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I 

ABSTRACT
The lysosome is the main unit for degradation and plays important roles in various 
cellular processes, such as nutrient sensing, cholesterol regulation and cell death. 
Consequently, altered lysosomal function contributes to, or even causes, several 
diseases. Lysosomal membrane permeabilization (LMP) and release of lysosomal 
content to the cytosol can induce cell death, and is implicated in inflammation and 
neuronal decline in several neurodegenerative diseases. It has also emerged as a 
potential target in cancer therapy. Due to the detrimental effects of LMP, cells 
harbor several mechanisms to protect and prevent lysosomal membrane damage. 
The aim of this thesis was to elucidate how lysosomal membrane stability and 
repair mechanisms affect cell death and survival.  

We find that lysosomal cholesterol is upregulated in response to an increased load 
of reactive oxygen species in a Parkinson’s disease cell model, and that augmented 
cholesterol protects from LMP. However, cholesterol also induces accumulation 

-synuclein and inhibits lysosome-mediated degradation, which can destabilize 
the lysosomal membrane and accelerate the course of disease. Further, we 
demonstrate that lysosomal membrane damage is counteracted by a calcium-
dependent repair mechanism to prevent LMP. Lysosomes damaged beyond repair 
are instead sequestered in an autophagosome and degraded by intact lysosomes 
in a process called lysophagy. As a result, small vesicles containing lysosomal 
membrane proteins are generated, which we believe are used to restore lysosomal 
function. We show that malignant cells are more sensitive to LMP, and that they 
differ in their activation of damage-response mechanisms compared to normal 
cells. Moreover, in malignant cells, the intracellular position of the lysosomes 
determines the susceptibility to lysosomal damage. Peripherally located 
lysosomes are less sensitive, and by relocating lysosomes to the perinuclear area 
in the cell, we can sensitize lysosomes to LMP induction.  

In summary, this thesis demonstrates the importance of damage-response 
mechanisms to protect from lysosomal membrane damage and maintain cellular 
function. It also indicates that targeting of lysosomal stability and repair is a 
potential therapeutic strategy in both neurodegenerative diseases and in cancer.  
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SAMMANFATTNING 
 Vår kropp är uppbyggd av flera biljoner celler som alla innehåller olika små 
cellorgan för att kunna fungera normalt. Ett sådant organ är lysosomen, som 
fungerar som cellens magsäck. Precis som vår magsäck bryter ned och tar hand 
om maten vi äter för att utvinna energi, tar lysosomen emot gamla uttjänta 
molekyler och bryter ned dem till nya byggstenar, vilka cellen sedan kan 
återanvända till energi och näring. För att klara detta är lysosomen, liksom 
magsäcken, sur och innehåller ett antal olika enzymer som hjälper till att klyva 
kemiska bindningar. Till skillnad från vår magsäck finns det dock ett flertal 
lysosomer i varje cell, ibland flera hundra. De är som små bubblor, omgivna av ett 
skyddande membran, där nedbrytningen sker inuti.  

Cellen är beroende av lysosomen för att fungera normalt, och om lysosomen är 
felaktigt reglerad kan det orsaka allvarliga sjukdomar. En minskad funktion leder 
till att material inte kan brytas ned ordentligt. Detta är fallet vid neurologiska 
sjukdomar såsom Parkinsons sjukdom och Alzheimers sjukdom, där felaktiga 
proteiner i hjärnan bildar olösliga aggregat. Om dessa inte kan brytas ned 
ansamlas de i stället inne i lysosomen. När ansamlingen blir tillräckligt hög kan 
lysosomen spricka och de nedbrytande enzymerna läcka ut i övriga cellen och 
aktivera celldödsprogram. Detta orsakar inflammation och en fortskridande 
nedbrytning av hjärnceller, vilket försämrar hjärnans funktion.  

