain
characterize neurodegenerative disorders, such as Alzheimer’s, Huntington´s and
Parkinson´s diseases (Moffitt et al., 2010). For pathological conditions for which
prevention of apoptosis would be desirable, there are two important questions to
consider. First, will the cells survive, or will death occur through other
mechanisms? Second, if the cells survive, will they be functional? Blocking key
apoptotic signaling molecules, for example caspases, could prevent apoptosis, but
the therapeutic benefit is not achieved if the cells die nevertheless. The
functionality of cells after apoptosis inhibition is probably influenced by the cell
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type, the context and the degree of damage. Apoptosis associated with acute
injuries, such as cerebral stroke, trauma-induced neurodegeneration, cardiac
ischemia-reperfusion injury, transplantation, acute liver injury and sepsis, are more
likely to be successfully treated than chronic stress situations (Nicholson, 2000).

LYSOSOMES - MULTIFUNCTIONAL ORGANELLES
Lysosomes are membrane-bound cytoplasmic organelles with an acidic interior and
are found in virtually all eukaryotic cells (Saftig and Klumperman, 2009).
Lysosomes were originally described in the 1950s by Christian de Duve
(Appelmans et al., 1955; de Duve, 1959), a finding that yielded de Duve the Nobel
Prize. Lysosomes were long regarded as simple waste bags, but are now known as
advanced organelles that are involved in many cellular processes and are considered
crucial regulators of cell homeostasis.

The lysosomal membrane
Lysosomes are limited by a single 7-10 nm phospholipid-bilayer (Saftig et al.,
2010). A unique feature of the lysosomal membrane is its high carbohydrate
content. Lysosomal membrane proteins are generally heavily glycosylated at their
luminal domain and form a glycocalyx, which is suggested to protect the
membrane from the action of the hydrolytic enzymes contained within this
organelle (Granger et al., 1990). One crucial role of the membrane limiting
lysosomes is to separate the potent activities of lysosomal acid hydrolases from
other cellular constituents, thereby preventing uncontrolled proteolytic damage
(Saftig et al., 2010). The lysosomal membrane also facilitates interaction and fusion
with other cellular compartments, including endosomes, autophagosomes and the
plasma membrane (Schröder et al., 2010). In addition to the limiting lysosomal
membrane lysosomes have intralysosomal membranes, which represent the main
site of membrane degradation within this organelle (Schulze et al., 2009).
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Bis(monoacylglycero)-phosphate (BMP)
Bis(monoacylglycero)-phosphate (BMP), also known as lyso-bis-phosphatidic acid
(LBPA), is an unusual phospholipid that is found mainly in the inner membrane of
lysosomes and late endosomes (Hullin-Matsuda et al., 2009; Möbius et al., 2003).
The unusual stereo conformation of BMP results in higher resistance to the action
of phospholipases compared to other phospholipids (Matsuzawa and Hostetler,
1979). In the endolysosomal system, hydrophobic lipids and membranes are
digested by hydrophilic enzymes, a process in which BMP serves as an important
factor. BMP is negatively charged at the acidic pH of lysosomes, and these negative
charges facilitate the adhesion of the soluble positively charged hydrolases, thus
allowing the hydrolases to degrade lipids at the interface of the inner membranes of
lysosomes (Gallala and Sandhoff, 2011; Kolter and Sandhoff, 2005). In addition,
evidence suggests that BMP regulates the dynamics of the internal membranes of
late endosomes, is involved in protein- and lipid-sorting and plays a critical role in
endo/lysosomal cholesterol trafficking (Chevallier et al., 2008; Hullin-Matsuda et
al., 2009; Kobayashi et al., 2002).

Acid hydrolases and lysosomal membrane proteins
Two categories of proteins are essential for the correct function of lysosomes:
integral membrane proteins and soluble hydrolytic enzymes. The approximately 60
resident hydrolases have different target substrates, and their collective action
permits the degradation of all types of macromolecules (Lübke et al., 2009).
Lysosomal proteins are synthesized at the rough ER, transferred to the Golgi
apparatus and targeted to the lysosome by specific sorting mechanisms. Targeting
of newly synthesized lysosomal proteins can be direct, from the trans-Golgi
network (TGN) to the endosomal system, or indirect, involving transport to the
plasma membrane and subsequent endocytosis (Saftig and Klumperman, 2009).
The best characterized route is the direct pathway, which is dependent on the
mannose-6-phosphate (M6P) receptor, through which the majority of lysosomal
hydrolases end up in lysosomes (Coutinho et al., 2012). After synthesis, proteins
move to the cis-Golgi network, where they are covalently modified by the addition
of M6P residues (Coutinho et al., 2012). The M6P-tagged lysosomal hydrolases are
recognized and bound by M6P receptors in the TGN and sorted into transport
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vesicles, which bud off from the TGN and fuse with late endosomes. At the low
pH of the late endosome, the hydrolases dissociate from the M6P receptors, and
the empty receptors are recycled to the Golgi apparatus for further transport
(Coutinho et al., 2012).
Approximately 25 lysosomal membrane proteins have been identified, which reside
primarily in the limiting lysosomal membrane (Lübke et al., 2009; Saftig and
Klumperman, 2009). Proteins residing in the lysosomal membrane are usually
highly glycosylated transmembrane proteins, which mediate a number of essential
functions for the organelle, including acidification of the lysosomal lumen, import
of protein from the cytosol and transport of degradation end products out of the
lysosome. The characteristic acidic pH of lysosomes is a result of the action of the
vacuolar H+-ATPase, a transmembrane multimeric protein complex (Mindell,
2012). The vacuolar H+-ATPase uses energy from ATP hydrolysis to pump
protons from the cytosol against their electrochemical gradient into the lysosomal
lumen (Mindell, 2012). Other lysosomal membrane proteins are involved in
interactions and fusion with other cell components, including endosomes,
phagosomes and the plasma membrane. The most abundant lysosomal membrane
proteins are lysosome-associated membrane protein (LAMP)-1 and -2, lysosomal
integral membrane protein (LIMP)-2 and CD63 (Saftig and Klumperman, 2009).

Lysosome-associated membrane proteins (LAMPs)
LAMP-1 and -2 have been estimated to constitute 50% of lysosomal membrane
proteins (Saftig et al., 2010). LAMPs are transmembrane proteins with a large
luminal domain, a transmembrane domain and a short C-terminal cytoplasmic tail
(Fukuda, 1991). They are heavily glycosylated, as indicated by the increase in the
mass of the polypeptide from approximately 40 kDa to 120 kDa after glycosylation
(Carlsson et al., 1988).
Mice deficient in LAMP-1 are viable and demonstrate a mild phenotype with
normal lysosomal morphology and function (Andrejewski et al., 1999). Deficiency
of LAMP-2 induces a more severe phenotype with extensive accumulation of
autophagic vacuoles in many tissues, and degradation of long-lived proteins is
severely impaired (Tanaka et al., 2000). These findings indicate that LAMP-2 is
critical for autophagy (described later), which is further substantiated by the
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finding that LAMP-2 deficiency in humans causes Danon's disease. This disease is
a lysosomal glycogen storage disease that is associated with the accumulation of
autophagic material in striated myocytes, resulting in a pathological condition
associated with cardiomyopathy, myopathy and variable mental retardation
(Danon et al., 1981; Nishino et al., 2000).

Cathepsins
Among the lysosomal hydrolases, the best known are the cathepsin family of
proteases. A number of human cathepsins have been identified and are categorized
into three distinct groups based on the amino acid found in the active site; serine
(A and G), cysteine (B, C, F, H, K, L, O, S, V, X and W) and aspartic cathepsins
(D and E) (Turk et al., 2012). The aspartic cathepsin D and some of the cysteine
cathepsins, including cathepsins B, L, C and H, are ubiquitous and among the
most abundant lysosomal proteases (Rossi et al., 2004). By contrast, the expression
of some cathepsins, such as cathepsins S and K, is tissue- and cell type-specific.
Cathepsins participate in the bulk degradation of proteins within the lysosomes,
but many cathepsins have also been shown to be critically involved in distinct
physiological processes, including bone remodeling, proprotein processing, antigen
presentation, degradation of extracellular matrix and initiation of cell death (Reiser
et al., 2010; Turk et al., 2012). Cathepsins are predominantly endopeptidases and
relatively nonspecific enzymes. However, cathepsins B and H can act as both endoand exopeptidases, while cathepsins A, C and X are exopeptidases only (Rawlings et
al., 2012).
Cathepsin D
Cathepsin D is synthesized in the ER, and during transport to lysosomes, the
52 kDa human pro-cathepsin D is proteolytically processed to form a 48 kDa
single chain active intermediate (Figure 10). Further processing yields a mature
active lysosomal protease, which is composed of a heavy 34 kDa chain and a light
14 kDa chain (Metcalf and Fusek, 1993). The catalytic site of cathepsin D involves
two critical aspartic acid residues located on the different chains (Faust et al.,
1985).
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Figure 10. Trafficking and maturation of cathepsin D. 1) Cathepsin D is synthesized as a preproenzyme at the endoplasmic reticulum (ER). The pre-proenzyme includes a N-terminal signal
peptide (S) and a propeptide (P). 2) The signal peptide is removed, and sugars are attached to two
glycosylation sites. 3) In the Golgi complex, the sugars are modified, and their mannose residues are
phosphorylated, generating mannose-6-phosphate (M6P) tags. These tags are bound by M6P receptors
in the trans-Golgi network, and transport of cathepsin D to the lysosomal compartment is, to a great
extent, dependent on this recognition. 4) In the acidic pH environment of the endosomes, cathepsin D
dissociates from the M6P-receptors and the phosphate groups are removed. 5) The propeptide is cleaved
from cathepsin D, generating a single-chain active form (48 kDa). The catalytic aspartic residues
(amino acids 97 and 293) are indicated by a star. 6) The intermediate form is further processed into
the mature two-chain form of cathepsin D, which is composed of an N-terminal light chain and a Cterminal heavy chain.

Cathepsin D is of general importance for cell growth and tissues homeostasis, as
indicated by gene knockout studies (Saftig et al., 1995). Cathepsin B, C, L and S
knockout mice are viable, fertile and display no gross developmental defects
(Gocheva et al., 2006). By contrast, mice deficient for cathepsin D die at postnatal
day 26. Cathepsin D deficiency is associated with cell death in several tissues,
including the brain, intestine, lymphoid organs and retina (Koike et al., 2003;
Saftig et al., 1995; Tyynelä et al., 2000), and cathepsin D has thus been considered
essential for survival. However, bulk proteolysis within lysosomes was maintained,
suggesting that the vital functions of cathepsin D are exerted by limited proteolysis
of proteins regulating cell growth and tissue homeostasis. In support of this, high
expression of cathepsin D stimulates cancer cell proliferation (Masson et al., 2010).
Interestingly, there are a number of indications that cathepsin D is involved in
intracellular lipid homeostasis and trafficking (Getty and Pearce, 2011).
Cathepsin D modulation of the ATP-binding cassette protein A1 results in
increased phospholipid and cholesterol efflux from the cell (Haidar et al., 2006).
Moreover, cathepsin D deficiency causes lysosomal accumulation of cholesterol
and glycosphingolipids (Haidar et al., 2006; Jabs et al., 2008). The underlying
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mechanisms are unknown but could include defective sphingolipid catabolism
because cathepsin D is involved in the proteolytic conversion of prosaposin into
active saposins, which are required for lysosomal hydrolysis of sphingolipids
(Hiraiwa et al., 1997). An additional link between cathepsin D and lipids is the
ceramide-induced activation of cathepsin D (Heinrich et al., 1999).

Functions of the lysosomal compartment
Lysosomes are responsible for the disposal and recycling of old and damaged
macromolecules and organelles, as well as the digestion of extracellular and foreign
material. As illustrated in Figure 11, lysosomes are involved in various physiological
processes, including plasma membrane repair, cholesterol homeostasis and cell
death (Saftig and Klumperman, 2009). These functions make the lysosome a
central and dynamic organelle and just not the final destination in degradation
processes.

Figure 11. Major functions of the lysosomal compartment. Lysosomes are cellular organelles that

are critically involved in many cellular processes, including endocytosis, autophagy, plasma membrane
repair, cell death and cholesterol homeostasis. LAMP, lysosome-associated membrane proteins; NPC,
Niemann-Pick type C protein.
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Degradation of macromolecules
The Greek word lysosome means digestive body, which is a suitable name because
the main function of lysosomes is degradation of macromolecules. Intracellular
components intended for lysosomal degradation reach the lysosomes by different
forms of autophagy, while exogenous material ingested by endocytosis passes
through the endocytic compartment before reaching the lysosomes. To successfully
degrade all macromolecules, lysosomes are equipped with a plethora of hydrolytic
enzymes, including proteases, peptidases, phosphatases, nucleases, glycosidases,
sulfatases and lipases (Bainton, 1981). The acidic environment of the lysosomal
lumen (pH 4.5-5.0) aids the degradation process by loosening the structures of
macromolecules and is optimal for the activity of lysosomal hydrolases (Mindell,
2012). Together, the hydrolases are able to decompose proteins, polysaccharides,
lipids and nucleic acids into their monomeric constituents. The end products of
lysosomal digestion are reused by the cell after diffusion or carrier-mediated
transport through the lysosomal membrane (Schröder et al., 2010).

Endocytosis
Endocytosis is a process by which cells internalize the plasma membrane along with
cell surface receptors and soluble molecules. Cells have multiple mechanisms for
endocytosis, including clathrin-dependent and -independent routes (Andersson,
2012). Lysosomes represent the terminal station for the degradative endocytic
pathway, which starts at the plasma membrane (Figure 12). The cargo first arrives
at the early endosome, which is the main sorting station in the endocytic pathway.
The majority of cargos, including most receptors, are returned to the plasma
membrane via the recycling endosomes (Huotari and Helenius, 2011). It has been
estimated that 50% of the surface area of the plasma membrane is cycled in and
out of a typical mammalian cell every hour (Steinman et al., 1983). Cargos
destined for degradation are retained in the early endosome, which, through a
process involving exchange of material and multiple fusion events, transforms into
a late endosome. Late endosomes are round and contain lysosomal membrane
proteins (such as LAMP) and acid hydrolases. In late endosomes, cargos undergo
further sorting and are transported to other organelles such as TGN (Figure 12).
Trafficking between TGN and endosomes is a continuously ongoing process that is
responsible for the removal of endosomal components and the delivery of
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lysosomal components (Huotari and Helenius, 2011). Newly synthesized enzymes
are delivered to the appropriate endolysosomal compartment from the TGN
network, and components are returned to the TGN for reuse. Lysosomes receive
cargo from late endosomes; in addition, new lysosomal hydrolases and membrane
proteins from the TGN are also transferred to the lysosomes. The influx of new
components is essential, and without incoming endosomal traffic, lysosomes lose
their intactness, acidity and perinuclear localization (Bucci et al., 2000).

Figure 12. The endocytic pathway. Lysosomes represent the end station for the degradative endocytic

pathway, which starts with early endosomes budding from the plasma membrane. In early endosomes,
cargos are either sorted into a recycling pathway back to the cell surface via a recycling endosome or are
retained in the endosome. Through gradual maturation, the early endosome is transformed into a late
endosome and eventually a lysosome, where cargo is degraded.

One of the characteristic features of endosomes is the accumulation of internal
membranes within the lumen of the organelle (Kobayashi et al., 1998).
Intraluminal vesicles (ILVs) are detached membranous structures that form from
the limiting membrane in the endocytic pathway, and their presence is essential for
efficient cargo sorting (Woodman and Futter, 2008). In the early endosomes, the
formation of ILVs begins, and in the late endosomes, proteins are sorted between
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the limiting membranes and ILVs. Due to the high content of ILVs, late
endosomes are sometimes referred to as multivesicular bodies (Huotari and
Helenius, 2011). Via the generation of ILVs, lipids and membranes are delivered to
lysosomes in a form that is easily accessible to lysosomal hydrolases. In contrast to
the limiting membrane, the membrane of ILVs has no protective coat of
glycosylated proteins (Huotari and Helenius, 2011). The lipid composition of the
ILV membrane is also different and contains more cholesterol, sphingolipids and
BMP (Huotari and Helenius, 2011). As presented in Figure 12, lysosomes contain
fewer ILVs, and luminal lipids are observed as multilamellar membrane whirls
(Huotari and Helenius, 2011).
The maturation process from early endosome to lysosome takes approximately
40 minutes. During this time, the vesicle has undergone a multitude of changes,
including exchange of membrane components, movement to the perinuclear area,
formation of ILVs, a decrease in luminal pH, acquisition of lysosomal components
and changes in morphology by which the tubular extensions of early endosomes are
lost (Huotari and Helenius, 2011). The low pH within lysosomes provides a better
milieu for the acid hydrolases but is also essential for membrane trafficking and
sorting of cargo.To summarize, on its way to the lysosome, endocytosed cargo
passes through several endosomal intermediates that are distinguished by their
cargo, molecular composition, morphology and pH (Table I).
Table I. Characteristics of intermediates in the endocytic pathway.

Endocytosed proteins destined for
recycling to the plasma membrane
Endocytosed protein destined for
degradation
Proteins that recycle to the TGN
Lysosomal proteins
Intraluminal vesicles (ILVs)
pH

Early
endosomes
+++

Late
endosomes
+

Lysosomes

+++

+++

+++

++
+

++
++

++
+++

Contain 0-8
ILVs
~6

Contain >9
ILVs
5-6

Some ILVs
can be present
4.5-5

-

Modified from Saftig and Klumperman (Saftig and Klumperman, 2009). ILV; intraluminal vesicle,
TGN; trans-Golgi network. The abundance of proteins is expressed on a gradient scale: absent (-), low
(+), intermediate (++) and high (+++).
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The widely used distinction between early endosomes, late endosomes and
lysosomes simplifies the complexity of the endocytic pathway. There is a
continuous exchange of content between the intermediates in the endocytic
pathway, and therefore it is difficult to identify markers that specifically label a
single organelle. However, early endosomal antigen 1 (EEA1) and Rab5 are widely
used as markers of early endosomes (Mu et al., 1995). Late endosomes and
lysosomes have an overlapping molecular complement, including LAMPs and acid
hydrolases. However, lysosomes can be distinguished from late endosomes by their
lack of M6P receptors (Sachse et al., 2002).

Autophagy
During autophagy, cytoplasmic components, damaged proteins and entire
organelles are degraded and recycled to generate building blocks for anabolic
processes (Mizushima and Komatsu, 2011). Depending on the pathways to deliver
the cargo, autophagy in mammalian cells can be divided into macroautophagy,
microautophagy, and chaperone-mediated autophagy (Mizushima and Komatsu,
2011). Chaperone-mediated autophagy is a process by which cytosolic proteins
harboring specific recognition motifs are delivered to the lysosomes via the action
of a chaperone and the proposed lysosomal receptor LAMP-2A (Arias and Cuervo,
2011). Microautophagy involves direct engulfment of cytoplasmic cargo at the
limiting lysosomal membrane (Li et al., 2012). During macroautophagy,
sequestration of a small portion of the cytoplasm, including soluble materials and
organelles, within a newly generated double membrane called the isolation
membrane (or phagophore) results in the formation of an autophagosome
(Burman and Ktistakis, 2010). Autophagosomes fuse with lysosomes for the
degradation and recycling of their contents (Figure 13). This secures the supply of
building blocks in the cell during starvation and permits the disposal of unneeded
or non-functional organelles (Mizushima and Komatsu, 2011). Macroautophagy is
thought to be the major type of autophagy, and it has been more extensively
studied than microautophagy and chaperone-mediated autophagy.
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Figure 13 Macroautophagy - the formation and fate of an autophagosome. During
macroautophagy, the part of the cytosol containing the material to be degraded is surrounded by a
double membrane known as the isolation membrane. The isolation membrane elongates and seals itself
to form the autophagosome. During the formation of the autophagolysosome, the outer autophagosomal
membrane fuses with the lysosomal membrane, and the inner vesicle is released into the interior. The
vesicle and its macromolecular cargo are degraded and returned to the cytosol for reutilization. During
autophagy, the soluble form of microtubule-associated protein 1A/1B-light chain 3 (LC3-I) is
converted into LC3-II, which is recruited to the autophagosomal membranes (Tanida et al., 2008).
The presence of LC3-II is used as a marker for autophagy.