Målet med den här avhandlingen är att undersöka hur celler skyddar sig mot att 
lysosomen går sönder och orsakar celldöd, både i friska och sjuka celler. Vi visar 
att celler som har Parkinsons sjukdom ökar halten kolesterol i lysosomen, vilket 
gör den mer stabil och minskar risken för celldöd. Däremot ser vi också att 
kolesterol ökar mängden olösliga aggregat inne i lysosomen, och detta kan leda 
till att den faktiskt går sönder lättare. Vi visar även att friska celler kan aktivera 
olika försvarsmekanismer när lysosomen spricker. Dels kan de reparera 
membranskadan, och på så sätt hindra de nedbrytande enzymerna från att läcka 
ut. Dels kan cellen bilda ett nytt membran runt hela den trasiga lysosomen, vilket 
gör att den sedan kan tas omhand av andra lysosomer.  

Cancerceller växer snabbt och kräver därför hög funktion hos lysosomerna för att 
tillgodose näringsbehovet. När vi jämför normala pigmentproducerande 
hudceller, melanocyter, med celler från hudcancer, malignt melanom, ser vi att 
lysosomer i celler från malignt melanom är mindre stabila och går sönder lättare. 
Vi ser också att lysosomerna i cancerceller förflyttar sig till utkanten av cellen. 
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Detta beror på att tumörceller använder lysosomer för att kunna sprida sig. Om 
lysosomerna frisätter sina enzymer utanför cellen, kan dessa bryta ned strukturer 
runt tumören och på så sätt underlätta för tumören att bilda metastaser. Genom 
att påverka ett protein i cellen kan vi få lysosomerna att flytta sig in mot mitten, 
vilket gör att de blir mindre stabila och vi kan lättare orsaka celldöd.  

Sammanfattningsvis visar min avhandling att cellens försvarsmekanismer mot 
lysosomal skada är viktiga för att kunna skydda sig från celldöd. Den öppnar också 
dörren för att kunna använda sig av dessa skyddsmekanismer vid framtida 
behandlingar av olika sjukdomar. Eftersom lysosomer i cancerceller är mindre 
stabila skulle man kunna skada dessa så att de nedbrytande enzymerna kan läcka 
ut i cellen och aktivera celldöd. På så sätt kan man mer specifikt eliminera 
cancerceller utan att påverka omkringliggande friska celler. Å andra sidan, om 
man skulle kunna öka lysosomens funktion, och få bättre fungerande 
försvarsmekanismer när lysosomen går sönder, skulle man kunna förbättra 
behandlingen för exempelvis Parkinsons sjukdom och Alzheimers sjukdom.  
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INTRODUCTION  
THE FUNCTION OF LYSOSOMES IN CELL HOMEOSTASIS 
The term lysosome is Greek for “digestive body” and describes the central role for 
this small membrane-bound organelle. Worn-out biomolecules such as proteins, 
lipids and carbohydrates are degraded inside the lysosomal lumen by the aid of 
an acidic pH and a plethora of hydrolases (Ohkuma et al. 1978, Lubke et al. 2009). 
The degradation process transforms unwanted material into new sources of 
nutrient and energy, making the lysosome a center for metabolic regulation. Since 
the discovery back in the 1950s (De Duve et al. 1955), the list of cellular functions 
ascribed to the lysosome has expanded, including cholesterol regulation, plasma 
membrane repair and induction of cell death (Figure 1) (Saftig et al. 2009). From 
the initial view as simple waste bags, lysosomes are now considered essential 
regulators of cell homeostasis, where dysregulation can result in severe and 
sometimes fatal diseases.  

Intracellular degradation is controlled via two major pathways; the ubiquitin-
proteasomal system (UPS), and the lysosomal network, where both pathways 
include degradation and recycling of molecules to generate energy and building 
blocks, as well as protection against damaged structures (Pohl et al. 2019). While 
the UPS primarily degrades single short-lived intracellular proteins that are 
unfolded or misfolded, larger structures originating from both intra- and 
extracellular sources, e.g., protein aggregates, organelles and pathogens, are 
degraded in the lysosome. The lysosome receives its cargo via two different 
routes; extracellular material is internalized at the plasma membrane via the 
endocytic pathway, while intracellular material is sequestered by different forms 
of autophagy (Figure 1) (Appelqvist et al. 2013). Fusion with lysosomes then 
generates hybrid organelles called endolysosomes or autolysosomes, wherein the 
degradation occurs (Luzio et al. 2007).  

Since lysosomes need to adapt to prevailing nutritional conditions, they are highly 
heterogeneous. During nutrient-rich conditions, lysosomes typically range 
between 100–500 nm in diameter, while in starved or otherwise stressed cells, 
the size can increase 2-3-fold (Yu et al. 2010, Xu et al. 2015). Also, the number of 
lysosomes decreases, from several hundred per cell to less than 50. This is due to 
heterotypic or homotypic fusion with other organelles, reducing the number of 
lysosomes while increasing the size.  



INTRODUCTION

2 

Figure 1. Lysosomal function. Lysosomes receive cargo via endocytosis or autophagy. 
The organelle is involved in several cellular pathways including nutrient sensing and 
metabolic signaling, regulation of apoptosis, plasma membrane repair, cholesterol 
homeostasis and antigen presentation. Lysosomal proteases can be exocytosed and 
participate in e.g., bone remodeling and degradation of the extracellular matrix.

LYSOSOMAL HYDROLASES
The lysosome contains around 60 different hydrolytic enzymes, including 
proteases, peptidases, phosphatases, nucleases, lipases, glycosidases and 
sulfatases. Together these hydrolases are capable of degrading almost all types of 
macromolecules in the cell (Bainton 1981). The acidic pH of around 4-5 is required 
for optimal activity of the enzymes, and it also aids the degradation by denaturing 
proteins and loosening the structures of other macromolecules (Coffey et al. 1968, 
Trivedi et al. 2020).  

The most studied lysosomal hydrolases are the cathepsins, a family of proteases 
that are classified according to their amino acid characteristics in the active site
(Kaminskyy et al. 2012). So far, 15 cathepsins have been identified as either serine 
proteases (cathepsin A and G), cysteine proteases (cathepsin B, C, F, H, K, L, O, S, 
V, W and X) or aspartyl proteases (cathepsin D and E). Some cathepsins are 
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ubiquitous with a high to moderate expression in various tissues while other are 
more tissue specific (Brix et al. 2008). The proteins are synthesized as inactive 
precursors and require proteolytic processing, either by other proteases or via 
autocatalysis, in the acidic environment to be activated (van der Stappen et al. 
1996, Laurent-Matha et al. 2006, Pungercar et al. 2009).  

Cathepsin-mediated degradation of proteins inside the lysosome is important to 
maintain cell homeostasis. It is also involved in the processing of antigens and 
immune receptors to regulate both innate and adaptive immune responses, as 
well as the degradation of hormones and growth factors to control cell growth and 
development (Yadati et al. 2020). The function of cathepsins is however not 
limited to the lysosomal lumen. Cathepsins in the cytosol have been shown to 
participate in cell death signaling (discussed in more detail below), and a nuclear 
localization can modulate gene transcription and proliferation (Soond et al. 2019). 
Moreover, extracellular cathepsins participate in e.g., bone remodeling, 
degradation of the extracellular matrix (ECM) and shedding of receptors and 
adhesion molecules (Vidak et al. 2019).  

The importance of cathepsins has been established in several studies, where 
deficiency in one or more proteins results in severe embryonic and post-natal 
abnormalities, such as neurodegeneration and cardiomyopathy, due to impaired 
degradation of digested material and functionally aberrant lysosomes (Felbor et 
al. 2002, Dennemarker et al. 2010, De Pasquale et al. 2020). It is also manifested 
by the development of metabolic disorders in patients with mutations in cathepsin 
genes, where abnormal expression or activity of cathepsins cause neurological, 
skeletal and cardiovascular disorders (De Pasquale et al. 2020).  