There is normally a basal rate of autophagy in cells to maintain homeostasis, but
there is a strong induction of autophagy to protect cells under various physiological
stresses, such as nutrient depletion and the presence of aggregated proteins
(Mizushima and Komatsu, 2011). In mammalian cells, cell death is often
associated with autophagic vacuolization, leading to the conclusion that autophagic
cell death was a third cell death modality (Bursch et al., 2000). However, the
presence of autophagic vesicles does not necessarily indicate that cell death is
mediated by autophagy. Accumulating evidence suggests that autophagic cell death
is usually an attempt of the damaged cell to adapt to stress rather than a
mechanism to execute cell death (Shen et al., 2012).

Membrane repair by lysosomal exocytosis
Lysosomes are involved in a secretory pathway known as lysosomal exocytosis.
Initially, lysosomal exocytosis was thought to be limited to specialized secretory
cells, but this process seems to occur in all cell types (Andrews, 2000; Rodriguez et
al., 1997). Lysosomal exocytosis is a two-step process. First, lysosomes relocate
from their perinuclear localization to the close vicinity of the plasma membrane
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(Jaiswal et al., 2002), where they fuse with each other. This process is followed by
lysosomal fusion with the plasma membrane, which occurs in response to an
increased intracellular concentration of calcium (Andrews, 2000; Jaiswal et al.,
2002). Lysosomal exocytosis plays a major role in important processes such as
immune responses, bone resorption and plasma membrane repair (Andrews, 2000;
Andrews, 2005).
During plasma membrane damage, restoration of plasma membrane integrity is
essential for the survival of the cell. The resealing is a rapid process because
integrity is restored within seconds up to a minute, depending on the damage
(McNeil and Steinhardt, 1997). As shown in Figure 14, the plasma membrane
damage can be repaired by translocation and fusion of lysosomes (Reddy et al.,
2001). The formation of a lysosomal patch that eventually fuses with the plasma
membrane restores plasma membrane integrity (McNeil, 2002). As a direct
consequence of lysosomal exocytosis, lysosomal enzymes are released extracellularly,
and the luminal part of LAMP-1 appears at the plasma membrane (Rodriguez et
al., 1997). The presence of LAMP-1 at the cell surface is commonly used as a
marker of lysosomal exocytosis (Medina et al., 2011; Reddy et al., 2001; Rodriguez
et al., 1997). The lesion formed in the plasma membrane is removed by
endocytosis to promote wound resealing (Idone et al., 2008). The endocytosis
process is dependent on the action of acid sphingomyelinase (aSMase), which is
released extracellularly during lysosomal exocytosis (Tam et al., 2010). aSMase
processes sphingomyelin to generate ceramide, which is believed to play an
important role in the stress response. A high membrane ceramide content results in
an inward bending of the membrane, which facilitates endocytosis (Holopainen et
al., 2000). Moreover, ceramide-enriched rafts form signal transduction platforms
that are involved in processes such as apoptosis signaling (Corre et al., 2010).
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Figure 14. Plasma membrane repair by lysosomal exocytosis is followed by endocytosis. Damage
to the plasma membrane results in calcium influx into the cell (1), which triggers a repair process
involving lysosomal exocytosis. This process involves the translocation of lysosomes to the periphery,
where they form a patch that fuses with the plasma membrane in a calcium-dependent manner (2).
Exocytosis results in the extracellular release of lysosomal enzymes, including acid sphingomyelinase
(aSMase). aSMase converts sphingomyelin at the outer leaflet of the plasma membrane into ceramide
(3), thus facilitating membrane bending and endocytosis (4).

Cholesterol homeostasis
Cholesterol is an essential structural element of cellular membranes as well as a
precursor for the synthesis of steroid hormones, bile acids and lipoproteins (Simons
and Ikonen, 2000). There are marked asymmetries in cholesterol concentration
among intracellular membranes. Recycling endosomes, Golgi membranes and the
membranes of ILVs are cholesterol rich, whereas the ER, late endosomes and
lysosomes contain less cholesterol (Maxfield and Wustner, 2002; Möbius et al.,
2003). The majority of cholesterol (up to 80%) is found in the plasma membrane,
where it constitutes approximately 40% of total lipids (Liscum and Munn, 1999;
Maxfield and Wustner, 2002). Cholesterol participates in the formation of lipid
rafts, which provide a special platform for proteins engaged in important cellular
processes, such as signal transduction or vesicular transport (Pike, 2009). In healthy
cells, lipids rafts are present at the plasma membrane, early endosomes and TGN,
while membranes of late endosomes and lysosomes are relatively deprived of such
cholesterol-containing microdomains, most likely due to the presence of BMP and
hydrolytic enzymes (Simons and Gruenberg, 2000).
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In addition to de novo cholesterol synthesis in the ER, the uptake of low density
lipoprotein (LDL) via receptor-mediated endocytosis is an important route for
cholesterol entry into the cell (Brown and Goldstein, 1986). LDL-derived
cholesterol esters are transported to the lysosomes, where the action of acid lipase
liberates free unesterified cholesterol. After being released from lysosomes, free
cholesterol is transported to other cellular sites such as the Golgi, plasma
membrane and ER. When the free cholesterol level is too high, acyl-coenzyme A:
cholesterol acyltransferase (ACAT), an ER resident enzyme, converts it into
cholesterol esters, which are stored in cytoplasmic lipid droplets (Chang et al.,
2009). The intracellular cholesterol transport is summarized in Figure 15.

Figure 15. Intracellular transport of LDL-derived cholesterol. After its internalization, the
cholesterol esters (CE) of low density lipoprotein (LDL) particles are hydrolyzed by an acid lipase,
generating free cholesterol (FC). FC is then distributed to the plasma membrane and endoplasmic
reticulum (ER). In the ER, FC is esterified by acyl-coenzyme A: cholesterol-acyltransferase (ACAT),
and the CE generated can be stored as cytosolic lipid droplets.

Cholesterol synthesis, uptake and efflux are tightly regulated processes that ensure
that there is sufficient cholesterol for the various needs of the cell while preventing
overaccumulation of cholesterol, which is toxic and contributes to disease (Brown
and Goldstein, 1997). Cellular free cholesterol levels are kept within a tight range
in normal cells by transcriptional control of cholesterol biosynthetic enzymes and
the LDL receptor, as well as by activation of ACAT (Brown and Goldstein, 1999;
Chang et al., 2009).
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Two proteins present in the endolysosomal compartment have been shown to be
necessary for cholesterol efflux from this organelle: the Niemann-Pick disease
type C 1 (NPC1) and NPC2 proteins. NPC1 is a large 13-transmembrane protein
that is localized to the limiting membranes of endosomes and lysosomes, while
NPC2 is a small soluble protein found in the lysosomal lumen (Vance and Peake,
2011). Both proteins bind cholesterol but at different parts of the molecule (Kwon
et al., 2009). The correct functioning of both of these proteins is required for
cholesterol efflux from the endolysosomal compartment; however, the mechanism
by which these proteins operate remains to be elucidated. Figure 16 shows the
predominant theory, in which the soluble protein NPC2 binds free cholesterol in
the lysosomal lumen and transports it to NPC1 in the limiting membrane (Kwon
et al., 2009).

Figure 16. Proposed model of NPC-mediated intralysosomal cholesterol transport. In the

lysosome, free cholesterol is liberated from low density lipoprotein (LDL)-derived cholesterol esters via
the action of lysosomal acid lipase. Free unesterified cholesterol is bound by the soluble Niemann-Pick
type C protein 2 (NPC2), which carries it to the transmembrane protein NPC1, which facilitates its
egress.
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Lysosomal participation in cell death signaling
Due to their high hydrolase content, lysosomes are potentially harmful to the cell.
Damage to the lysosomal membrane results in leakage of lysosomal content to the
cytosol. Lysosomes were referred to as “suicide bags” by Christian de Duve because
partial permeabilization of the membrane induces apoptosis and massive lysosomal
rupture induces necrosis (de Duve, 1959; Turk and Turk, 2009). The executors of
lysosome-mediated apoptosis are not the lysosomes themselves but their hydrolases,
more specifically, the cathepsins. A critical step in the mediation of apoptotic
signaling by cathepsins is the release of cathepsins to the cytosol, a process known
as lysosomal membrane permeabilization (LMP). The importance of the cytosolic
location of cathepsins for their pro-apoptotic function is highlighted by studies in
which microinjection of cathepsins into the cytosol was sufficient to induce
apoptosis (Bivik et al., 2006; Roberg et al., 2002; Schestkowa et al., 2007).
Depending on the lethal stimuli and the cell type, LMP can be a triggering event
that is critical for activation of the signaling cascade, or it can occur later in the
apoptotic process and contribute to amplification of the death signal. Signaling
after LMP often involves activation of the caspase cascade, usually via the intrinsic
pathway; however, cathepsins can also mediate cell death in a caspase-independent
manner (Broker et al., 2004). Cathepsin B induces typical apoptosis-associated
changes,
including
chromatin
condensation,
DNA
fragmentation,
phosphatidylserine exposure and plasma membrane blebbing (Foghsgaard et al.,
2001; Vancompernolle et al., 1998). Thus, cathepsins have the ability to
participate in both the initiation and execution phases of apoptosis.
Evidence supporting the role of lysosomes as cell death mediators comes from
studies of compounds that directly target the lysosomes and affect the integrity of
their membranes, such as lysosomotropic detergents. However, LMP is also an
active contributor to apoptosis signaling induced by more classical apoptosis
stimuli, such as ligation of death receptors, p53 activation, ultraviolet (UV)
irradiation, growth factor deprivation and oxidative stress (Bivik et al., 2006;
Brunk and Svensson, 1999; Guicciardi et al., 2000; Roberg and Öllinger, 1998;
Yuan et al., 2002). Although experimental data obtained in recent decades robustly
illustrate the important and active contribution of lysosomes to cell death induced
by a wide variety of stimuli, in vivo evidence for lysosome-mediated cell death has
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been sparse. Thus, critics have suggested that the lysosomal death pathway only
occurs in vitro or under pathological conditions. However, a lysosome-mediated
cell death pathway was recently shown to be active in the regression of the
mammary gland after lactation (Kreuzaler et al., 2011). In addition, cathepsin D
expression is increased and has been functionally implicated in physiological cell
death during embryonic development (Zuzarte-Luis et al., 2007). Thus, lysosomes
and cathepsins are also active in cell death signaling under physiological conditions.
In yeasts, the cathepsin D orthologue Pep4p is released from the vacuole, an analog
of the lysosome, to the cytosol as a response to apoptotic stimuli, similar to the
release of cathepsin D in mammalian cells (Sousa et al., 2011). These results
suggest that the release of proteases from membrane-bound acidic organelles is an
evolutionarily conserved cell death mechanism, indicating the crucial function of
lysosomes for cell death signaling.
The mechanism by which lysosomal content reaches the cytosol is unknown. The
simultaneous release of cathepsins, protons and lysosomal dyes suggest a
nonspecific release mechanism, such as pore formation or limited membrane
damage. The release of lysosomal content has been suggested to be size-selective, as
small (up to 40 kDa) but not large (over 70 kDa) FITC-dextran complexes are
released from lysosomes during apoptosis (Bidére et al., 2003). However, the size
selectivity does not apply in all cell death scenarios because a 150 kDa lysosomal
hydrolase has been shown to be released during LMP under certain experimental
conditions (Blomgran et al., 2007; Kågedal et al., 2005; Nylandsted et al., 2004).

Mechanisms of lysosomal membrane permeabilization
The mechanism by which cathepsins escape the lysosomal compartment during
LMP remains elusive, but several mechanism have been proposed (Guicciardi et al.,
2004; Johansson et al., 2010). Multiple mechanisms may exist that are employed
differentially, depending on the inducing stimuli and cell type (Figure 17).
Obviously, the constituents of the lysosomal membrane are essential for
maintaining the integrity of the organelle. Damage to the membrane components
or alterations in membrane structure and fluidity can affect lysosomal stability.
There are reports suggesting that lysosomes differ in their vulnerability to LMP.
For example, increased size and high lysosomal iron content can make lysosomes
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more prone to losing their integrity (Kurz et al., 2011; Ono et al., 2003). The most
studied factors promoting or inhibiting LMP will be discussed here; for a
comprehensive description of potential mediators, I refer to our review article,
“Regulation of apoptosis-associated lysosomal membrane permeabilization”
(Johansson et al., 2010).

Figure 17. Factors involved in the regulation of lysosomal membrane permeabilization (LMP).
The relative contributions of the regulatory factors probably depend on the cell type and the apoptotic
stimuli. Changes in membrane lipid composition include membrane destabilizing factors, such as
phospholipase A2 and sphingosine, as well as protecting factors, including cholesterol and
sphingomyelin. A regulated and partial destabilization of the lysosomal membrane results in apoptotic
signaling, while total lysosomal rupture induces necrosis. ROS, reactive oxygen species; Hsp70, heat
shock protein 70; LAMP, lysosome-associated membrane protein.

The Bcl-2 protein family
Similar to MOMP, LMP appears to be regulated by proteins belonging to the
Bcl-2 family. In support of this hypothesis, Bax is located at the lysosomal
membrane during apoptosis initiated by different stimuli (Castino et al., 2009;
Feldstein et al., 2006; Kågedal et al., 2005; Werneburg et al., 2007). Down
regulation of Bax expression prevents LMP, indicating an active function at this
intracellular site. In addition, Bax inserts into the membrane of isolated lysosomes
and induces leakage, similar to its function at the mitochondrial membrane
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(Kågedal et al., 2005). There are no reports of Bak-mediated LMP, but Bak is also
localized to the lysosomal membrane (Feldstein et al., 2004). Further supporting a
role for Bcl-2 family proteins in the regulation of LMP, Bim localizes with Bax at
lysosomes during apoptosis, and down regulation of either Bim or Bax prevents
LMP (Werneburg et al., 2007). Similarly, Bid is found at lysosomes, and the
release of cathepsin B is absent in Bid-/- cells (Werneburg et al., 2004). In strong
support of BH3-only mediated activation of Bax as a LMP-inducing mechanism, a
BH3 domain peptide can induce release from lysosomes in the presence of Bax
(Werneburg et al., 2007). However, as LMP occurs in Bax/Bak double-knockout
cells, other mechanisms for LMP must exist (Boya et al., 2003).
p53
Destabilization of the lysosomal membrane occurs early during p53-induced
apoptosis, and ectopic p53 expression is sufficient to trigger LMP (Li et al., 2007;
Yuan et al., 2002). In a number of models, p53 inhibition or down regulation
inhibits LMP. p53 localizes to lysosomes and triggers LMP in a transcriptionindependent manner (Li et al., 2007). p53 may be recruited to the lysosomal
membrane due to its interactions with the lysosome-associated apoptosis-inducing
protein containing the pleckstrin homology and FYVE domain (LAPF). The
presence of LAPF is essential for p53-induced LMP because LAPF down regulation
prevents lysosomal release (Li et al., 2007). Interestingly, p53 translocates to the
mitochondrial membrane and cooperates with Bcl-2 family proteins to induce
MOMP during apoptosis (Mihara et al., 2003). A similar mechanism may govern
p53-induced LMP. p53 also promotes apoptosis, by increasing the transcription
and subsequent expression of the BH3-only proteins Noxa and Puma (Reinhardt
and Schumacher, 2012); thus, p53 could induce LMP or MOMP without
translocating to the lysosome or mitochondria, respectively. Indeed, UVB induces
p53-dependent LMP without the appearance of p53 at the lysosomes but with an
increased expression of Puma and Noxa (Wäster and Öllinger, 2009). Thus, p53
may link a number of apoptosis stimuli, e.g., DNA damage, to LMP.
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Proteases
Caspases have been suggested to be involved in the induction of LMP;
caspase-2, -8 and -9 have been indicated upstream of LMP (Guicciardi et al., 2000;
Gyrd-Hansen et al., 2006; Huang et al., 2009). Both caspase-2 and -8 are
demonstrated to induce LMP in isolated lysosomes (Guicciardi et al., 2000).
Caspase-8-mediated lysosomal destabilization is enhanced by the addition of
cytosol, suggesting that the effect of caspase-8 is at least partly dependent on
additional agents, possibly Bid (Guicciardi et al., 2000; Werneburg et al., 2004).
However, in another study, caspase-8 and active Bid failed to induce cathepsin
release from isolated lysosomes, suggesting that the effect is dependent on other
factors as well (Kågedal et al., 2005).
A number of studies have suggested that calpains mediate LMP during neuronal
death (Yamashima et al., 1996; Yap et al., 2006). Calpains are proteases activated
by elevation in cytosolic calcium. The involvement of calpains in LMP is supported
by their localization to lysosomes prior the release of cathepsins and the fact that
their inhibition abrogates LMP (Guicciardi et al., 2000; Yamashima et al., 1996;
Yap et al., 2006). Moreover, calpain can induce cathepsin release from isolated
lysosomes (Guicciardi et al., 2000). Cathepsins have also been suggested to be
involved in their own release; in particular, a role for cathepsin B has been
demonstrated. LMP fails in cathepsin B-deficient cells, and inhibition of
cathepsin B reduces the extent of LMP in other experimental settings (Eriksson et
al., 2012; Feldstein et al., 2004; Guicciardi et al., 2007; Werneburg et al., 2002).
However, because cathepsin B is constitutively active inside lysosomes, cathepsin B
activity cannot be sufficient for LMP.
Oxidative stress
Oxidative stress, in which the production of reactive oxygen species is increased or
the cellular detoxifying system decreased, can induce LMP by causing peroxidation
of membrane lipids. Due to the degradation of iron-containing proteins, lysosomes
contain free iron (Kurz et al., 2011). Fenton-like chemistry, by which iron reacts
with hydrogen peroxide, generates highly reactive hydroxyl radicals, which likely
destabilizes the lysosomal membrane (for further details see Figure 23 on page 72).
In support of this theory, iron chelators inhibit lysosomal damage (Persson et al.,
2003).
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Phospholipase A2
Phospholipase A2 (PLA2) is an enzyme that regulates membrane lipid
composition. Activation of PLA2 occurs during apoptosis and is suggested to
destabilize membranes by degrading membrane phospholipids (Jäättelä et al., 1995;
Zhao et al., 2001). PLA2 induces lysosomal leakage in isolated lysosomes and has
been implicated in lysosomal membrane destabilization in several different
experimental systems (Johansson et al., 2010; Wang et al., 2006; Zhao et al., 2001;
Zhao et al., 2003b).
Sphingosine
Sphingosine is a sphingolipid implicated in LMP and apoptosis (Kågedal et al.,
2001b; Ullio et al., 2012; Werneburg et al., 2002). Sphingosine is proposed to
accumulate inside lysosomes and to permeabilize the membrane in a detergent-like
fashion. Sphingosine is generated in the lysosome by the sequential action of
aSMase and acid ceramidase, which convert sphingomyelin into ceramide and,
subsequently, sphingosine (Figure 18). In contrast to sphingosine, sphingomyelin
has been shown to protect against lysosomal destabilization (Caruso et al., 2005).
Thus, the conversion of sphingomyelin to sphingosine has dual negative effects on
lysosomal stability.
Sphingomyelinase

Sphingomyelin

Ceramidase

Ceramide

Sphingomyelin synthase

Sphingosine

Ceramide synthase

Sphingosine-1-phosphate
phosphatase

Sphingosine kinase-1

Sphingosine-1-phosphate

Figure 18. Conversion of sphingomyelin into sphingosine. Sphingomyelin is converted into
ceramide, a reaction catalyzed by sphingomyelinase. By the action of ceramidase, ceramide is
transformed into sphingosine. Sphingosine can accumulate inside lysosomes and induce lysosomal
membrane permeabilization in a detergent-like fashion. Sphingosine can also be converted to
sphingosine-1-phosphate, which is considered anti-apoptotic.

The addition of sphingosine to isolated lysosomes induces membrane
destabilization, which is dependent on the presence of cathepsin B (Werneburg et
al., 2002). In apoptotic cells, the levels of sphingosine may increase due to the
enhanced activity of aSMase and cathepsin B-mediated degradation of sphingosine
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kinase-1 (Taha et al., 2005), which normally converts pro-apoptotic sphingosine
into anti-apoptotic sphingosine-1-phosphate. This effect may explain, at least in
part, the dependence of sphingosine on cathepsin B for efficient LMP-induction.
Safeguards of lysosomal integrity
Some proteins have been shown to function as stabilizers of the lysosomal
membrane through either genetic or pharmacological inhibition, e.g., heat shock
protein 70 (Hsp70) and LAMPs. Anti-apoptotic Bcl-2 proteins are also considered
lysosomal safeguards, due to their inhibitory effects on their pro-apoptotic relatives.
Indeed, the abundance of Bcl-2, Bcl-XL or Mcl-1 influences cell sensitivity to
LMP; overexpression decreases the sensitivity, while downregulation makes cells
more prone to leakage (Feldstein et al., 2006; Paris et al., 2007; Werneburg et al.,
2007; Zhao et al., 2000). LAMPs, which are the major protein constituents of the
lysosomal membrane, have been shown to modulate the sensitivity to lysosomal
cell death (Fehrenbacher et al., 2008). In addition, lysosomal destabilization can be
inhibited by antioxidants, which scavenge reactive oxygen species. For example,
α-tocopherol (vitamin E), a lipid soluble antioxidant, protects from lipid
peroxidation and inhibits lysosomal destabilization (Roberg and Öllinger, 1998;
Yoshida et al., 2007).
Hsp70 fulfills essential survival functions as a molecular chaperone in the cytosol.
Hsp70 assists the folding of newly synthesized and stress-denatured proteins, as
well as the import of proteins into organelles and the dissociation of aggregated
proteins. Interestingly, Hsp70 is found at the plasma membrane and in lysosomes
in many tumor and stressed cells and has been shown to prevent LMP (Bivik et al.,
2007; Nylandsted et al., 2004). Overexpression of Hsp70 may be a defense
mechanism to ensure tumor cell survival because down regulation of Hsp70 results
in LMP and cathepsin-mediated cell death in the absence of other stimuli (Dudeja
et al., 2009; Nylandsted et al., 2004). Several mechanisms by which Hsp70 can
confer protection from LMP have been proposed. Hsp70 can bind intralysosomal
free iron and thereby prevent the generation of the hydroxyl radical and
permeabilization of the lysosomal membrane (Doulias et al., 2007; Kurz and
Brunk, 2009). In addition, Hsp70 binds to Bax and prevents its translocation to
the mitochondria (Gotoh et al., 2004; Stankiewicz et al., 2005), and a similar
mechanism could prevent Bax-mediated LMP. Moreover, Hsp70 interacts with
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BMP within the internal lysosomal membranes, thereby facilitating aSMase activity
(Kirkegaard et al., 2010). Inhibition of this interaction or inhibition of aSMase
activity abolishes the lysosomal stabilizing effect of Hsp70, indicating that the
major protective effect of Hsp70 is due to its facilitation of lysosomal sphingolipid
catabolism (Kirkegaard et al., 2010).

Functions of cathepsins in the cytosol
The involvement of lysosomal cathepsins in apoptosis has been demonstrated in
various cellular models by both genetic manipulation and pharmacological
inhibitors. The presence of endogenous cysteine cathepsin inhibitors in the cytosol
can suppress the activity of accidentally released cathepsins. However, no
endogenous inhibitors of cathepsin D have been identified (Kirkegaard and
Jäättelä, 2009). Instead, the main regulatory mechanism seems to be pHdependent proteolysis. Cathepsins are highly active at acidic pH but are inactivated
at the neutral pH of the cytosol, due to irreversible unfolding (cysteine cathepsins)
or reversible deprotonation of the active site aspartates (cathepsin D) (Turk et al.,
1995; Turk and Turk, 2009). However, cathepsins can be stabilized by substrate
binding, and their proteolytic activity can be preserved by the cytosolic
acidification reported to be associated with apoptosis (Gottlieb et al., 1995; Nilsson
et al., 2006). The abundant cysteine cathepsins B and L and the aspartate
cathepsin D have been most studied with respect to their roles in apoptosis
signaling.
In contrast to caspases, which require activation to promote apoptosis, cathepsins
are already active when released from the lysosome following LMP. In the cytosol,
cathepsins process other proteins to promote death signaling. In contrast to
caspases, which have hundreds of identified substrates, only a small number of
apoptosis-associated cathepsin substrates have been identified (Figure 19). The
most studied cathepsin substrate is Bid (Repnik et al., 2012). Multiple cysteine
cathepsins (including cathepsin B, H, K, L and S) activates Bid, but data regarding
cathepsin D-dependent Bid cleavage are inconclusive (Caruso et al., 2006; Cirman
et al., 2004; Heinrich et al., 2004). In cells lacking the endogenous cysteine
cathepsin inhibitor, stefin B, neuronal apoptosis cannot be prevented by ablation of
Bid, which suggested the existence of other cathepsin substrates (Houseweart et al.,
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2003). This result led to the discovery of anti-apoptotic Bcl-2 proteins as cathepsin
substrates (Droga-Mazovec et al., 2008). Engagement of the mitochondrial
pathway is a common event downstream of LMP, as evidenced by the finding that
cell death is absent in Bax/Bak double-deficient mice after LMP (Boya et al.,
2003). Moreover, mimicking LMP by microinjection of cathepsin D directly into
the cytosol induces cytochrome c release (Roberg et al., 2002). XIAP is degraded by
cysteine cathepsins, indicating that cathepsins also participate in apoptosis signaling
downstream of mitochondria (Droga-Mazovec et al., 2008). One report suggests
that membrane-associated guanylate kinases, which are involved in cell-cell
contacts, are cathepsin substrates (Ivanova et al., 2011). Another target of
cathepsins is sphingosine kinase-1, the normal activity of which promotes
proliferation and survival (Taha et al., 2005). Direct cleavage and activation of
caspase-3 by lysosomal proteases has been suggested (Ishisaka et al., 1998;
Katunuma et al., 2001), but in general, caspases are poor substrates for most
cathepsins (Cirman et al., 2004). However, caspase-8 has been demonstrated to be
activated by cathepsin D during neutrophil apoptosis (Conus et al., 2008).

Figure 19. Proposed cathepsin substrates during apoptosis. After release from lysosomes following
lysosomal membrane permeabilization, cathepsins perform their pro-apoptotic function in the cytosol.
Many of the known cathepsin substrates results in the engagement of the mitochondrial pathway to
apoptosis. However, the cathepsin-mediated cleavage of X-linked inhibitor of apoptosis (XIAP) suggests
that cathepsins also participate in apoptosis signaling downstream of mitochondrial outer membrane
permeabilization.
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Lysosomes in disease
As many cellular functions involve the lysosomal compartment, lysosomal
disturbance has a profound impact on homeostasis. Therefore, it is not unexpected
that lysosomal dysfunction causes and contributes to many diseases. Lysosomes
have a central role in lysosomal storage disorders, but increasing evidence indicates
that lysosomes are involved also in more widespread diseases, such as cancer and
Alzheimer’s disease (Kirkegaard and Jäättelä, 2009; Nixon et al., 2008). Due to the
essential role of lysosomes in autophagy, lysosomal dysfunction impairs this
process, thereby contributing to disease (Levine and Kroemer, 2008).

Lysosomal storage disorders
Lysosomal storage diseases represent a class of inborn pathologies characterized by
the accumulation of material in lysosomes. These conditions are caused by the
absence or reduced activity of lysosomal proteins, which results in the lysosomal
accumulation of substances dependent on these particular proteins (Bellettato and
Scarpa, 2010). Often, this material will be stored because digestion is impaired due
to enzyme deficiency, but disease can also arise when transport out of the lysosomal
compartment is compromised. Over 50 human lysosomal storage conditions have
been recognized, and although individually rare, their combined prevalence is
approximately 1 in 8 000 births (Filocamo and Morrone, 2011). The massive
accumulation of substances affects the function of lysosomes and other organelles,
resulting in secondary changes, such as impairment of autophagy, mitochondrial
dysfunction and inflammation (Figure 20). Lysosomal storage disorders frequently
involve the central nervous system, where neuronal dysfunction or loss results in
mental retardation, progressive motor degeneration and premature death.
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Figure 20. Lysosomal dysfunction contributes to neurodegeneration. Improper function of
lysosomal proteins results in accumulation of substrates within the lysosomal compartment. The storage
is associated with expansion of the compartment, inefficient lysosomal degradation and impairment of
autophagy. The defective degradation results in increase amount of aged organelles and toxic proteins,
further exacerbating the dysfunction of the cell. The accumulation of toxic protein and protein
aggregates, aged organelles and autophagosomes might contribute in neurodegeneration.

Niemann-Pick disease type C
In contrast to Niemann-Pick disease type A and B, which are both lysosomal
storage disorders caused by aSMase deficiency (Schuchman, 2009), the type C
(NPC) is caused by a deficiency in the cholesterol handling proteins NPC1 and
NPC2. Mutations within these proteins result in a fatal neurodegenerative storage
disorder characterized by the accumulation of abnormal amounts of cholesterol and
other lipids in the late endosomes and lysosomes of cells (Vanier, 2010). The
majority of cases (95%) are due to mutations in the NPC1 protein, while 5% are
due to mutations in NPC2 (Carstea et al., 1997; Naureckiene et al., 2000; Vanier
et al., 1996). NPC is a rare disease with an incidence of approximately 1:120 000
(Vanier, 2010), but due to its similarities with Alzheimer’s disease, NPC is
relatively well-studied (Nixon, 2004). The severity and progression varies, but
generally, the disease presents with symptoms in the first years of life. The disease is
characterized by progressive neurodegeneration and hepatosplenomegaly and is
usually fatal before adolescence. An effective cure for the disease has yet to be
discovered.
Neuronal ceroid lipofuscinoses
The neuronal ceroid lipofuscinoses (NCLs) are severe neurodegenerative lysosomal
storage disorders and are the most common cause of pediatric neurodegenerative
disease (Haltia, 2003). These disorders are caused by mutations in different
recessively inherited genes that encode soluble and membrane proteins, the
majority of which are resident in endosomes and lysosomes (Jalanko and Braulke,
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2009). Despite being a genetically heterogeneous group, with ten disease causing
genes identified, the NCLs share histopathological and clinical characteristics,
including degeneration of nerve cells and accumulation of autofluorescent ceroid
lipopigments (Jalanko and Braulke, 2009). In contrast to most lysosomal storage
disorders, the stored material is not a disease-specific substrate, but the deposits
consist mainly of subunit c of mitochondrial ATP synthase or sphingolipid
activator proteins (saposins) A and D (Jalanko and Braulke, 2009). NCL patients
suffer a clinical course with progressive decline in congenital and motor functions,
with severe visual deficits and seizures being common symptoms. At present, there
is no cure for NCL, and treatment is limited to palliation of symptoms.
One of the subtypes of NCLs is ceriod lipofuscinosis neuronal 10 (CLN10), which
is caused by cathepsin D deficiency. Patients devoid of proteolytic activity of
cathepsin D present a severe form of NCL, with disease onset before or shortly
after birth and death occurring within a few weeks (Siintola et al., 2006). There is
also a CLN10 form with a slower progression in which the patients have a degree
of residual cathepsin D activity (Steinfeld et al., 2006). NCL pathologies due to
mutations or deletions of cathepsin D homologs have also been identified in flies,
mice, sheep and dogs (Awano et al., 2006; Koike et al., 2000; Myllykangas et al.,
2005; Saftig et al., 1995; Tyynelä et al., 2000).

Adult neurodegenerative disorders
Many of the secondary pathological changes (e.g., brain inflammation, alteration of
intracellular trafficking and impairment of autophagy) linked to lysosomal storage
disorders are also observed in adult neurodegenerative disorders, such as
Alzheimer´s, Parkinson’s and Huntington’s diseases (Bellettato and Scarpa, 2010).
Even if lysosomal disturbances are not a direct cause of the disease,
neurodegeneration associated with lysosomal dysfunction and defective autophagy
is well-documented (Nixon et al., 2008). Correct autophagic function is essential
for cells, particularly for neurons, which rely on autophagy for survival, and the
inactivation of crucial autophagy genes in mice results in severe neurodegeneration
(Bellettato and Scarpa, 2010). Alterations to the lysosomal compartment are
particularly evident and closely linked to Alzheimer’s pathology (Nixon et al.,
2008; Nixon and Yang, 2011). Current evidence strongly indicates disruption of
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substrate proteolysis within autophagolysosomes as the principal mechanism
underlying autophagy failure in Alzheimer´s disease (Lee et al., 2010; Nixon and
Yang, 2011).
Independent of the primary defect, disturbances in lysosomal function seem to
have more severe consequences in the central nervous system than in other parts of
the body. The reason for the selective vulnerability of neurons is unknown but is
suggested to be due to i) their limited regenerative potential, ii) their status as
postmitotic cells, which are unable to dilute undigested material by cell division,
iii) the lack of compensatory metabolic pathways and iv) their dependence on
efficient intracellular trafficking to connect the distal parts with the cell body
(Bellettato and Scarpa, 2010).
Because lysosomal dysfunction is associated with many degenerative disorders,
therapeutic interventions aiming at restoring lysosomal function may be useful for
the treatment of diseases such as Alzheimer’s and Parkinson’s. Indeed, the
restoration of lysosomal proteolysis and autophagy efficiency in mouse models of
Alzheimer´s disease has yielded promising therapeutic effects on neuronal function
and cognitive performance (Nixon and Yang, 2011).

Cancer
Rapidly dividing cells, such as cancer cells, are highly dependent on effective
lysosomal function, and dramatic changes in lysosomal volume, composition and
subcellular localization occur during transformation and cancer progression
(Kallunki et al., 2012; Kirkegaard and Jäättelä, 2009). Several members of the
cathepsin family have been implicated in cancer due to their increased expression,
activity and mislocalization in various tumors (Palermo and Joyce, 2008).
Increased expression and activity of lysosomal hydrolases often correlates with
malignant progression, a high risk of recurrence and poor prognosis (Kallunki et
al., 2012; Palermo and Joyce, 2008). The pro-tumorigenic effect of cysteine
cathepsins are considered to be due to proteolytic activity after secretion to the
extracellular space, where they stimulate tumor angiogenesis, tumor growth and
tumor invasion (Gocheva et al., 2006). The cancer-promoting effects of
cathepsin D are partly independent of its proteolytic activity, and the pro-form acts
as a mitogen by binding to a cell surface receptor (Masson et al., 2010).
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Tumorigenesis is associated with several changes that alter cellular susceptibility to
programmed cell death. The majority of changes are anti-apoptotic; however,
alterations within the lysosomal compartment can be considered pro-apoptotic
(Vasiljeva and Turk, 2008). Oncogene-driven transformation is associated with
increased cathepsin expression and higher sensitivity toward lysosome-mediated cell
death (Fehrenbacher et al., 2004). Cathepsin-mediated degradation of LAMPs may
contribute to increased lysosomal instability (Fehrenbacher et al., 2008). Inhibition
of aSMase also destabilizes the lysosomal membrane (Groth-Pedersen and Jäättelä,
2010). Interestingly, the expression of aSMase is significantly reduced in multiple
carcinoma, possibly contributing to lysosomal destabilization (Kallunki et al.,
2012). However, increased lysosomal Hsp70 in tumor cells counteracts this
destabilizing effect. Thus, transformation-associated changes in the lysosomal
compartment have opposing effects in cancer cells because they increase the
tumorigenic potential and simultaneously sensitize the cells to lysosome
destabilization and cell death (Figure 21).
Tumor growth, invasion
and angiogenesis
Increased cathepsin
expression

Transformation

Decreased
aSMase
expression

Increased
lysosomal Hsp70

Decrease in LAMPs

Lysosomal
destabilization
Increased
aSMase activity

Figure 21. Transformation-induced alterations within the lysosomal compartment. The
overexpression of cathepsins promotes tumor progression via their extracellular action; however, in the
lysosome, cathepsins degrade lysosome-associated membrane proteins (LAMPs), thereby destabilizing
the lysosomal membrane. Tumor cells often display decreased expression of acid sphingomyelinase
(aSMase), potentially reducing lysosomal stability. However, the increased expression of heat shock
protein 70 (Hsp70) counteracts this effect by enhancing the activity of aSMase.

The significant pro-neoplastic properties of cathepsins make them interesting
targets for cancer therapy (Groth-Pedersen and Jäättelä, 2010; Kallunki et al.,
2012). Cathepsin inhibition could be beneficial in cancer treatment; however,
multiple cathepsins must be inhibited, due to their redundant function. The
61

INTRODUCTION

inhibition of lysosomal exocytosis may be a better strategy because it would
decrease the content of extracellular cancer-promoting cathepsins and
simultaneously increase the intracellular content of cathepsins, which could
compromise the survival of the cancer cell by lysosomal destabilization.
Cancer cells often display defects in apoptotic pathways; fortunately, cell death can
still occur through the release of lysosomal enzymes (Kirkegaard and Jäättelä,
2009). p53 is normally a key player in apoptosis induction, and the high frequency
of p53 mutations is believed to contribute to resistance to commonly used
chemotherapeutic agents. Interestingly, a small-molecule screen revealed that a
majority of compounds capable of inducing cell death independent of p53 did so
by triggering LMP and cathepsin-mediated killing of tumor cells (Erdal et al.,
2005). This finding suggests that cancer cells that are insensitive to traditional
therapies may be killed by agents that trigger the lysosomal cell death pathway.
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AIMS
The general objective of the studies in this thesis was to investigate the role of
lysosomes in cell death signaling.

SPECIFIC AIMS OF PAPER I
• To determine if the proteolytic activity of cathepsin D, when released to the
cytosol, is important for its pro-apoptotic function.
• To identify cytosolic target(s) of cathepsin D.
• To examine the cytosolic pH of apoptotic cells and its influence on
cathepsin activity.

SPECIFIC AIMS OF PAPERS II AND III
• To determine if lysosomal cholesterol accumulation affects cellular
sensitivity to apoptosis.
• To determine if sensitivity to lysosomal membrane permeabilization can be
modulated by altering the lysosomal cholesterol content.
• To identify the component that protects NPC1 mutated cells and cells
exposed to U18666A, an inhibitor of lysosomal cholesterol efflux, from
permeabilization of the lysosomal membrane and apoptosis.

SPECIFIC AIMS OF PAPER IV
• To study the repair of plasma membrane damage induced by UV irradiation
in normal human keratinocytes.
• To examine lysosomal participation in apoptosis signaling after UVA
irradiation.
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MATERIALS AND METHODS
This section will present the theoretical background, principles, additional
information and personal reflections on the methods used in the papers I-IV. For a
description of the execution of the methods, please see the materials and methods
sections of respective paper.

CELLS
Human fibroblasts
Papers I, II and III are primarily based on studies using human fibroblasts. These
cells were chosen due to their human origin and untransformed phenotype because
it is known that transformation and oncogenic progression results in significant
changes in the lysosomal compartment (Kallunki et al., 2012) and alters important
components of cell death signaling (Kelly and Strasser, 2011). Compared to
transformed cells and cancer cells, normal fibroblasts have a lower proliferation rate
and can only be cultivated for a limited number of passages before senescence
occurs. Therefore, fibroblasts in passages 12-24 were used in the experiments.
In papers I and II, the apparently normal human fibroblasts AG01518, which are
derived from foreskin explants, were used. In paper III, NPC1 mutated human
fibroblasts (GM18436) were used to investigate the effect of cholesterol
accumulation in the lysosomal system. The donor subject is heterozygous at the
NPC1 gene locus; allele 1 includes one missense mutation at codon 612, and allele
2 harbors a deletion at nucleotide 1628 1, resulting in inappropriate protein
expression and function. The apparently normal fibroblasts GM05659 were chosen

1

http://ccr.coriell.org/Sections/Search/Sample_Detail.aspx?Ref=GM18436&PgId=166
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as a wild type (wt) control because the donor matched the GM18436 donor with
respect to age, gender and ethnicity.

Bid deficient fibroblasts
In paper I, mouse embryonic fibroblasts (MEFs) lacking Bid expression, a generous
gift from Stanley Korsmeyer (Dana-Farber Cancer Institute, Harvard Medical
School, Boston, MA, USA), were used. These cells are derived from wt and Bid
knock out (Bid-/-) mice and were immortalized by simian virus 40 (SV40) T
antigen-transformation as previously described (Yin et al., 1999). Due to the
expression of the T antigen, which interacts with the p53 and Rb proteins, the cells
can be propagated in culture indefinitely (Ahuja et al., 2005).

Cathepsin D deficient fibroblasts
To investigate the pro-apoptotic function of cathepsin D, cathepsin D deficient
cells were employed in paper I. MEFs that were derived from a cathepsin D
knockout background and had been transfected with an empty vector, human wt
cathepsin D or a mutated form of cathepsin D were compared. The mutated form
of cathepsin D, W383C, was originally identified in a patient with a
neurodegenerative disorder (Steinfeld et al., 2006). This was the first reported case
of human neuronal ceroid lipofuscinosis caused by cathepsin D deficiency, and
genetic analysis revealed that the patient had two missense mutations in the gene
for cathepsin D, resulting in normal RNA levels but only minor catalytic activity
(less than 7% of normal) (Steinfeld et al., 2006).

CHO cells
In paper II, Chinese hamster ovary (CHO) cells were used as a genetically
manipulated model to verify the results of drug-induced cholesterol accumulation.
CHO 2-2 cells were obtained by treating immortalized wt cells (CHO-K1) with
the mutagenic ethyl methanesulfonate (Dahl et al., 1992). In CHO 2-2 cells
cholesterol accumulates in lysosomes, which is in concordance with a NPC
phenotype (Dahl et al., 1992). Genetic analysis demonstrated that the NPC1 gene
in CHO 2-2 cells contained an insertion that caused a frame shift and early
termination of translation, resulting in a reduced amount of NPC1 mRNA and
protein (Wojtanik and Liscum, 2003).
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Neurons
In paper III, because NPC is a neurodegenerative disorder, a neuronal cell model
was employed to investigate the effect of cholesterol accumulation in a more
physiologically relevant experimental setting. Primary neuronal cultures were
obtained from the cortexes of newborn rats according to an established method
(Hansson and Rönnbäck, 1989). The cultures consisted of a mix of neurons and
glia cells; the majority of the cells had a neuron-like morphology. Cultures
established by this method were analyzed using neuron-specific enolase as a marker,
and the cultures were estimated to consist of approximately 75% neurons
(Hansson and Rönnbäck, 1989). However, when a more recently identified
neuronal marker (microtubule-associated protein 2) was used for analysis, the
percentage of neurons was substantially lower (Björklund et al., 2010).

LAMP deficient fibroblasts
To investigate the role of LAMP proteins in lysosomal membrane stability in
paper III, LAMP deficient MEFs were used. In contrast to a single deficiency of
either LAMP-1 or -2, double deficiency is embryonically lethal in mice (Eskelinen
et al., 2004). The MEFs used in our study were established from wt, single
(LAMP-1-/- and LAMP-2-/-), or double deficient (LAMPnull) mice and were
thereafter transformed. The phenotype caused by the simultaneous disruption of
both LAMPs was characterized by the accumulation of autophagic vacuoles and
altered lysosomal distribution and appearance. In addition, unesterified cholesterol
accumulated in the endo-lyosomal compartment of LAMPnull cells, similar to NPC
cells (Eskelinen et al., 2004).

Keratinocytes
Normal human skin keratinocytes were used in paper IV. Human skin is composed
of two layers, the epidermis and the dermis. The epidermis consists of a stratified
squamous epithelium and is the outermost layer of the skin, functioning as a
protective barrier (Lippens et al., 2009). The majority of the cells (90%) of the
epidermis are keratinocytes, but other cells, including melanocytes, are also present.
The epidermis undergoes continuous self-renewal due to the proliferation of the
cells in the basal layer. During their movement through the epidermis, the
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keratinocytes undergo a differentiation program called cornification, and the
terminally differentiated cells in the outermost layer of epidermis are ultimately
shed from the skin (Lippens et al., 2009).
Primary cultures of keratinocytes were established from biopsies obtained from
fair-skin donors (0-2 years of age) via foreskin circumcisions and cells were isolated
according to an established protocol (Andersson et al., 2001; Larsson et al., 2005).
The procedure includes incubation of the surgical specimen in dispase, followed by
separation of the epidermal layer from the dermis and incubation in trypsin/EDTA
solution to dissociate the cells. Pure keratinocyte cultures, without contaminating
melanocytes, were obtained by removal of melanocytes by differential
trypsinization. Experiments were conducted at passages 2-7.

APOPTOSIS INDUCERS
Apoptosis was induced when cell cultures were sub-confluent, and all cell cultures
to be compared were seeded to reach equal confluence at the time of apoptosis
induction. The dose or concentration of the apoptosis inducers was optimized to
induce substantial apoptosis but limited necrotic cell death, as determined by
morphological evaluation of cell cultures.

Staurosporine
Staurosporine (STS), which was used in papers I and II, was first discovered in
1977 and is a natural product isolated from the bacterium Streptomyces
staurosporeus (Omura et al., 1977). STS functions as a broad spectrum protein
kinase inhibitor by blocking the binding of ATP to kinases, thereby inhibiting
their catalytic activity (Prade et al., 1997). STS binds to many kinases with high
affinity, and this lack of specificity has precluded its clinical use. However, STS is
still a valuable research tool and has been demonstrated to potently induce
apoptosis in a variety of cells. Although it is frequently used as a pro-apoptotic
stimulus, the targets and mechanisms involved in apoptosis signaling after exposure
to STS are poorly understood.
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A previous publication from our group have established that apoptosis signaling in
human fibroblasts exposed to STS is initiated by the early permeabilization of the
lysosomal membrane with ensuing release of cathepsins to the cytosol, followed by
mitochondrial engagement and activation of the caspase cascade (Johansson et al.,
2003). Cell death signaling in the fibroblast model is highly dependent on
cathepsin D; cytochrome c release, caspase activation and apoptosis-associated
morphological changes were prevented when cathepsin D was inhibited (Johansson
et al., 2003). Although simultaneously released from lysosomes (Kågedal et al.,
2001a), the cysteine cathepsins did not exhibit the same pro-apoptotic action as
cathepsin D in the human fibroblast model, since microinjection of cathepsin D
but not cathepsin B induced apoptosis (Roberg et al., 2002), and inhibition of
cathepsin B failed to inhibit caspase activation.

MSDH
O-methyl-serine dodecylamine hydrochloride (MSDH), a lysosomotropic
detergent, was used in papers I, II and III to study cell death signaling induced by
the enforced release of lysosomal content. MSDH was kindly provided by Gene M.
Dubowchik (Bristol-Myers Squibb, Wallingford, CT, USA). The term
lysosomotropic was coined by de Duve to describe various weak amines that are
subject to considerable accumulation (often hundredfold) within lysosomes (de
Duve et al., 1974). Lysosomotropic amines contain a moderately basic amino
group with a pKa of 5-9, and at the neutral pH of the cytosol, they remain
predominantly in their unprotonated form and are able to passively diffuse across
cell membranes. However, as illustrated in Figure 22, in the acidic milieu of
lysosomes, they become protonated and are no longer able to penetrate the
membrane; thus the amines are trapped within the lysosome (Firestone et al.,
1979). If the compound also has a long hydrophobic chain, it will become a
lysosomotropic detergent when protonated, possibly acting with its hydrophobic
tail buried in the membrane and the hydrophilic protonated head group facing the
aqueous interior of the lysosomes (Firestone et al., 1979). The amine will
accumulate inside the lysosomes until the concentration is sufficient to dissipate
the lysosomal membrane (Dubowchik et al., 1995).
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Figure 22. A lysosomotropic agent
accumulates in lysosomes due to ion
trapping. A weakly basic amine (B)
will, in its unprotonated form, passively
diffuse through cell membranes. In the
acidic interior of lysosomes, the amine
will become charged and can no longer
pass through the lysosomal membrane,
thus accumulating in the lysosomal
compartment.

In contrast to other detergents that kill cells by acting at the plasma membrane,
lysosomotropic detergents primarily act from within the lysosomes. Consequently,
red blood cells, which lack lysosomes, are not lysed by lysosomotropic detergents
(Firestone et al., 1979), and agents that raise the lyso somal pH confer protection
from cell death induced by lysosomotropic detergents (Ghosh et al., 2011; Miller et
al., 1983).
MSDH fulfills the criteria of a lysosomotropic detergent; it is an amine with a long
hydrophobic chain and a pKa of 5.9 (Dubowchik et al., 1995). In the acidic
interior of lysosomes, MSDH becomes protonated and acquires detergent
properties, thereby inducing the release of lysosomal content and induces cell death
(Ghosh et al., 2011; Li et al., 2000; Nilsson et al., 2006; Terman et al., 2002; van
Nierop et al., 2006; Zhao et al., 2003a).

UV irradiation
Exposure to UV irradiation was used to induce apoptosis in cathepsin D deficient
MEFs (paper I) and keratinocytes (paper IV). UV radiation is composed of
electromagnetic rays of wavelengths shorter than that of visible light. The UV
spectrum of sunlight is divided into three categories based on wavelength; UVA
(320-400 nm), UVB (280-320 nm) and UVC (200-280 nm). UVC is biologically
irrelevant because it is almost completely absorbed by the ozone layer. However,
both UVA and UVB radiation penetrates to the earth and have deleterious effects
on living organisms.
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Malignant transformation of keratinocytes and melanocytes can give rise to skin
cancer, and UV radiation is considered to be the most important environmental
carcinogen in the development of skin cancer (Armstrong and Kricker, 2001). The
mutagenic and carcinogenic properties of sunlight have been mostly attributed to
UVB, although there is no doubt that the damaging effect of UVA also contributes
to skin cancer (Agar et al., 2004; Bennett, 2008). UVA and UVB differ in their
biological effects and in their depth of penetration through the skin layers. UVB
can directly induce DNA damage, while the effect of UVA is indirect and is due to
the generation of free radicals and reactive oxygen species in the cell (Marrot and
Meunier, 2008). Severe damage induced by UV exposure normally activates the
apoptotic elimination of the damaged cells, which may carry mutations that can
aid malignant transformation. Efficient removal of irreparable damaged cells is thus
an essential defense mechanism against skin carcinogenesis.
The signaling following UV irradiation is complex, but most evidence suggests that
the intrinsic pathway is the main apoptotic route (Pustisek and Situm, 2011),
although there are some reports indicating activation of the extrinsic pathway by
ligand-independent clustering of death receptors (Aragane et al., 1998; Sheikh et
al., 1998). In addition, LMP and cathepsins have a significant role in apoptotic
signaling in melanocytes after both UVA and UVB irradiation (Bivik et al., 2006).

Cisplatin
In paper II, the platinum-containing drug cisplatin was used as an apoptosis
inducer. Cisplatin, one of the most potent chemotherapeutic drugs, has been used
during the past 30 years as a treatment for several types of solid tumors (Siddik,
2003). It binds to DNA and induces crosslinking, which blocks the transcription
process (Todd and Lippard, 2009). At clinically relevant concentrations, the acute
apoptotic response of cisplatin is most likely of minor importance, and the efficacy
of the drug is primarily due to growth arrest (Fayad et al., 2009; Havelka et al.,
2007). The cytotoxic effect of cisplatin is generally believed to be due to DNA
damage, however, in cultured cells, high concentrations of cisplatin induce an
apoptotic response that is independent of its DNA-damaging properties
(Berndtsson et al., 2007; Mandic et al., 2003). Alternative targets of cisplatin
include the ER, mitochondria and lysosomes (Mandic et al., 2003; Santin et al.,
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2012). In cultured head and neck squamous cell carcinoma cells, exposure to
cisplatin was associated with LMP, and inhibition of cathepsins partly prevented
cell death, indicating lysosomal participation in cisplatin-induced cell death
signaling (Nilsson et al., 2010).

Oxidative stress
Oxidative stress is caused by an imbalance between the production of reactive
oxygen species and the reducing capacity of the cellular antioxidant defense system.
Disturbances in the redox state can damage cellular components such as protein,
lipids and DNA via the generation of free radicals and peroxides. Destabilization of
the lysosomal membrane has been detected early during cell damage induced by
oxidative stress (Roberg et al., 1999; Zdolsek et al., 1993; Öllinger and Brunk,
1995). In cell culture, oxidative stress is commonly induced by adding hydrogen
peroxide, which is completely membrane permeable and can reach lysosomes. As
shown in Figure 23, the acidic pH and high iron content of lysosomes facilitates a
Fenton-type reaction that results in the intralysosomal production of reactive
oxygen species, which in turn can destabilize the lysosomal membrane via the
peroxidation of membrane lipids (Repnik et al., 2012).

Figure 23. Destabilization of the lysosomal membrane by oxidative stress. During oxidative stress,
hydrogen peroxide (H2O2) diffuses into the lysosome. In the lysosome, the acidic pH and the presence of
iron, which is derived from the degradation of iron-containing proteins, promotes the reduction of iron
and the generation of hydroxyl radicals (HO•) via Fenton chemistry. Peroxidation of the membrane
lipids, induced by the hydroxyl radical, results in the loss of lysosomal membrane integrity and leakage
of the lysosomal content into the cytosol.
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In paper III, oxidative stress-induced apoptosis was studied by exposing LAMPdeficient MEFs and neurons to hydrogen peroxide or glucose oxidase. The direct
addition of hydrogen peroxide to cell cultures yields a short duration of oxidative
stress because such a bolus dose of hydrogen peroxide is consumed within minutes
(Antunes and Cadenas, 2000). By contrast, when glucose oxidase, which is an
oxido-reductase that catalyzes the oxidation of glucose generating hydrogen
peroxide, is added, there is a continuous generation of hydrogen peroxide during
exposure, resulting in prolonged oxidative stress (Antunes and Cadenas, 2001).
This technique likely produces oxidative stress conditions that are more
physiologically relevant than those induced by the conventional bolus-addition
method (Antunes and Cadenas, 2001).

INHIBITORS
Pepstatin A
We used the aspartic protease inhibitor pepstatin A to investigate the role of
cathepsin D in cell death processes. Pepstatin A is a pentapeptide produced and
secreted by Streptomyces species (Morishima et al., 1970; Umezawa et al., 1970). It
contains the rare amino acid statin, which reacts with the active site residues of
aspartic proteases and reversibly inhibits their proteolytic activity. Pepstatin A is
not a specific inhibitor of cathepsin D but also inhibits cathepsin E and the two
extracellular proteases pepsin and renin (Kunimoto et al., 1974). However, only
intracellular proteases are relevant in our experimental model, and cathepsin D is
more abundant than cathepsin E, which is mainly expressed in immune cells.
Thus, we propose that the effect of pepstatin A in our experimental model is due to
its inhibition of cathepsin D.
Pepstatin A efficiently inhibits the proteolytic activity of cathepsin D, but due to its
poor solubility (Umezawa et al., 1970) and negligible cell permeability, a rather
high pepstatin A concentration (100 μM) was used in cell culture experiments.
Because pepstatin A is not cell permeable, cells were pretreated overnight to allow
pepstatin A to be pinocytosed and reach lysosomes (Dean, 1983) before the
induction of apoptosis.
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E64d
In paper IV, E64d was employed. E64d is an irreversible inhibitor of cysteine
proteases, including cathepsin B and L (Tamai et al., 1986). In addition to its
inhibitory effect on cysteine cathepsins, E64d also inhibits calpains (McGowan et
al., 1989). E64d is taken up by pinocytosis (Wilcox and Mason, 1992) and
eventually enters the lysosomal compartment, indicating a primary effect of E64d
within this compartment.

Caspase inhibitors
Synthetic caspase inhibitors have been developed both as research tools and with
the hope that they may eventually be used clinically to prevent the cell loss that is
associated with some disorders. These inhibitors are based on the peptide sequence
preceding the cleavage site of known caspase substrates (Callus and Vaux, 2007).
The peptide sequence is conjugated to various functional groups to improve
efficiency, stability and cell permeability. z-VAD-fmk is a potent inhibitor that
suppresses the activity of a broad spectrum of caspases (Garcia-Calvo et al., 1998)
by binding to the catalytic site and acting as a pseudo-substrate (Callus and Vaux,
2007). Notably, z-VAD-fmk does not inhibit all caspases with equal efficiency, and
at higher concentrations (>10 μM), it also reduces the proteolytic activity of noncaspase proteases, including calpains and cysteine cathepsins (Bizat et al., 2005;
Kroemer et al., 2009; Waterhouse et al., 1998), which is of importance when
interpreting the results obtained with a high concentration of the inhibitor.
Caspase-8 activity was inhibited with z-IETD-fmk.

3-Methyladenine
In paper II, 3-methyladenine (3-MA), a commonly used inhibitor of autophagy,
was employed. It is capable of blocking autophagy due to its inhibitory effect on
phosphoinositide 3-kinase (PI3K) activity (Blommaart et al., 1997), which is
known to be essential for the induction of autophagy (Seglen and Gordon, 1982).
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Myriocin
In paper III, myriocin was used to investigate the effect of cholesterol accumulation
relative to the accumulation of other lipids. Myriocin, also known as ISP-1, is an
atypical amino acid and an antibiotic derived from certain thermophilic fungi. It is
a potent inhibitor of serine palmitoyltransferase, which catalyzes the first step in
sphingosine biosynthesis (Miyake et al., 1995). Thus, myriocin is used in
biochemical research as a tool for depleting cells of sphingolipids, including
ganglioside, ceramide and sphingomyelin (Figure 24). To verify the effect of
myriocin on sphingolipid biosynthesis in human fibroblasts, the cellular content of
sphingomyelin was measured using a previously described method, which involves
a four-step enzymatic process (Glaros et al., 2010).

Figure 24. Sphingolipid biosynthesis. De novo sphingolipid synthesis begins with formation of 3ketosphinganine by serine palmitoyltransferase. In a series of reactions ceramide is formed. Ceramide
can be converted into sphingosine, sphingomyelin or the glycosphingolipid glycosylceramide (GlcCer),
which can be further processed into lactocylceramide (LacCer). LacCer serves as a precursor for a large
number of glycosphingolipids, including the gangliosides (with the exception of GM4) (Kolter et al.,
2002). Enzyme names are italicized, and framed lettering represents inhibitors.

Desipramine
In paper IV, desipramine was used to inhibit the activity of acid sphingomyelinase
(aSMase). aSMase is a lysosomal hydrolase that is responsible for the conversion of
sphingomyelin to phosphocholine and ceramide (Figure 24). Desipramine induces
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a rapid decrease in cellular aSMase activity when added to cells (Hurwitz et al.,
1994). Desipramine disrupts the binding of aSMase to the inner membrane of
lysosomes and aSMase is then subjected to enhanced proteolytic degradation by
lysosomal proteases (Kolzer et al., 2004).

MODULATION OF LYSOSOMAL CHOLESTEROL CONTENT
U18666A
In papers II and III, hydrophobic amines, that disturb intracellular cholesterol
homeostasis and induce cholesterol accumulation in the endolysosomal
compartment, were used. The synthesis of the amphipathic steroid 3-β-[2(diethylamino)-ethoxy]androst-5-en-17-one (U18666A) was first described in
1951 (Cavallini and Massarani, 1951). It blocks endogenous cholesterol
biosynthesis by inhibiting several enzymes involved in sterol synthesis (Cenedella,
2009). The discovery that U18666A also inhibits the egress of cholesterol from the
lysosomal compartment (Liscum and Faust, 1989) was the basis for the use of
U18666A in cellular models of NPC disease. In the presence of U18666A, LDLderived free cholesterol is trapped in lysosomes and is unable to induce the normal
regulatory responses, such as the stimulation of cholesterol esterification and
suppression of endogenous cholesterol synthesis. The exact mechanism of
U18666A action is unknown. A direct interaction between U18666A and NPC1
has been suggested, but the effect can also be secondary due to alterations of the
membrane in which the NPC1 protein resides (Cenedella et al., 2004; Cenedella,
2009; Underwood et al., 1996). Hence there are three actions of U18666A that
may influence its cellular effect; i) its inhibitory effect on sterol synthesis, ii) its
interference in intracellular trafficking of cholesterol and iii) its ability to intercalate
into membranes and alter their order.
There are reports suggesting that U18666A treatment induces apoptosis of
cultured lens epithelial cells, melanoma cells and cortical neurons (Cenedella et al.,
2004; Cheung et al., 2004; Di Stasi et al., 2005), but in our experiments,
U18666A treatment did not induce any cytotoxicity in fibroblasts, melanoma cells
or cortical neurons.
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Quinacrine
In addition to U18666A, a number of cationic amphiphilic compounds with
similar properties have been identified (Klingenstein et al., 2006; Liscum, 1990).
These are small lysosomotropic structures commonly used as therapeutic drugs and
include antidepressants and antiarrhythmics. The ability of such drugs to inhibit
lysosomal lipid catabolism and induce lipid accumulation is closely associated with
a subgroup of lysosomotropic amines known as cationic amphiphilic drugs
(CADs), to which quinacrine belongs. CADs trapped in the acidic compartment
will concentrate at the negatively charged inner membranes and neutralize the
charge provided by BMP (Gallala and Sandhoff, 2011). This neutralization loosens
the binding of lysosomal hydrolases and displaces the enzymes from their
membrane-bound substrate, impairing degradation and causing lipid
accumulation, similar to the phenotype observed in lysosomal storage disorders.
Quinacrine is a synthetic compound that was discovered in the 1920´s and has
been used for decades worldwide for a number of different indications (Wallace,
1989). It was initially approved as an antimalarial drug but has also been used to
treat other parasitic infections and autoimmune disorders, such as rheumatoid
arthritis. In addition, it has been suggested that quinacrine could be used to treat
prion diseases and tumors (Gurova, 2009; Klingenstein et al., 2006).
After an initial screen of five compounds (progesterone, imipramine, amiodarone,
desipramine and quinacrine) demonstrated to induce lipidosis, quinacrine was
chosen for use in paper III due to its high efficacy in inducing cholesterol
accumulation in wt fibroblasts.

Methyl-β-cyclodextrin
Cyclodextrins are naturally occurring amylose-derived oligomers that were
identified in 1891. The three naturally occurring cyclodextrins (α, β and γ) are
composed of a number of glucose units (six, seven and eight, respectively) that
form a ring structure. Their ability to solubilize drugs has made them valuable in
the pharmaceutical industry, and the use of cyclodextrins as carriers has made it
possible to increase the delivery of hydrophobic medical agents into biological
systems. This property is related to the cone-like structure of the cyclodextrin
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molecule, which includes a hydrophilic exterior and a hydrophobic interior into
which hydrophobic molecules such as cholesterol, steroids and vitamins may enter.
β-cyclodextrin has long been used to deliver poorly soluble drugs, but in 2009, βcyclodextrin itself was shown to have powerful pharmacological properties (AbiMosleh et al., 2009). β-cyclodextrin significantly reduced intracellular cholesterol
levels in NPC1 and NPC2 mutant cells (Abi-Mosleh et al., 2009; Rosenbaum et
al., 2010), and it has been proposed to act as a cholesterol-chelating agent and
shuttle cholesterol to membranes in a similar manner as the NPC2 protein
(McCauliff et al., 2011). The ameliorating effect of β-cyclodextrin was also
observed in vivo, where it substantially reduced neurodegeneration and increased
the lifespan of NPC1-/- mice (Davidson et al., 2009).
Recently, it was demonstrated that methyl-β-cyclodextrin (MβCD) is more potent
than hydroxypropyl-β-cyclodextrin (Rosenbaum et al., 2010), and MβCD was
therefore employed in paper III. However, most in vivo studies have used
hydroxypropyl-β-cyclodextrin due to its improved water solubility and presumed
lower toxicity (Gould and Scott, 2005). In paper III, cells were treated with
MβCD for 1 h and then incubated for 24 h prior to analysis or apoptosis
induction. This procedure was shown to deplete cholesterol from the
endolysosomal compartment rather than the plasma membrane (Rosenbaum et al.,
2010).

25-hydroxysterol
The hydroxylated derivatives of cholesterol, such as the oxysterols, play important
roles in lipid metabolism. The search for the physiological role of 25-hydroxysterol
(25-HC) began when it was shown to suppress cholesterol synthesis in cultured
cells (Brown and Goldstein, 1974). 25-HC also reverts cholesterol accumulation
caused by mutations in the NPC proteins or due to U18666A treatment (Frolov et
al., 2003; Lange et al., 1998). There are several possible mechanisms for the actions
of 25-HC because oxysterols has been demonstrated to act at multiple sites in
cholesterol homeostasis, for example, by increasing the expression of cholesterol
efflux genes and decreasing cholesterol uptake and synthesis (Brown and Goldstein,
2009; Gill et al., 2008). Interestingly, 25-HC is also reported to bind the luminal
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loop of the NPC1 protein (Infante et al., 2008), but whether oxysterol binding
regulates the activity of NPC1 remains to be established.
Several other substances also have the ability to decrease lysosomal cholesterol,
including orlistat, an inhibitor of lysosomal acid lipase, and lovastatin, an inhibitor
of enzymes involved in cholesterol biosynthesis (Reid et al., 2008). However, in
our cell model using NPC1 mutated fibroblasts, these compounds were less
efficient than MβCD and 25-HC in reducing cholesterol load.

DETECTION OF CELL DEATH
A single biochemical readout cannot be used as an unequivocal indicator of a
precise death modality. Therefore, the Nomenclature Committee on Cell Death
highly recommends the use of more than one method to assess ongoing cell death
to reduce the probability of artifacts (Galluzzi et al., 2012a; Kroemer et al., 2009).
Therefore, several methods were used in papers I-IV to assess cell death.

Cellular morphology
The morphological changes characterizing apoptosis, such as reduced cellular
volume, condensation of the nuclei and formation of apoptotic bodies, are easily
detected by light microscopic inspection of cell cultures (Figure 25). In all of the
experiments upon which this thesis is based, cell cultures were inspected by light
microscopy before analysis. Representative images of cell morphology are often
presented in parallel with viability data in papers.

Control

Apoptosis

Figure 25. Morphology of control and apoptotic fibroblasts. Typical morphology of healthy and
apoptotic human fibroblasts, as observed by light microscopy. Images were acquired 8 h after exposure
to 0.2 μM staurosporine.
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Analysis of plasma membrane integrity
After toxic insult, the integrity of the plasma membrane can be assessed by the
addition of a cell impermeable dye. Cells with an intact plasma membrane exclude
the dye, while damaged cells are stained. In paper IV, propidium iodide was used
to assess plasma membrane damage after UV irradiation.

Assessment of viability using the MTT reduction assay
In papers II and III, cell culture viability was analyzed by the 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay.
Since its first description as a viability assay for cultured cells (Mosmann, 1983),
the MTT assay has been widely used to assess cytotoxicity and cell viability and in
proliferation studies. The method relies on the conversion of MTT in
metabolically active cells to a water-insoluble violet-blue formazan product, which
can be extracted with an organic solvent and quantified spectrophotometrically.
Although MTT was once assumed to be reduced by the mitochondrial enzyme
succinate dehydrogenase, nicotinamide coenzymes appear to be the principal factor
involved in MTT reduction, although other reducing agents may assist (Stockert et
al., 2012). Thus, in contrast to previous assumptions, the MTT assay is not
appropriate for assessing mitochondrial function.
Generally, the amount of MTT formazan product is directly proportional to the
number of living cells, but there are reports showing that the direct reducing effect
of some drugs and antioxidants may interfere with the assay (Stockert et al., 2012).
In addition, variations in the MTT formazan product as a function of lipid content
have been demonstrated; the formazan product was shown to localize and
accumulate in lipid droplets but not in lysosomes (Stockert et al., 2012). These
phenomena are important to be aware of, particularly when working with models
involving lipid accumulation. Lipid droplets are the storage site for excess
cholesterol after esterification in the ER. In NPC-deficient cells, this esterification
is hindered, and therefore the amount of lipid droplets in these cells would be
expected to be lower than normal. Accordingly, the amount of lipid droplets in
LAMPnull cells is lower than that in wt cells (Eskelinen et al., 2004). It is not known
if the formazan product also accumulates in cholesterol-loaded lysosomes. Thus,
there are some concerns with the method. However, the use of multiple methods
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for analyzing cell death sensitivity excludes the possibility that the higher viability
of cholesterol-loaded fibroblasts, as measured by the MTT reduction assay, is
caused by excessive accumulation of the formazan product due to increased lipid
load.

Crystal violet staining of cells
Staining of cells with crystal violet is a simple method for obtaining quantitative
information about the relative density of cells. This assay is based upon the binding
of the dye to DNA. Upon solubilization, the amount of dye can be measured
spectrophotometrically. While this method can be used to determine the presence
of cells, it does not provide any information about their condition, dead or alive.
Therefore, this method is suitable for use during late-stage apoptosis, when dying
cells have detached.
Viability assessment using the MTT assay or crystal violet staining is not a pure
indicator of apoptotic processes; rather, the results of these assays are correlated
with the number of cells in the culture. A reduction in the number of cells may be
due to inhibition of proliferation or cell death processes (apoptosis or other cell
death modalities). However, by using additional methods, we have demonstrated
that the reduced viability measured by these two methods (in papers II and III) is
substantially due to apoptotic cell death.

Caspase activity measurement
Activation of the caspase cascade is generally believed to be an indicator of
apoptotic cell death. In all of the papers, the proteolytic activity of caspase-3 was
measured with the fluorescence conjugated synthetic tetrapeptide substrate
Ac-DEVD-AMC, and in paper IV, the activity of the initiator caspase-8 was
analyzed with Ac-IETD-AFC. Both of these synthetic substrates have a short
amino acid sequence containing a cleavage site for the caspase. Proteolytic cleavage
at the aspartic amino acid (D) liberates the formerly quenched fluorogenic group
(AMC/AFC), which can be quantified spectrophotometrically. Because the caspase
family includes a number of members with similar substrate specificities, it is likely
that other caspases, including caspase-7, which has a very similar specificity profile
as caspase-3 (Thornberry et al., 1997), contribute to substrate processing. Because
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caspase-3 measurement is used to confirm the general engagement of the caspase
cascade, this lack of specificity is not a problem, but for correctness, the activity is
expressed as caspase-3-like activity in papers I-III. The Ac-IETD-AFC substrate is
highly specific for caspase-8, according to the manufacturer.
Caspase activity must be interpreted with caution. Caspase activation does not
necessarily mean that the cell is undergoing apoptosis because the presence of active
caspases can be linked to non-lethal processes (Galluzzi et al., 2008; Galluzzi et al.,
2012b; Garrido and Kroemer, 2004). Conversely, a cell can undergo apoptosis
without activation of the caspase cascade during caspase-independent apoptosis
(Galluzzi et al., 2012a). In combination with other methods, caspase-3 activity
measurement is a valuable technique for the determination of cell death in a cell
population, even though it does not provide any information about the frequency
of cells with activated caspases or where the active caspases are located.

Visualization of nuclear morphology
During apoptosis, the nucleus is subjected to a number of changes, including
condensation, shrinkage, deformation and, finally, fragmentation. These changes
can be visualized using 4’,6-diamidino-2-phenylindole (DAPI), which is a
fluorescent stain that binds to the minor groove of DNA (Kubota et al., 2000).
Nuclear morphology was analyzed by fluorescence microscopy, and for
quantification, hundreds of randomly selected nuclei were counted in each sample.
In the control cultures, most of the nuclei were round with homogenous
fluorescence, while the nuclei of apoptotic cells were characterized by condensed
chromatin and an irregular shape (Figure 26).

Figure 26. Nuclear morphology as assessed by DAPI staining. Examples of the nuclear morphology
of control and apoptotic human fibroblasts after staining with 4’,6-diamidino-2-phenylindole
(DAPI). Images were acquired 6 h after exposure to 0.2 μM staurosporine. Note the condensed
appearance and the irregular shape of the apoptotic nuclei.
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During late-stage apoptosis, the number of cells with apoptotic nuclear
morphology may be underestimated by this method because dead cells detach and
are lost. If cells have detached, the cell culture medium can be collected. Cells
pelleted by centrifugation and cytospinned onto a cover slip before fixation and
staining can give a more correct frequency of cells with apoptotic nuclear
morphology.

METHODS FOR THE ANALYSIS OF LYSOSOMES AND THEIR
STABILITY
There are a number of methods available for the assessment of lysosomal
membrane permeabilization. In the papers in this thesis, the release of cathepsin D
from lysosomes was studied visually using immunocytochemistry and
biochemically using digitonin extraction of cytosol followed by Western blot
analysis. The stability of the lysosomes was investigated using the lysosomotropic
and metachromatic dye acridine orange and by digitonin extraction.

Analysis of Lysotracker fluorescence
Lysotracker probes consist of a fluorophore linked to a weak base and are therefore
lysosomotropic and can be used to track lysosomes in live cells. In papers II and III,
flow cytometric quantification of Lysotracker fluorescence was used to study
alterations to the lysosomal compartment induced by lipid accumulation. The
analysis of cells by flow cytometry is ideal for the rapid analysis of a large number
of cells (usually 10 000/sample), but every cell is also analyzed individually
(Haynes, 1988). In paper IV, microscopic analysis of Lysotracker fluorescence was
used to monitor lysosomal translocation to the periphery.

Determination of lysosomal membrane stability using acridine
orange
In paper III, acridine orange (AO) was employed to investigate the stability of the
lysosomal membrane in living cells. AO is a lysosomotropic weak base,
metachromatic fluorophore and a photosensitizer. At low concentrations, AO is
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present in a monomeric form that emits green light upon excitation with blue
light, but at higher concentrations, AO has a stacked conformation, which emits
red light (Bradley and Wolf, 1959). AO accumulates in lysosomes due to proton
trapping, and thus viable cells loaded with AO exhibit mainly red lysosomal
fluorescence, due to the high concentration of AO within this compartment. When
released into the cytosol, upon permeabilization of the lysosomal membrane, AO
fluorescence shifts to green cytosolic staining.
Due to the photosensitizing properties of AO, there is a rapid redistribution of the
dye from the lysosomes during intense blue laser exposure, as a consequence of
peroxidative damage to the lysosomal membrane (Abok et al., 1983; Olsson et al.,
1989). As illustrated in Figure 27, the relocalization of AO can be seen either as
decreased red fluorescence or increased green fluorescence (Zdolsek et al., 1990).
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Figure 27. Relocalization of acridine orange following blue light exposure. Human fibroblasts
were loaded with acridine orange (AO) and excited with blue light. Images were acquired every third
second from the start of laser exposure. The images demonstrate a time-dependent decrease in red
lysosomal AO fluorescence and an increase in green cytosolic fluorescence, indicative of
permeabilization of the lysosomal membrane.

In paper III, the stability of the lysosomal membrane in fibroblasts was studied by
the AO relocalization method, and the lag time, i.e., the time between the
beginning of laser irradiation and start of the increase in green fluorescence, was
used to compare the stabilities of the lysosomes. A longer lag time indicates
increased stability of the lysosomal membrane. A major advantage of analyzing
lysosomal stability by the photooxidation of AO is the ability to study LMP in
single cells in real time.
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Digitonin extraction of cytosol
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Digitonin is a detergent that effectively solubilizes cholesterol. Due to the
asymmetric distribution of cholesterol in biological membranes, digitonin, when
used at an optimized concentration, effectively permeabilizes the plasma
membrane, which has high cholesterol content, but leaves intracellular membranes
with lower cholesterol content intact (Werneburg et al., 2002). Thus, proteins
found in the cytosol can be extracted, precipitated and analyzed by Western
blotting. To determine the optimal digitonin concentration, the activities of a
cytosolic and a lysosomal marker enzyme were analyzed simultaneously. The
activity of the cytosolic enzyme lactate dehydrogenase (LDH) was measured to
verify that a substantial amount of cytosol was released in all samples, while the
activity of the lysosomal enzyme β-N-acetylglucosaminidase (NAG) was assessed to
confirm that lysosomes were intact (Figure 28). The digitonin concentration was
optimized for individual cell types, and the procedure was precisely timed for all
samples to obtain a pure cytosolic fraction.
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Figure 28. Extraction of cytosol with the cholesterol-solubilizing detergent digitonin. An optimal
digitonin concentration results in maximal release of cytosolic content and leaves lysosomes intact.
Lactate dehydrogenase (LDH) was used as a marker enzyme for cytosolic content, while the activity of
the lysosomal enzyme β-N-acetylglucosaminidase (NAG) was used as a lysosomal marker. In this
example, the preferred digitonin concentration is 20 μg/ml because it results in >85% release of LDH
activity but less than 3% of NAG activity.
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WESTERN BLOT ANALYSIS
The expression of proteins in cell extracts was determined by Western blotting, in
which denatured proteins are separated based on molecular mass by polyacrylamide
gel electrophoresis and then transferred onto a membrane. The protein of interest
is then detected with a primary antibody, followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies. Upon the addition of a chemiluminescent
substrate (luminol), HRP catalyzes a reaction that produces light, which can be
detected on a photographic film (Figure 29). The presence of protein is detected as
dark bands whose intensity can be measured by densitometric analysis. The
Western blot method is considered semi-quantitative and can be used to compare
the expression of proteins in different cells or after drug exposure. For precise
quantification of protein expression in a large number of samples, other methods
are usually more appropriate, such as enzyme-linked immunosorbent assay
(ELISA).

Figure 29. Schematic illustration of the principle for protein detection by Western blot analysis.
After separation by electrophoresis, the proteins are transferred to a membrane, where they are
visualized by incubation with primary antibodies followed by horseradish peroxidase (HRP)conjugated antibodies. In the presence of a luminol detection reagent, HRP catalyzes a reaction that
produces light, which is detected as dark bands on a photographic film.

IMMUNOCYTOCHEMISTRY
A common feature of proteins during apoptosis is a change in localization; this
applies, for example, to cathepsins, which change their localization from lysosomal
to cytosolic, and the pro-apoptotic Bcl-2 proteins Bid and Bax, which are
redistributed to the mitochondria during the execution of apoptosis. The
subcellular localization of proteins can be visualized by immunocytochemistry.
Immunocytochemistry is an antibody-based staining method for the visualization
of antigens in cells. A two-step immunocytochemistry method was used in which
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the antigen of interest was labeled by a primary unlabeled antibody directed against
the antigen, followed by a secondary fluorescence-conjugated antibody directed
against the primary antibody. The two-step method is more sensitive than using
directly conjugated antibodies because the signal is enhanced by the binding of
multiple secondary antibodies to the primary antibody. Before staining of
intracellular antigens, the cells are fixed in paraformaldehyde, which cross-links
proteins and preserves the morphology of the cell. To visualize cathepsins, an
additional fixation in methanol was employed. It is worth noting that visualization
of BMP and filipin staining of cholesterol (see below) are not compatible with
methanol fixation. To detect LAMP-1 on the extracellular leaflet of the plasma
membrane, primary antibodies were added to unfixed cells. To minimize
endocytosis of bound antibodies, cells were preincubated in serum and kept on ice.
For improved visualization of the compartment in which a protein resides,
colocalization of the protein with marker proteins or an organelle dye can be
investigated. Optimally, these markers should not change localization during
apoptosis so that redistribution of the protein of interest can be observed as an
increased or decreased colocalization with an organelle marker. For example, in
paper I, cathepsin D was costained with the lysosomal membrane protein LAMP-2,
and Bax redistribution was studied by staining with the fluorescent dye
Mitotracker Red before fixation.

MEASUREMENT OF CYTOSOLIC PH
Since its introduction in 1982 (Rink et al., 1982), 2′,7′‑bis‑(2‑carboxyethyl)‑5‑
(and‑6)‑carboxyfluorescein (BCECF) has been the most widely used fluorescent
indicator for intracellular pH. Two advantages of BCECF are its pKa of 7, which is
ideally matched to the normal range of cytoplasmic pH, and its pH-dependent
excitation (Figure 30A).
In paper I, the cytosolic pH of BCECF-loaded control and apoptotic fibroblasts
was measured with a microscopic ratiometric technique, which was modified from
a previously published method for measuring cytosolic pH using flow cytometry
(Nilsson et al., 2003). The acetoxymethyl (AM) ester of BCECF was used because
esterification renders the molecule uncharged and hence enables penetration of cell
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membranes. Once inside the cell, the lipophilic groups are cleaved by nonspecific
esterases, resulting in a charged form that has limited ability to pass cell
membranes. BCECF was excited with two different wavelengths: one at which
fluorescence is highly variable with pH (FL1; 495 nm) and one at which the
fluorescence intensity is independent of pH (FL2; 440 nm). A standard curve was
constructed using cells exposed to potassium phosphate buffers with known pH
and equilibrated by the addition of the ionophore nigericin. Based on the FL1/Fl2
ratio and the standard curve, the cytosolic pH of the cells was determined (Figure
30B).

Figure 30. Measurement of cytosolic pH using BCECF and a dual excitation technique. A)
Fluorescence excitation spectra of 2’,7’‑bis‑(2‑carboxyethyl)‑5‑(and‑6)‑carboxyfluorescein (BCECF)
at different pH values. The fluorescence intensity upon excitation at 495 nm is pH-dependent and
increases at higher pH, while the fluorescence intensity after excitation at 440 nm is close to the point
at which the curves converge and does not vary with pH. The ratio of the fluorescence intensity using
these filters varies with pH but is relatively independent of the quantity of BCECF present. The
positions of the FL1 and FL2 filters are marked. B) A representative standard curve for the
measurement of cytosolic pH in human fibroblasts. Figure 30A is modified from The Molecular Probes
Handbook 2.

http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/pH-Indicators/ProbesUseful-at-Near-Neutral-pH.html
2
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CELL-FREE EXPERIMENTS
One of the major benefits of cell-free experiments is the ability to investigate a
specific process without the involvement of too many unidentified factors. These
experiments can answer simple questions; however, care must be taken when
extrapolating the results to in vivo situations.

Isolation of cytosol and mitochondria from rat liver
The cytosolic and mitochondrial fractions of rat hepatocytes were isolated for use
in cell-free experiments. The isolation method used was simple; differential
centrifugation was used to obtain the different fractions. This method has the
advantage of a relatively short preparation time. The more extensive protocols
initially tested resulted in damage to the mitochondria and problems with keeping
mitochondria intact until experiments. The drawback to the simple differential
centrifugation method is that the mitochondrial fraction may be contaminated by
other organelles. The mitochondrial fraction was intended for use in studying the
release of cytochrome c, which is exclusively found in mitochondria; therefore,
obtaining intact mitochondria was more important than obtaining a pure
mitochondrial fraction.

Proteolytic processing in test tubes
In paper I, the capability of cathepsin D to proteolytically process substrates and
the pH-dependence of this proteolytic activity were investigated in cell free
conditions. It is difficult to determine the proportion of enzyme and substrate; the
concentrations are likely in excess of those found cellularly. However, these
concentrations are often necessary to detect the proteins by relatively insensitive
methods such as Western blotting.
If possible, a positive control should be included to ensure that the conditions used
are relevant. For Bid processing, the addition of caspase-8 served as a positive
control because it is well known that caspase-8 can proteolytically process Bid. We
used 200 nM Bid, which is substantially less than the 20 μM reported previously in
an analogous experiment (Cirman et al., 2004). We used 1 μM cathepsin D for test
tube processing experiments and cathepsins have been used in a concentration
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range of 1 nM to 3 μM in similar experimental settings (Cirman et al., 2004; Stoka
et al., 2001).
The processing of 14-3-3 by cathepsin D was studied in cytosol isolated from rat
liver because recombinant 14-3-3 proteins were not commercially available.
Processing was also performed in the presence of the caspase inhibitor z-VAD-fmk
in order to exclude the possibility that cathepsin-mediated processing was indirect
and due to activation of caspases found in the cytosol.
The reactions were performed in sodium acetate buffers of different pH as
previously described for cathepsin D processing in test tubes (Heinrich et al.,
2004). The pH of the buffers was chosen by matching a single initial experiment
measuring the cytosolic pH of cells. In this experiment, the cytosolic pH was 7.3,
6.5 and 5.7 in control, STS- and MSDH-exposed fibroblasts, respectively.

Release of cytochrome c from isolated mitochondria
Proteolytically processed Bid and monomeric Bax were incubated together with
isolated mitochondria. The mitochondria were then pelleted by centrifugation, and
the supernatant was analyzed for the release of cytochrome c.

MICROINJECTION
Release of lysosomal content during apoptosis can be mimicked by microinjection
of cathepsins directly into the cytosol of cells. Microinjection of cathepsin D into
the cytosol of human fibroblasts induces classical apoptosis, with ensuing
relocalization of cytochrome c, activation of the caspase cascade and typical
alteration of cellular morphology (Roberg et al., 2002). In paper I, active
cathepsin D was microinjected into the cytosol of human fibroblasts in order to
study the downstream signaling resulting in mitochondrial engagement.
Cathepsin D was microinjected simultaneously with Alexa Fluor 488-conjugated
dextran to keep track of those cells that had been microinjected. Because the
plasma membrane is damaged by a needle during microinjection, this treatment
alone has the capacity to induce persistent damage to the cells. Therefore, negative
controls, i.e., microinjection without cathepsin D, are critical for comparisons. A
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drawback of this method is that it is time consuming and technically advanced.
Each cell must be injected individually, and therefore microinjection is not
compatible with analysis methods requiring a large number of cells.

ANALYSIS OF LIPIDS
Cholesterol visualization using filipin
Filipin, a polyene antibiotic and antifungal agent, is commonly used to visualize
the intracellular distribution of cholesterol because it binds specifically to free 3-βhydroxysterols, including unesterified cholesterol (Severs, 1982). Filipin III, which
is one of the predominant and most frequently used of the four isomers isolated
from Streptomyces filipinensis, was employed in papers II and III to visualize
cholesterol and determine its intracellular localization. Due to the cytotoxic effect
of filipin, staining demands prior fixation of cells. Whether filipin staining reflects
the correct distribution of cholesterol, particularly at intracellular sites that are not
easily accessible or are prone to artifacts during fixation, has been a subject of
concern (Pelletier and Vitale, 1994; Steer et al., 1984). However, methods for the
visualization of cholesterol in living cells are not readily available, and filipin
staining is therefore still commonly used to visualize and quantify unesterified
cholesterol in cells.

Cholesterol measurement
The levels of unesterified cholesterol in cell lysates were measured by a fluorometric
method in papers II and III. Upon the addition of cholesterol oxidase, cholesterol
is oxidized into a ketone product, generating hydrogen peroxide. The hydrogen
peroxide is detected with the reagent Amplex Red, which is a stable and sensitive
probe. In the presence of HRP, Amplex Red reacts with hydrogen peroxide to
produce the fluorescent product resorufin, which can be quantified.
Cholesterol levels in CHO cells were measured at Prince of Wales Medical
Research Institute, Sydney, Australia, according to their established method for
cholesterol quantification by high-performance liquid chromatography.
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Detection of lipid rafts
The membranes of eukaryotic cells are not homogenous; rather, they contain
microdomains that are often referred to as lipid rafts. Lipid rafts are detergentinsoluble membrane microdomains that are enriched in sphingolipids and
cholesterol (Reeves et al., 2012). Signaling proteins and receptors are also parts of
the lipids rafts, and the lipid raft assemblies can regulate the signaling by these
proteins. Lipid rafts have been demonstrated to play a role in various cellular
processes, including apoptosis signaling and trafficking of membrane proteins and
lipids (George and Wu, 2012).
Cholera toxin, an oligomeric protein complex secreted by the bacterium Vibrio
cholerae, is a major agent causing severe diarrheal disease (Vanden Broeck et al.,
2007). The cholera toxin complex consists of six subunits: a single copy of the
catalytic toxic A subunit and five copies of the receptor binding B subunit (Sanchez
and Holmgren, 2011). In paper IV, cholera toxin subunit B was used to stain lipid
rafts in cells. The B subunit conjugate is produced from recombinant cholera toxin
and is completely free of the toxic subunit A, thereby eliminating any concern for
toxicity in cells. Cholera toxin subunit B has strong affinity for its receptor, the
membrane ganglioside GM1 (Critchley et al., 1982; Fishman, 1982), and can
therefore be used as a marker for lipid rafts, which are enriched in ganglioside
GM1 (Fra et al., 1994; Parton, 1994). After incubating cells with fluorescent
conjugated cholera toxin subunit B, an antibody that specifically recognizes cholera
toxin subunit B is then used to crosslink the labeled lipid rafts into distinct patches
on the plasma membrane, which can be visualized by fluorescence microscopy.

STATISTICAL ANALYSIS
The results are presented as the means and standard deviations of independent
samples. Data were statistically evaluated using the nonparametric Kruskal-Wallis
analysis of variance, followed by the Mann-Whitney U test for comparison of two
samples. P values ≤0.05 were considered significant and are marked with an
asterisk in figures.
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ETHICAL CONSIDERATIONS
The isolation of mitochondria and cytosol from rat liver (paper I) and the
preparation of neuronal cultures from rat brain (paper III) were approved by the
Ethics Committee for Animal Research at Linköping University (permit numbers
57-05,106-10 and 101-08). The use of residual skin after surgery for cell culture
studies of UV effects on keratinocytes (paper IV) was approved by the Regional
Ethical Review Board at Linköping University (permit number 98-309).
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RESULTS
PAPER I: Cathepsin D-specific processing of Bid at Phe24,
Trp48 and Phe183
Previous studies indicate that apoptotic signaling after LMP and the release of
cathepsin D to the cytosol of human fibroblasts proceeds by engaging the
mitochondrial pathway. This study was performed to investigate apoptotic
signaling upstream of cytochrome c release in human fibroblasts and identify
cytosolic targets of cathepsin D. More specifically, we aimed to investigate if the
proteolytic activity of cathepsin D is necessary for its pro-apoptotic function and to
investigate the cytosolic pH during apoptosis.
Exposure of human fibroblasts to STS or MSDH resulted in an early (within 1 h)
redistribution of cathepsin D from the lysosome to the cytosol, which was followed
by caspase-dependent apoptosis. Both agents induced the translocation of Bax to
mitochondria, which could be prevented by pretreatment with the cathepsin D
inhibitor pepstatin A. Furthermore, mimicking LMP by microinjecting
cathepsin D directly into the cytosol also resulted in Bax translocation, indicating
that cytosolic cathepsin D is sufficient for Bax redistribution to occur.
Interestingly, MEFs lacking cathepsin D or expressing an inactive form were less
prone to undergo apoptosis, arguing that the pro-apoptotic effect of cathepsin D is
dependent on its catalytic activity. Therefore, we sought to identify possible
substrates of cathepsin D during apoptosis and investigated the hypothesis that
cathepsin D stimulates Bax translocation by interfering with the interaction of Bax
with inhibitory 14-3-3 proteins. Of the seven isoforms, 14-3-3ε and 14-3-3θ are
known to be regulated by proteolytic cleavage (Kuzelova et al., 2009; Nomura et
al., 2003; Won et al., 2003). Indeed, both 14-3-3 isoforms decreased in abundance
during apoptosis. Inhibition of cathepsin D prevented this decrease, and cell free
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experiments indicated that cathepsin D can proteolytically process both 14-3-3ɛ
and 14-3-3θ, although only at acidic pH (pH 5.7). However, processing of 14-3-3
is a relatively late event in the apoptotic process (observed after 16 h) compared to
Bax translocation (significant after 2 h), and we therefore suggest that cathepsin Dmediated 14-3-3 processing is indispensable for the initial apoptotic signaling.
Once truncated, Bid can activate Bax. Bid has been suggested to be proteolytically
truncated by a number of proteases, including cysteine cathepsins, but data
regarding cathepsin D-mediated activation are ambiguous. We demonstrated that
Bid-deficient MEFs are less sensitive to apoptosis initiated by the enforced release
of lysosomal content induced by MSDH. Notably, there was a similar extent of
cathepsin D release in these cells compared to wt cells. This finding indicates that
Bid is a key mediator of apoptotic signaling downstream of LMP. Accordingly, a
time-dependent decrease in the full-length form of Bid was observed in human
fibroblasts after STS exposure, and two truncated forms of Bid with approximate
masses of 15 and 19 kDa appeared. The Bid processing was cathepsin Ddependent and could be imitated by MSDH treatment.
Test tube experiments verified that Bid was directly processed by cathepsin D and
that the cleavage yielded two fragments with apparent molecular weights of 15 and
19 kDa, similar to the fragments generated within cells. Bid cleaved by cathepsin D
was pro-apoptotic because it, in combination with monomeric Bax, induced
cytochrome c release from isolated mitochondria. Sequence analysis identified three
cleavage sites located at Phe24, Trp48 and Phe183 in the mouse Bid sequence.
Thus, we proposed cleavage at Phe24 to generate the 19 kDa Bid fragment, and
sequential cleavage at TrP48 and Phe183 to yield the 15 kDa fragment (Figure
31). In contrast to 14-3-3 processing, which occurs only at acidic pH (5.7), Bid
processing was evident even at a neutral pH. The processing was, however, more
efficient at acidic pH in agreement with the function of cathepsin D as an acid
hydrolase. Moreover, apoptosis induced by STS and MSDH was associated with
cytosolic acidification, which favors the proteolytic activity of cathepsin D in the
cytosol.
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Figure 31. Cathepsin D-mediated proteolytic processing of Bid. Cathepsin D-mediated processing
of Bid in human fibroblasts as well as in test tube experiments generates two Bid fragments of
approximately 15 and 19 kDa. Sequence analysis revealed three cathepsin D-specific cleavage sites at
Phe24, Trp48 and Phe183.

In human fibroblasts exposed to STS or MSDH, we demonstrated that apoptotic
signaling is initiated by LMP and the release of cathepsin D to the cytosol. At this
cellular site, cathepsin D cleaves Bid, resulting in two fragments. Activated Bid and
Bax co-operate to induce MOMP and cytochrome c release, thus engaging the
intrinsic pathway to apoptosis (Figure 32). At a later stage, cathepsin D-mediated
processing of 14-3-3 may contribute to amplification of the death signal.

Figure 32. Cathepsin D-mediated Bax activation. Lysosome-mediated apoptosis is initiated by the
release of cathepsins from the lysosome. In the cytosol, cathepsin D proteolytically processes Bid, thereby
unleashing its pro-apoptotic potential. Truncated Bid activates Bax, which translocates to the
mitochondria and induces cytochrome c release. Theoretically, cathepsin D could stimulate Bax
translocation to the mitochondria either by activating Bid or by releasing Bax from inhibitory
interactions by degrading 14-3-3 proteins. However, the degradation of 14-3-3 proteins is a late event
and likely does not contribute to Bax translocation.
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PAPER II: Attenuation of the lysosomal death pathway by
lysosomal cholesterol accumulation
This study was conducted to investigate the role of cholesterol in lysosomal
stability and cell death sensitivity. Treatment of wt human fibroblasts with
U18666A resulted in a NPC-like phenotype characterized by the accumulation of
cholesterol and BMP in the endolysosomal compartment. In addition, the volume
of the lysosomal compartment increased, as did the expression of both soluble
(cathepsin D) and membrane-associated (LAMP-2) lysosomal proteins. Together,
these results suggest that U18666A induces major changes in the lysosomal
compartment without affecting cell viability.
Lysosomal cholesterol accumulation decreased the cellular sensitivity to apoptosis
initiated by enforced release of lysosomal content induced by MSDH. U18666A
also exhibited a protective effect when apoptosis was induced by STS or cisplatin,
indicating that U18666A does not exclusively protect cells from cell death induced
by lysosomotropic detergents. Moreover, similar results were obtained in CHO
cells in which the NPC phenotype was induced by genetic manipulation of the
NPC1 gene.
The apoptosis-inhibitory effect was demonstrated to occur at the lysosomes because
pretreatment with U18666A prevented the redistribution of cathepsin D from
lysosomes after MSDH-treatment. The magnitude of protection was dependent on
the amount of cholesterol stored in the lysosomes, demonstrating a correlation
between lysosomal cholesterol content and the stability of lysosomes. Thus,
U18666A-treatment induces changes that affect the permeability of the lysosomal
membrane.
Cholesterol accumulation and the protective effect of U18666A were abolished by
co-treatment with 25-HC, indicating that the effect of U18666A is due to its
cholesterol accumulating properties and not due to, for example, its inhibitory
effect on enzymes involved in sterol synthesis. Changes induced by U18666A
treatment other than increased cholesterol content may contribute to lysosomal
stabilization. However, the expression and localization of lysosomal membrane
stabilizers (anti-apoptotic Bcl-2 proteins and Hsp70) did not change. Induction of
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autophagy was also ruled out as a protective mechanism (Figure 33). The increased
expression of LAMPs and accumulated sphingolipids may contribute to the
enhanced lysosomal stability and reduced sensitivity to cell death.

Figure 33. Possible mechanisms for U18666A-induced protection from lysosomal membrane
permeabilization and apoptosis. U18666A-treatment of human fibroblasts induces the
accumulation of cholesterol in the lysosomal system, and these cells are protected from lysosomemediated cell death. Neither increased expression nor altered localization of anti-apoptotic Bcl-2
proteins or heat shock protein 70 (Hsp70) contribute to this protection, and no induction of autophagy
occurs. However, an increased expression of LAMPs or storage of multiple sphingolipids could
contribute to the stabilization of the lysosomal membrane after U18666A treatment.

In summary, U18666A-induced cholesterol accumulation decreases cellular
sensitivity to LMP and apoptosis. The stability of the lysosomal membrane
correlates with the lysosomal cholesterol content.

PAPER III: Modulation of lysosomal cholesterol content
influences lysosome-dependent cell death sensitivity
This project was conducted to explore further the mechanism of protection
associated with cholesterol accumulation. Human fibroblasts derived from a
patient with NPC disease were employed, and wt cells treated with cholesterolaccumulating drugs were used for comparison (Figure 34). Thus, the model
includes both genetic- and drug-induced cholesterol accumulation. Treatment of
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wt fibroblasts with U18666A and quinacrine did, as expected, result in cholesterol
accumulation, which was associated with an expansion of the endolysosomal
system. Similar cholesterol storage was found in NPC1 mutated fibroblasts, and
this phenotype could be reverted by treating cells with 25-HC or MβCD (Figure
34).

Figure 34. Modulation of lysosomal cholesterol content in human fibroblasts. Lysosomal
cholesterol accumulation was evident in NPC1 mutated cells, as well as in wild-type cells, after
treatment with U18666A or quinacrine. Cholesterol storage was reverted in NPC1 mutated
fibroblasts by treatment with methyl-β-cyclodextrin (MβCD) or 25-hydroxysterol (25-HC).

Supporting the hypothesis that lysosomal cholesterol content determines the
sensitivity toward LMP and apoptosis, wt cells were less prone to MSDH-induced
apoptosis after U18666A or quinacrine treatment. Similarly, NPC1-mutated
fibroblasts could be sensitized by reducing the cholesterol content with 25-HC or
MβCD. The cell death-protecting effect of U18666A was also demonstrated under
clinically relevant conditions in which primary neuronal cultures were exposed to
oxidative stress.
By directly measuring the stability of the lysosomal membrane by photo-oxidation
of AO and comparing the lag time until LMP, the lysosomes of NPC1mutated
cells were shown to be more stable than those of wt cells. U18666A treatment
increased the stability of wt cells. Similarly, MβCD treatment increased the
sensitivity of NPC1 mutated cells to lysosomal destabilization.
To investigate the contribution of other accumulating lipids in lysosomal
stabilization, cells were treated with myriocin. Myriocin treatment decreased the
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sphingolipid content (measured as the cellular sphingomyelin content) but did not
influence cholesterol content or localization. Importantly, myriocin treatment did
not influence cellular sensitivity to MSDH, indicating that the accumulation of
sphingolipids does not play a major role in the protective mechanism.
In paper II, U18666A-induced cholesterol accumulation was shown to be
associated with an increased expression of LAMP-2. Similarly, NPC1 mutated cells
exhibited increased expression of LAMP-2 compared to wt cells. Therefore, we
investigated if the increased expression of LAMP-2 contributes to lysosomal
stabilization. In these experiments, apoptosis was induced by oxidative stress
because LAMP expression is more likely to influence lysosomal sensitivity to LMP
in a more physiologically relevant experimental setting in which lysosomal release is
not induced by membrane perturbation caused by a lysosomotropic detergent.
MEFs deficient for either LAMP-1 or LAMP-2 did not display an increased
sensitivity to apoptosis compared with wt MEFs. Interestingly, LAMPnull MEFs
displayed prominent cholesterol accumulation and were less sensitive to apoptosis
than wt cells. U18666A-treatment did not alter the cholesterol load or apoptosis
sensitivity of LAMPnull MEFs, but MβCD-treatment sensitized these cells toward
lethal stress. Thus, LAMPnull MEFs are less sensitive to cell death than are wt cells,
despite their total lack of LAMPs. This decreased sensitivity is probably due to the
inherently high lysosomal cholesterol content of the mutant MEFs.
In summary, lysosomal cholesterol accumulation results in lysosomal membrane
stabilization and decreased cellular sensitivity to lysosome-mediated cell death.
Sphingolipid storage and the increased LAMP expression are of minor importance
for the protective against LMP (Figure 35). Modulation of the lysosomal
cholesterol content may thus represent a new therapeutic target, for example, to
protect cells during acute stress.
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Figure 35. The NPC phenotype confers protection against cell death mainly due to cholesterol
accumulation within the endolysosomal system. Lysosomal cholesterol accumulation, induced by
U18666A treatment or NPC1 deficiency, protects from lysosome-dependent cell death. The protective
effect of the accompanying sphingolipids was excluded by the use of myriocin, and LAMP deficiency
did not sensitize cells to cell death.

PAPER IV: Lysosomal exocytosis repairs the plasma
membrane after UVA and is followed by caspase-8 induced
apoptosis
The aim of this study was to investigate lysosomal participation in plasma
membrane repair and apoptosis signaling due to the damaging effect of UV
irradiation.
UVA irradiation induced plasma membrane damage, but the integrity of the
plasma membrane was rapidly restored in the presence of calcium. UVA-induced
plasma membrane damage is repaired by lysosomal exocytosis as evident by
i) redistribution of lysosomes from their normal perinuclear location to a peripheral
localization, ii) detection of the luminal portion of LAMP-1 at the plasma
membrane, and iii) extracellular release of lysosomal content (cathepsin D was used
as a marker). Although the plasma membrane was efficiently resealed, the apoptotic
program was initiated in the cells and this initiation was associated with an early
activation of caspase-8. Interestingly, although UVB also induces an apoptotic
response, detected as nuclear fragmentation, UVB was not associated with plasma
membrane damage, lysosomal exocytosis or caspase-8 activation.
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Investigation of the apoptotic signaling induced by UVA irradiation revealed that
caspase-8 is an important mediator of the signaling cascade because caspase-8
inhibition reduces nuclear fragmentation. We excluded the possibility that the early
caspase-8 activation was due to UVA-induced TNF-α production and identified
oxidative events as important mediators because pretreatment with the antioxidant
α-tocopherol inhibited caspase-8 activation and apoptosis.
UVA irradiation was associated with increased aSMase activity. Lipid rafts were
detected at the plasma membrane immediately after UVA irradiation, and their
presence was dependent on the activity of aSMase since desipramine treatment
reduced their presence. However, caspase-8 activation was not affected by
desipramine treatment. By contrast, caspase-8 activation was dependent on
lysosomal function, because treatment with either cathepsin inhibitors or
ammonium chloride, which increases the lysosomal pH, decreased caspase-8
activation after UVA. Perturbation of cathepsin activities also resulted in decreased
cell death, indicating a significant role of cathepsins in apoptosis signaling.
We used an antibody that specifically recognizes the active form of caspase-8 and
after UVA irradiation active caspase-8 was localized in vesicles positive for LAMP-1
and cathepsin D. Caspase-8 also co-localized with the early endosomal markers
EEA1 and Rab5A, although to a lesser extent. Inhibition of endocytosis partially
decreased caspase-8 activation.
In summary, UVA-induced plasma membrane damage in human keratinocytes was
rapidly repaired by lysosomal exocytosis (Figure 36). The subsequent UVAinduced apoptosis is characterized by an early activation of caspase-8, which occurs
within vesicles positive for LAMP-1 and cathepsin D. The activation of caspase-8 is
dependent on an acidic pH and the activity of lysosomal cathepsins.
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Figure 36. Lysosomal participation in the repair of UVA-induced plasma membrane damage
and apoptosis. UVA irradiation induces plasma membrane damage, which is rapidly repaired by
lysosomal exocytosis. During this process lysosomes redistribute to the periphery and eventually fuse with
the plasma membrane in a calcium-dependent manner. Lysosomal exocytosis is detected by the
appearance of lysosome-associated membrane protein (LAMP)-1 at the plasma membrane and the
extracellular release of lysosomal content. Acid sphingomyelinase (aSMase) generates ceramide thereby
inducing the formation of lipid rafts, which are important signaling platforms. Caspase-8 is activated
in vesicles positive for LAMP-1 and cathepsin D. The activation is partly dependent on endocytosis,
acidic pH and cathepsin activity.
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THE ROLE OF CATHEPSIN D IN APOPTOSIS SIGNALING
The first indication of a pro-apoptotic role of cathepsin D was obtained from a
screen for mediators of interferon-γ-induced apoptosis (Deiss et al., 1996). Since
then, cathepsin D has been implicated in cell death in a number of experimental
settings. However, the role of cathepsin D in apoptosis is not consistent because it
has been shown to be both dispensable and indispensable for cell death. When an
active role is demonstrated, cathepsin D can act in both an anti- and a proapoptotic manner, increasing the complexity of the situation (Benes et al., 2008).
In paper I, we conclude that cathepsin D has a proapoptotic role in fibroblasts that
is dependent on its catalytic activity. This conclusion is based on the observation
that cells expressing an inactive form of cathepsin D are less sensitive to apoptosis
induction than wt fibroblasts. In addition, inhibition of the proteolytic activity of
cathepsin D suppresses the pro-apoptotic effect. Numerous lines of evidence in the
literature support a pro-apoptotic action of cathepsin D: i) pepstatin A inhibits cell
death induced by a variety of stimuli (Bivik et al., 2006; Johansson et al., 2003;
Roberg et al., 1999), ii) ectopic expression of cathepsin D kills cells in the absence
of an external stimulus (Deiss et al., 1996), iii) microinjection of cathepsin D into
the cytosol induces apoptosis (Roberg et al., 2002; Schestkowa et al., 2007),
iv) down regulation of cathepsin D inhibits cell death (Deiss et al., 1996; EmertSedlak et al., 2005; Trincheri et al., 2007), v) fibroblasts from cathepsin Ddeficient mice are more resistant to apoptosis induction (Fehrenbacher et al.,
2004); and vi) mice with a cathepsin D-/- hematopoietic system demonstrate
reduced apoptosis in vivo (Bewley et al., 2011). Although the pro-apoptotic
function of cathepsin D has been shown to be dependent on its catalytic activity in
several studies, alternative mechanisms exist because microinjection of the
catalytically inactive proenzyme also provokes an apoptosis-promoting effect
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(Schestkowa et al., 2007). Likewise, proteolytic inactive cathepsin D can increase
apoptosis induced by chemotherapy in cancer cells (Beaujouin et al., 2006). These
results suggest that cathepsin D stimulates apoptosis in at least two different ways,
dependent on and independent of its catalytic activity.
There are also reports that cathepsin D can prevent cell death. For example,
overexpression of cathepsin D increases the resistance of neuroblastoma cells to
apoptosis, while the opposite is true for cathepsin D down regulation or inhibition
(Sagulenko et al., 2008). In support of an anti-apoptotic function dependent on
the catalytic activity of cathepsin D, overexpression of wt but not proteolytic
inactive cathepsin D inhibits tumor cell apoptosis in xenografts (Berchem et al.,
2002). Similarly, overexpression of proteolytically active cathepsin D inhibits
oxidative stress-induced cell death in HeLa cells (Hah et al., 2012). Interestingly,
one report demonstrate that high cathepsin D expression is associated with
activation of autophagy, and indicates that cathepsin D can function as an antiapoptotic mediator by inducing autophagy under cellular stress (Hah et al., 2012).
The anti-apoptotic versus the pro-apoptotic function of cathepsin D can
potentially be determined by the concentration of cathepsin D in the cytosol. My
unpublished results demonstrate that a sub-lethal concentration of MSDH induces
cellular vacuolization, which could be a result of limited lysosomal release and
induction of autophagy, thus rescuing cells from cell death. By contrast, as shown
in papers I, II and III, a higher MSDH concentration induces extensive release of
lysosomal content and irreparable damage to the cell, resulting in cell death.
Cathepsin D has also been proposed to inhibit cell death by activating the protein
Aven (Melzer et al., 2012). Aven is an anti-apoptotic protein that is suggested to
interfere with Apaf-1 assembly during apoptosome formation (Melzer et al., 2012).
Cathepsin D-mediated proteolysis of Aven removes its N-terminal inhibitory
domain and thereby unleashes its cytoprotective function (Melzer et al., 2012).
Nuclear translocation of cathepsin D has also been described during cell death, but
the function of cathepsin D at this cellular localization remains to be explored
(Zhao et al., 2010). Thus, cathepsin D has multiple functions at different cellular
sites and seems to be important for both the life and death of the cell (Figure 37).
Of note, in our study that demonstrates a pro-apoptotic role of cathepsin D
(paper I), non-transformed fibroblasts were used. By contrast, the studies cited
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above that suggested an apoptosis-preventing effect of cathepsin D all used
transformed cells or cancer cell lines and often overexpressed cathepsin D. Thus,
the anti-apoptotic effect of cathepsin D in normal cells remains to be proven.

Figure 37. The many functions of cathepsin D. After synthesis in the endoplasmic reticulum (ER),
cathepsin D is transported via the Golgi apparatus in a mannose-6-phosphate (M6P)-dependent
manner to the endolyosomal compartment, where it is activated. In the lysosome, cathepsin D
participates in the proteolysis of cargo entering the lysosomes. Cathepsin D is also involved in the
regulation of lipid trafficking and efflux. In response to apoptotic stimuli, cathepsin D can be released
to the cytosol, a process known as lysosomal membrane permeabilization (LMP). Cathepsin D can
either inhibit or promote apoptosis through mechanisms that are dependent on or independent of its
catalytic activity. In addition, cathepsin D is present in the nucleus, but its nuclear function is
unknown. Pro-cathepsin D is secreted to the extracellular space, particularly in cancer cells, in which it
stimulates proliferation and acts as a mitogenic factor by binding to a cell surface receptor. The
presence of proteolytically active cathepsin D outside the cell has been proposed to be a result of
extracellular activation of secreted pro-cathepsin D but could also be a result of lysosomal exocytosis.
Extracellular cathepsin D has been proposed to promote cancer progression by stimulating
proliferation, invasion and angiogenesis.
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Pro-apoptotic Bid processing
Bid activation by caspase-8 and granzyme B is well-known, and Bid processing by
cysteine proteases is also fairly well characterized. By contrast, the role of
cathepsin D as a Bid activator had, when we initiated our investigations, not been
convincingly demonstrated. The first indication that cathepsin D might activate
Bid was revealed in an experiment using lysosomal extract, where pepstatin A
partially inhibited Bid processing (Cirman et al., 2004). The ability of cathepsin D
to activate Bid was studied in more detail, with conflicting results (Blomgran et al.,
2007; Caruso et al., 2006; Cirman et al., 2004; Heinrich et al., 2004). In paper I,
Bid wass verified as a cathepsin D substrate during apoptosis, and for the first time,
the cathepsin D cleavage sites were identified. One of the cleavage sites is located
within the so called bait loop, the flexible loop connecting the second and the third
alpha helices of Bid. This loop has been demonstrated to be an excellent target for
proteolytic activation of Bid (Repnik et al., 2012). We identify cathepsin Dmediated processing of Bid to occur at three sites. Cysteine cathepsins have also
been reported to cleave Bid at multiple sites, with major cleavage sites being Arg65
and Arg71 (Cirman et al., 2004). Interestingly, the exact cleavage site seems to be
of minor importance for the pro-apoptotic function of truncated Bid because Bid
variants truncated at Tyr47, Gln57, Arg65 and Arg71 were all pro-apoptotic
(Cirman et al., 2004). It should be noted that published results regarding test tube
processing of Bid by cathepsins, including those in our study, were performed on
mouse Bid. A sequence comparison between mouse and human Bid shows that the
cleavage sites for caspase-8 and granzyme B are conserved, although this is not true
for the majority of cysteine cathepsin cleavage sites (Repnik et al., 2012). For
cathepsin D, only the most N-terminal cleavage site is conserved (Figure 38).
Nevertheless, Bid fragments of approximately the same size are generated in test
tube experiments and in human fibroblasts, suggesting that processing by cathepsin
D is similar in human and mouse Bid.
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Figure 38. Proteolytic processing of Bid. Both the human and mouse Bid protein consist of 195
amino acids and have eight α-helices. The number over each helix represents the starting and ending
amino acid. The flexible loop that connects the second and third helices contains the majority of known
cleavage sites. The cleavage sites for caspase-8 (Asp59) and granzyme B (Asp75), the major cleavage
site for calpain (Gly70), one of the cleavage sites of cysteine cathepsins (Arg71), and one cleavage site of
cathepsin D (Phe24) are conserved between mouse and man. JNK; c-Jun N-terminal kinase.

Although the majority of reported cleavage sites are located within the flexible
loop, cysteine cathepsins have been reported to cleave Bid at multiple sites, and
some are located outside this region (Ser6 and Gly12) (Cirman et al., 2004).
Similarly, our results demonstrate that cathepsin D cleaves Bid at two residues
located at other sites. TNF-α exposure was reported to result in Bid-activation in
HeLa cells (Deng et al., 2003). The processing was caspase-8 independent, and Bid
was instead cleaved by an unidentified protease at Leu25, generating a jBid
fragment (Deng et al., 2003). Interestingly, jBid was capable of inducing the release
of Smac/Diablo but not cytochrome c from the mitochondria (Deng et al., 2003).
Thus, removal of the extreme N-terminal region is sufficient for the redistribution
of Bid to the mitochondria and the induction of the release of pro-apoptotic
factors. In paper I, cell-free experiments demonstrate that Bid cleavage by cathepsin
D is pro-apoptotic because cleaved Bid in combination with Bax is able to induce
cytochrome c release from isolated mitochondria. However, it is not clear if both
Bid fragments have this ability. Because all reported Bid fragments generated by
cleavage within the flexible loop are pro-apoptotic, it is reasonable to believe that
the 15 kDa fragment generated by cathepsin D-mediated cleavage in the flexible
loop would possess this property as well. The similarity of the
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cathepsin D-generated 19 kDa fragment with jBid suggests that it translocates to
the mitochondria but is incapable of inducing cytochrome c release; however, this
possibility was not investigated.
Several studies have demonstrated that cathepsin D engages the intrinsic pathway
to apoptosis by promoting the translocation of Bax to the mitochondria (Bidére et
al., 2003; Bivik et al., 2006; Castino et al., 2009; Gan et al., 2008; Laforge et al.,
2007; Trincheri et al., 2007). Using human fibroblasts, we demonstrate that this is
a result of the proteolytic activation of Bid in the cytosol (paper I). However,
cathepsin D-mediated Bax translocation can also occur in a Bid-independent
manner (Bidére et al., 2003). Under these circumstances, cathepsin D-mediated
processing of 14-3-3 proteins might play a more prominent role than in human
fibroblasts, in which we propose cathepsin D-mediated processing of 14-3-3
proteins to be of minor importance for Bax translocation. The results presented in
paper I, nevertheless, demonstrate that 14-3-3 proteins can be added to the short
list of cathepsin D substrates during apoptosis. Cathepsin D can also act in a proapoptotic manner by reducing the expression of the anti-apoptotic Bcl-2 family
protein Mcl-1 during apoptosis. Loss of Mcl-1 is prevented by pepstatin A;
however, no evidence of Mcl-1 as a direct cathepsin D substrate was found (Bewley
et al., 2011), indicating an indirect effect.

The proteolytic activity of cathepsin D is influenced by pH
Because cathepsins are lysosomal hydrolases, they are optimally active at a pH of
approximately 4.5; thus, the capability of cathepsins to be proteolytically active
after release to the cytosol has been debated (Liaudet-Coopman et al., 2006). In
paper I, we demonstrate that cathepsin D processes 14-3-3 in test tube experiments
but only at a low pH. By contrast, Bid processing mediated by cathepsin D occurs
at neutral pH, although the processing is more efficient at acidic pH. The
occurrence of cathepsin D-mediated Bid processing at neutral pH has not been
reported previously; by contrast, other reports have suggested that cathepsin D is
unable to cleave Bid at neutral pH (performed at pH 7.2) (Cirman et al., 2004) or
that cathepsin D-mediated Bid activation only occurs at pH values below 6.2
(Heinrich et al., 2004).
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Cathepsins can process cytosolic substrates, suggesting that proteolytic activity is
preserved after their release from lysosomes. Of note, some cathepsins can retain
their proteolytic activity at neutral pH for several hours, allowing transient activity
in the cytosol (Kirschke et al., 1989). Another explanation for the preserved
proteolytic action of cathepsins is cytosolic acidification. Indeed, in paper I, we
demonstrate that lysosome-mediated apoptosis in human fibroblasts is associated
with a significant decrease in cytosolic pH. In the literature, both alkalization and
acidification of the cytosol has been associated with apoptosis (Gottlieb et al.,
1995; Khaled et al., 1999; Matsuyama et al., 2000; Nilsson et al., 2006; Tafani et
al., 2002), and changes in intracellular pH might influence cell death signaling. In
vitro, changes in pH regulate the activation and activity of caspases as well as
translocation, dimerization and pore-formation by Bcl-2 family proteins
(Matsuyama and Reed, 2000). We suggest that apoptosis-associated cytosolic
acidification allows cathepsins released to the cytosol to maintain their proteolytic
activity.

Cathepsin D vs. cysteine cathepsins
The majority of studies investigating the role of cathepsins in cell death have been
focusing on analyzing the participation of cysteine cathepsins. Cysteine cathepsins
represent the largest group of cathepsins, and studies on theses proteases have been
facilitated by the existence of cell-permeable inhibitors. The relative contribution
of cysteine cathepsins and cathepsin D varies depending on the experimental setup.
In a series of investigations, our group have investigated apoptotic signaling in
human fibroblasts and demonstrated that, after LMP, cathepsin D but not cysteine
cathepsins is required for the propagation of apoptotic signaling (Johansson et al.,
2003; Kågedal et al., 2001a; Roberg et al., 2002). Similarly, MEFs deficient for
cathepsin D but not cathepsins B and L are highly resistant to STS-induced
apoptosis (Fehrenbacher et al., 2004). However, the opposite is true when these
cells are treated with TNF-α, indicating a stimuli-specific engagement. This is not
the sole explanation because microinjection of cathepsin B induces apoptosis in
melanocytes but not in fibroblasts (Bivik et al., 2006; Roberg et al., 2002). A
possible explanation for these differences is variable expression of the individual
cathepsins and cathepsin inhibitors in different cell types. Human fibroblasts may
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have a high expression of cystatins or stefins, which inhibit the action of cysteine
cathepsins in the cytosol. Taken together, these findings demonstrate that
cathepsins are involved in apoptosis signaling in a stimulus- and cell typedependent manner. Interestingly, tumor cells have been shown to be highly
dependent on cathepsins for apoptosis, while their role in primary cells is less
pronounced (Foghsgaard et al., 2001). However, cathepsins have been
demonstrated to be important cell-death mediators in a number of primary cells,
including melanocytes, keratinocytes and fibroblasts (Bivik et al., 2006; Roberg,
2001). It is possible that the different results obtained in different model systems
are partly due to changes in the endolysosomal system caused by transformation or
oncogenic progression (Kallunki et al., 2012; Kirkegaard and Jäättelä, 2009).

THE EFFECT OF CHOLESTEROL ON LYSOSOMES
After an extensive investigation of the proteins involved in apoptosis, the attention
now turns to lipids. In recent years, it has become evident that lipids are important
components of diverse cellular processes, including cell death signaling. Well
known events during apoptosis have been demonstrated to be significantly
influenced by a variety of lipids. For example, sphingolipids were recently shown to
serve as specific cofactors for Bax/Bak activation that lower the threshold for
apoptosis-associated cytochrome c release (Chipuk et al., 2012). In addition, the
mitochondria-specific phospholipid cardiolipin acts as a targeting signal for proapoptotic proteins of the Bcl-2 family, and similarly, phosphatidic acid, one of the
major acidic phospholipids found in the lysosomal membrane, facilitates Bid
insertion and is essential for tBid-induced LMP (Lutter et al., 2000; Zhao et al.,
2012). In papers II and III, we studied the influence of cholesterol on the
lysosomal compartment.
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Cholesterol modulates lysosomal membrane stability
Cholesterol is known to regulate the fluidity of lipid bilayers. Because of its specific
structure, cholesterol intercalates between the saturated hydrocarbon chains of
phospholipids and condenses the packing of sphingolipids (Ikonen, 2008).
Therefore, alterations of the cholesterol content may alter the physiochemical
properties of the membrane (von Arnim et al., 2008). In papers II and III, we
demonstrate that high lysosomal cholesterol content reduces the sensitivity of cells
to LMP and apoptosis (Figure 39). The decreased sensitivity of cholesterol-loaded
lysosomes was demonstrated by two different methods: photooxidation of AO and
digitonin-extraction. In addition, reversal of cholesterol storage sensitizes NPC
mutated cells to LMP and apoptosis. Our results are in good agreement with
previous data showing that the addition of cholesterol to isolated lysosomes reduces
their permeability (Fouchier et al., 1983). In addition, cholesterol depletion by
MβCD treatment increases the permeability of the lysosomal membrane and thus
destabilizes the organelle (Deng et al., 2009; Hao et al., 2008; Jadot et al., 2001).

Figure 39. Cholesterol accumulation is associated with increased lysosomal stability and
decreased sensitivity to lysosome-mediated cell death. Mutations in the NPC1 protein or treatment
with U18666A block the efflux of cholesterol from the endolysosomal compartment and result in the
accumulation of cholesterol in the lysosomal membrane. Lysosomal cholesterol accumulation correlates
with lysosomal stability, and thus cells with high lysosomal cholesterol content are protected from
lysosomal membrane permeabilization (LMP) and lysosome-dependent apoptosis.
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It is assumed that the majority of cholesterol accumulates in the internal
membranes of late endosomes and lysosomes. Changes in the lipid composition of
inner lysosomal membranes have a direct and potent influence on the stability of
the entire lysosome (Petersen et al., 2010), but it is not known if this is due to a
direct effect on the lipid composition of the outer membrane. In paper II, we
demonstrate that cholesterol accumulation affects the sensitivity of the lysosomal
membrane to digitonin-permeabilization, arguing that cholesterol also increases in
the limiting membrane of lysosomes. Similarly, cholesterol accumulation in
LAMPnull MEFs was observed in both the limiting and internal membranes of
endosomes and lysosomes (Eskelinen et al., 2004), indicating that unesterified
cholesterol increases at both locations.
Cholesterol is increased in most cancer cells and contributes to their resistance to
cytotoxic stress (Lucken-Ardjomande, 2012). More specifically, cholesterol inhibits
Bax oligomerization and thereby reduces the release of pro-apoptotic factors from
the mitochondria (Lucken-Ardjomande et al., 2008). The authors suggested that
the protective effect of cholesterol is exerted at the mitochondria, but it is tempting
to speculate that lysosomal cholesterol accumulation might also contribute to the
protective effect. Reducing intracellular cholesterol levels might represent an
interesting novel approach to sensitize cancer cells to chemotherapeutic agents.
The distinct loss of cells associated with some lysosomal storage disorders could be
a consequence of decreased lysosomal stability. According to such a theory, the
accumulation of substances might cause instability or rupture of the lysosomal
membrane and result in leakage of lysosomal hydrolases to the cytosol; however,
there is little evidence supporting such a basis for the neurodegeneration associated
with these disorders (Futerman and van Meer, 2004). Our results from papers II
and III rather demonstrate that, at least in NPC disease, lysosomes exhibit
increased stability and are less prone to LMP. Thus, cell death seems to be a
consequence of disturbed cellular function due to lysosomal dysfunction, rather
than a result of lysosomal membrane instability.
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Cholesterol accumulation induces alterations of the lysosomal
compartment
The capacity to mobilize cholesterol and transfer it outside of the inner lysosomal
membrane is crucial for the ability of hydrolases to degrade lipids of the inner
membrane. The presence of cholesterols in a membrane affects its packaging;
therefore, membrane degradation decreases as its cholesterol content increases
(Gallala and Sandhoff, 2011). This effect of cholesterol might explain the
accumulation of other lipids that occurs secondary to cholesterol accumulation. As
a result of lipid storage, the membrane fluidity of late endosomes and lysosomes is
reduced, which affects the distribution and activity of proteins associated with the
membranes, resulting in lysosomal dysfunction.
In papers II and III, we demonstrate that cholesterol accumulation is associated
with an increased size of the lysosomal compartment. In line with this, NPC1
mutations increase the size of the endolysosomal compartment up to three fold
(Sobo et al., 2007). Treatment with the amphiphilic compund imipramine
similarly induces the expansion of the lysosomal volume, which can be reduced by
treatment with hydroxylpropyl-β-cyclodextrin (Funk and Krise, 2012). These data
indicate that expansion of the lysosomal volume occurs as a response to an increase
in lysosomal cholesterol content and might represent a way for the cell to store
undigested material.
In paper II, we demonstrate that lysosomal cholesterol accumulation is associated
with an increased expression of both a lysosomal membrane protein (LAMP-2) and
a soluble hydrolase (cathepsin D). These findings could suggest that these proteins
are upregulated by a common mechanism. Indeed, such a regulatory network has
been identified in recent years and is currently being explored. Many genes
encoding lysosomal proteins, including NPC1, cathepsin D and LAMP-1, harbor a
short sequence near the transcription start site called a coordinated lysosomal
expression and regulation (CLEAR) element (Sardiello et al., 2009; Schultz et al.,
2011). The transcription factor EB (TFEB) can enter the nucleus and bind to the
CLEAR elements, thereby inducing the transcription of these genes. There are 471
direct targets of TFEB, including genes involved in lysosomal biogenesis and
autophagy (Palmieri et al., 2011; Settembre et al., 2011). Thus, TFEB can be
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considered a master regulator of lysosomal biogenesis and autophagy. Interestingly,
the TFEB pathway is activated under lysosomal storage conditions and might be
responsible for the increased size of the lysosomal compartment (Sardiello et al.,
2009). In addition, enhanced clearance of stored material was observed as a
consequence of TFEB overexpression, suggesting that activation of the
TFEB/CLEAR network could restore the cellular defect in many lysosomal storage
disorders (Sardiello et al., 2009; Schultz et al., 2011).

LYSOSOMAL EXOCYTOSIS
Plasma membrane injury is a frequent event in mammalian cells. In paper IV, we
demonstrate that lysosomal exocytosis is involved in the repair of UVA irradiationinduced plasma membrane damage. In addition to UVA-induced plasma
membrane damage, disruption of the plasma membrane is common in cells that
operate under conditions of mechanical stress, such as in muscles and skin
(McNeil, 2002). The permeability barrier can also be breached, for example, by
pathogens gaining access to host cells by secreting pore-forming toxins. If
disruptions of the plasma membrane are not resealed, calcium will flood into the
cytosol of the wounded cell, and cytoplasmic constituents can escape. Therefore,
cell survival depends on the rapid restoration of plasma membrane integrity after
injury. As illustrated in paper IV, resealing of the plasma membrane by lysosomal
exocytosis is associated with the extracellular release of lysosomal content. The
release of aSMase is essential for the formation of lipid rafts, which are known to
influence various signaling processes, including death receptor signaling (Corre et
al., 2010).
Originally, it was assumed that cell membranes would spontaneously reseal if
broken, but it is now known that plasma membrane repair is the outcome of a
dynamic and complex mechanism involving lysosomal exocytosis (McNeil, 2002).
Lysosomal exocytosis is dependent on the presence of synaptotagmin VII (Syt VII),
which is located at the lysosomal membrane (Reddy et al., 2001). Synaptotagmins
are a family of proteins that are thought to function as transducers of calcium
signaling in membrane fusion events, for example, during neurotransmitter release
in brain synapses (Andrews and Chakrabarti, 2005). The importance of Syt VII for
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efficient plasma membrane repair was highlighted in experiments in which Syt VII
inhibition prevented membrane resealing. Of note, impaired resealing is also
observed in cells microinjected with antibodies against the cytosolic tail of LAMP-1
[35], suggesting an unidentified function of LAMP-1 during lysosomal exocytosis.
During exocytosis, calcium binds to Syt VII at the lysosomal membrane and
facilitates its interaction with soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs; Figure 40), which are essential for membrane fusion.

Figure 40. Synaptotagmin VII (Syt VII) and soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNAREs) cooperate in the fusion of lysosomes and the plasma
membrane. Calcium binds the calcium-sensing protein Syt VII, which is located at the lysosomal
membrane, to facilitate the interaction with SNAREs. Syt VII specifically interacts with the vesicle (v)SNARE VAMP7 found on lysosomes and with the target (t)SNAREs syntaxin 4 and SNAP-23 at the
plasma membrane (Rao et al., 2004). SNARE complexes are involved in the formation of a fusion
pore between the lysosome and the plasma membrane (Andrews and Chakrabarti, 2005).

Extensive evidence demonstrates that UV radiation is a major skin carcinogen. The
harmful effects of UV are mostly attributed to direct and indirect DNA damage
(Pfeifer and Besaratinia, 2012). However, it is likely that UV irradiation influences
the cells of the skin in a number of ways. The results presented in paper IV
demonstrate that UVA-induced lysosomal exocytosis results in the release of
lysosomal content to the extracellular space. Thus, chronic UV exposure might
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contribute to cancer progression by providing a continuous source of extracellular
active cathepsin. Cathepsins promote tumorigenesis by acting in both an autocrine
and a paracrine manner to stimulate proliferation, enhance angiogenesis and
promote invasion by degrading the extracellular matrix. Melanoma is indeed one of
the most invasive cancers (Zaidi et al., 2012).

CASPASE-8 ACTIVATION
Human fibroblasts show a strong dependence on cathepsin D during apoptosis,
while cysteine cathepsins are dispensable. However, inhibition of both cathepsin D
and cysteine cathepsins protects melanocytes (Bivik et al., 2006) and keratinocytes
from UV-induced apoptosis (paper IV). In human melanocytes, UV irradiation
triggers intrinsic apoptosis and cell death signaling that is not associated with early
activation of caspase-8 (Bivik et al., 2006). By contrast, in paper IV, we
demonstrate that UVA irradiation of human keratinocytes results in early caspase-8
activation, indicating a difference in apoptotic signaling in keratinocytes compared
to melanocytes. Early caspase-8 activation was observed in keratinocytes exposed to
UVA but not UVB. Similarly, UVA irradiation but not UVB irradiation induced
plasma membrane damage and lysosomal exocytosis, suggesting a possible link
between these processes.
Caspase-8 is classically activated in the DISC complex as part of extrinsic apoptotic
signaling. However, other mechanisms for caspase-8 activation have been
demonstrated, including activation at the mitochondrial membrane (Gonzalvez et
al., 2008). The involvement of death receptor signaling in keratinocytes exposed to
UVA irradiation is supported by a study showing ligand-independent Fas receptor
aggregation after UV irradiation (Aragane et al., 1998; Rehemtulla et al., 1997;
Sheikh et al., 1998). In addition, keratinocytes have been shown to secrete TNF-α
as a response to UVB irradiation (Kock et al., 1990). However, under our
experimental conditions, there is no release of TNF-α before the activation of
caspase-8, eliminating this alternative as the triggering signal. aSMase has been
shown to translocate from lysosomes to the plasma membrane during apoptosis,
and this redistribution resulted in sphingomyelin breakdown and ceramide
production in the outer leaflet of the plasma membrane (Grassme et al., 2001).
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Ceramide enhances early Fas receptor signaling events, including its translocation
into lipid rafts. Therefore, it is not surprising that impaired ceramide production
due to aSMase deficiency confers resistance to Fas receptor-mediated cell death
(Segui and Legembre, 2010). In paper IV we demonstrate UVA irradiation to be
associated with formation of lipid rafts, suggesting that death receptor recruitment
and aggregation could occur in these membrane domains. Inhibition of aSMase
activity with desipramine decreases lipid raft formation but do not influence
caspase-8 activation. These results suggest that lipid rafts are not involved in UVAinduced caspase-8 activation in keratinocytes.
Death receptor signaling, including assembly of the DISC complex and activation
of caspase-8, was initially suggested to occur at the cytosolic leaflet of the plasma
membrane. However, it is now clear that the death receptors require endocytosis to
activate apoptotic signaling, and caspase-8 activation is thought to occur in
intracellular vesicles sometimes referred to as receptosomes (Tchikov et al., 2011).
A requirement for endocytosis has been described for the TNF-, TRAIL- and Fasreceptors (Akazawa et al., 2009; Lee et al., 2006; Schneider-Brachert et al., 2004)
and in a series of investigations, Schütze and co-workers characterized the signaling
that occurs downstream of TNF receptor-1 activation (Tchikov et al., 2011). As
presented in Figure 41, in this experimental model TNF-α binding to the TNF
receptor, results in endocytosis of the receptor. DISC components are recruited to
the endosome, where activation of caspase-8 occurs (Schneider-Brachert et al.,
2004). Because receptor-containing vesicles are positive for a marker of the TGN,
the receptosomes have been proposed to fuse with TGN-derived vesicles
containing pro-aSMase and pro-cathepsin D (Schneider-Brachert et al., 2004). The
receptors are then sorted into ILVs of multivesicular bodies, where the lethal signal
is amplified by caspase-8-mediated activation of caspase-7, which in turn activates
aSMase (Edelmann et al., 2011). Ceramide, generated by aSMAse, activates
cathepsin D, which, after its release to the cytosol, processes Bid (Heinrich et al.,
1999; Heinrich et al., 2004).
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Figure 41. A proposed model for signaling by endocytosed death receptors. Binding of tumor
necrosis factor (TNF)-α to TNF receptor 1 initiates endocytosis and recruitment of the death inducing
signaling complex (DISC) components: Fas associated death domain (FADD) and procaspase-8.
Within the receptosome, the DISC complex serves as a platform for the dimerization and activation of
caspase-8. The receptosome fuses with a vesicle derived from the trans-Golgi network, containing procathepsin D and pro-acid sphingomyelinase (aSMase), to form a multivesicular body. In the fusion
organelle, caspase-8 activates caspase-7, which in turn activates aSMase. Activation of aSMase results
in ceramide production, which activates cathepsin D. Cathepsin D is released to the cytosol, where it
activates Bid, thereby amplifying the death signal by mitochondrial engagement.

The results presented in paper IV indicate that a signaling pathway similar to the
one described above can possibly be operating in UVA-irradiated keratinocytes;
however, there are some divergences. In keratinocytes, caspase-8 activation is
lysosome-dependent, placing lysosomes upstream rather than downstream of
caspase-8. Likewise, aSMase activity is increased after UVA but independent of
caspase-8, arguing against caspases as activators of newly synthesized aSMase. In
paper IV, we demonstrate that the early activation of caspase-8 occurs in
intracellular vesicles positive for LAMP-1 and cathepsin D and is dependent on
lysosomal function. We have not yet determined if any death receptor is involved
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in the activation of caspase-8 after UVA irradiation. An alternative caspase-8
activation mechanism is direct proteolytic processing by cathepsin D, as described
in neutrophils (Conus et al., 2008). Under these circumstances, both proteolysis
and dimerization of caspase-8 are required for robust activation of caspase-8
(Conus et al., 2012). Other proteases, including granzyme B and caspase-6, are also
capable of activating caspase-8 (van Raam and Salvesen, 2012). Although the exact
mechanism remains to be revealed, we conclude that caspase-8 is activated in a
lysosome-dependent manner within intracellular vesicles positive for LAMP-1 and
cathepsin D and is partly dependent on endocytosis.
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CONCLUSIONS
From the results presented in this thesis, the following conclusions can be drawn:
• In fibroblasts, the pro-apoptotic activity of cathepsin D is dependent on its
proteolytic activity, which is favored by apoptosis-associated cytosolic
acidification.
• After lysosomal release, cathepsin D engages the intrinsic pathway to
apoptosis by proteolytic activation of Bid, which is followed by Bax
translocation to the mitochondria.
• Cell-free experiments verify that cathepsin D proteolytically processes Bid,
generating a truncated Bid with pro-apoptotic properties. This cleavage
occurs at neutral pH but is more efficient at acidic pH.
• Drugs or mutations resulting in lysosomal cholesterol accumulation increase
the stability of lysosomes and render cells less sensitive to apoptotic
induction. Secondary changes, including the accumulation of sphingolipids
and increased expression of LAMPs, are non-essential for the increased
lysosomal stability.
• Cellular sensitivity to lysosome-mediated apoptosis can be modulated by
alteration of the lysosomal cholesterol content.
• Plasma membrane damage induced by UVA irradiation is repaired by
lysosomal exocytosis.
• UVA irradiation-induced apoptosis in human keratinocytes is characterized
by an early activation of caspase-8. Caspase-8 activation is lysosomedependent.
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CLINICAL IMPLICATIONS
Future targeting of lysosomes as therapeutic intervention?
Understanding physiological processes in biochemical and molecular detail not
only offers insight into disease pathogenesis but also permits the development of
new diagnostic and prognostic tools, as well as the design of novel therapeutic
compounds. The role of lysosomes as key components of many cellular processes
make them attractive therapeutic targets.
The acidic pH of the lysosomal compartment is essential for the correct
functioning of this organelle. Cargo release, hydrolase maturation, degradation,
autophagy and intracellular trafficking are all dependent on a low pH (Schultz et
al., 2011). An elegant study demonstrated that the Alzheimer’s disease related
protein presenelin-1 regulates the trafficking of the vacuolar H+-ATPase to the
lysosomes. Mutations within presenilin-1, which is one of the major risk factors for
familial Alzheimer´s disease, disrupts trafficking of the H+-ATPase and results in
aberrant lysosomal pH, defective cathepsin activation and faulty degradation (Lee
et al., 2010). Some lysosomal storage disorders have also been associated with
lysosomal alkalization (Schultz et al., 2011). This is, however, not a general
characteristic of lysosomal storage disorders because the lysosomal pH is not
elevated in NPC disease (Elrick et al., 2012; Lloyd-Evans et al., 2008). In disorders
with an aberrant lysosomal pH, restoration of lysosomal acidification by
therapeutic intervention could represent an efficient way to promote the
degradation and clearance of accumulating agents.
The search for therapies that reduce lysosomal storage is a continuous ongoing
project. The cholesterol depleting effect of cyclodextrin derivatives is known and
generally believed to be due to the solubilization of cholesterol within the interior
of the cyclodextrin molecules. Unexpectedly, a variant of cyclodextrin incapable of
solubilizing cholesterol was as effective at decreasing cholesterol load as its normal
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counterpart (Ramirez et al., 2011). A possible explanation for this effect is the
finding that hydroxypropyl-β-cyclodextrin reduces cholesterol storage in NPC1-/mice by inducing lysosomal exocytosis (Chen et al., 2010). Reversion of pathologic
lysosomal storage by lysosomal exocytosis was also demonstrated in vivo and in
vitro by TFEB overexpression (Medina et al., 2011). In support of such clearance
mechanisms operating in vivo, patients with lysosomal storage disorder secrete the
storage products into the urine (Schultz et al., 2011). However, inducing exocytosis
as a therapeutic mechanism is a major concern because the potentially toxic stored
contents might not be adequately cleared after release to the extracellular space in
the brain (Schultz et al., 2011).
Another way to induce the clearance of accumulated material is the induction of
autophagy, which has proven beneficial as a therapeutic strategy in
neurodegenerative disorders associated with protein aggregation (Harris and
Rubinsztein, 2012). A prerequisite for a favorable effect of autophagic induction is
a functional lysosomal compartment capable of cargo degradation. In NPC, in
which accumulation of autophagosomes is already a prominent feature, autophagy
induction would most likely have a limited beneficial effect. In support of such a
conclusion, it was recently shown that defective autophagosome clearance in NPC
cells is due to inhibition of lysosomal cathepsins by the stored lipids (Elrick et al.,
2012). Furthermore, autophagy of lipid droplets contributes to lipid storage (Elrick
et al., 2012). These data suggest that promotion of autophagy in NPC disease
would further impair cellular function rather than meliorate the disease phenotype.
An opposite intervention in the autophagic process, impairment of autophagy, is
being investigated as a therapeutic approach to sensitize cancer cells to apoptosisinducing agents. In general, autophagy functions as a protective mechanism that
counteracts apoptosis by providing the cell with energy and building blocks as well
as disposal of damaged and non-functional mitochondria, which are a source of
reactive oxygen species (Lee et al., 2012). Destabilization of the lysosomes by
lysosomotropic detergents could be a promising strategy because destabilization
would not only impair autophagy but also promote tumor cell apoptosis through
the release of cathepsins, thereby activating the lysosomal cell death pathway
(Repnik et al., 2012).
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FUTURE PERSPECTIVES
The results from paper II and III suggest that cellular sensitivity to cell death can
be modulated by changing the lysosomal cholesterol content. It would be highly
interesting to investigate this in vivo; for example, can short pretreatment with a
drug that induces lysosomal lipid accumulation decrease the damage caused by an
acute toxic insult such as ischemia? It would also be of interest to investigate the
lysosomal cholesterol content of tumor cells for comparison with their normal
counterparts, to determine if lysosomal cholesterol content, similar to
mitochondrial cholesterol content, is higher in malignant cells. In addition, new
approaches to improve lysosomal function in vitro that could promote clearance of
storage and restore cellular function in vivo would be of great interest.
Moreover, the similar cellular phenotype, with lysosomal accumulation of
cholesterol and glycosphingolipids, resulting from cathepsin D, LAMP or NPC
protein deficiency is intriguing. Currently, the cause of lipid accumulation in
cathepsin D deficient cells is unknown, and investigation of the causative
mechanism would add new valuable information.
Further studies of the signaling upstream of caspase-8 activation in human
keratinocytes after UVA irradiation is necessary to reveal if caspase-8 activation is
dependent on death receptors or if a novel mechanism is engaged. The
involvement of UV irradiation-induced lysosomal exocytosis in skin cancer
progression is another exploitable research area.
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