THE LYSOSOMAL MEMBRANE  
Lysosomes are enclosed by a phospholipid bilayer coated by an ~8 nm thick 
glycocalyx layer on the luminal side. The continuous coat is formed by 
glycosylated membrane proteins and provides a protective shield from the acidic 
interior and proteolysis by intraluminal hydrolases (Kundra et al. 1999, Wilke et 
al. 2012, Schwake et al. 2013). Previously, the lysosomal membrane was thought 
to act mainly as a barrier between the cytoplasm and the lysosomes, but 
proteomic and functional studies have revealed that it is also involved in a 
diversity of cellular processes such as membrane fusion, signaling and molecular 
transport (Schroder et al. 2007, Chapel et al. 2013, Schroder et al. 2016).  
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Intralysosomal membranes 
Degradation of hydrophobic membranes and membrane proteins takes place on 
intralysosomal membrane surfaces, which allows access of the hydrophilic 
lysosomal hydrolases (Schulze et al. 2009). The intraluminal membranes 
originate from endocytosed parts from the plasma membrane and are formed by 
a lipid-sorting process in the endocytic pathway. During this pathway, the 
concentration of the negatively charged phospholipid Bis(monoacylglycero)-
phosphate (BMP) increases while the amount of cholesterol decreases (Gallala et 
al. 2011). Reduced cholesterol concentration is necessary for lipid degradation 
since cholesterol stabilizes the membrane and inhibits access of lipases (Schulze 
et al. 2009). BMP is exclusively localized to the inner membranes of lysosomes 
and, to some extent, late endosomes (Mobius et al. 2003). Due to its unusual 
stereoconfiguration, it is more resistant to lysosomal phospholipase-mediated 
degradation compared to other lipids (Matsuzawa et al. 1979). The negative 
charge of BMP is important during degradation since it enables the adherence of 
positive lysosomal lipid-binding proteins. These proteins can then extract 
membrane-bound lipids and expose them to lysosomal hydrolases at the interface 
of the intralysosomal membranes (Gallala et al. 2011). BMP is also important in 
cholesterol transport from intralysosomal membranes to the limiting membrane, 
since it is required for efficient binding of the cholesterol transport protein 
Niemann Pick type C protein (NPC2) to membranes (Enkavi et al. 2017). 

Lysosomal membrane proteins 
More than 250 different lysosomal membrane proteins are estimated to exist so 
far (Schroder et al. 2016), and although several are novel or have no defined role 
yet, the functions of the proteins known are diverse, including ion and metabolite 
transporters, tethering factors involved in membrane fusion and fission events, 
and regulators of lysosomal positioning (Figure 2) (Huynh et al. 2007, Schroder et 
al. 2016, Trivedi et al. 2020). Many lysosomal membrane proteins are not limited 
to one single function; while the transmembrane part of the protein e.g., facilitates 
transport across the membrane, the cytosolic part can mediate contact and 
signaling with other compartments. 

 



INTRODUCTION

5

Figure 2. Major functions of lysosomal membrane proteins. Lysosomal membrane 
proteins are involved in numerous cellular processes, including metabolite transport, cell 
signaling via membrane contacts and fusion, and lysosome trafficking.

LAMP1 and LAMP2
The most abundant glycoproteins in the lysosomal membrane are the lysosomal 
associated membrane proteins LAMP1 and LAMP2, which together constitute 
about 50% of all lysosomal membrane proteins. The proteins share a 34% amino 
acid homology, and both contain a large N-terminal luminal domain, a single 
membrane-spanning region, and a short C-terminal cytoplasmic tail (Terasawa et 
al. 2016). The polypeptide backbone of both proteins is about 40 kDa, which then 
increases to 110-120 kDa upon post-translational glycosylation steps (Carlsson et 
al. 1988). It is suggested that the proteins share some functions since deficiency 
in either LAMP1 or LAMP2 is not lethal, while double deficiency results in an 
embryonic fatal phenotype (Eskelinen et al. 2004). However, lack of LAMP2 
results in more severe consequences, including accumulation of cholesterol and 
autophagic vacuoles, which can be explained by the specific involvement of
LAMP2 in cholesterol efflux and chaperone-mediated autophagy, further 
discussed below. 
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The vacuolar H+-ATPase proton pump 
To maintain acidic pH, the lysosome is dependent on the action of the vacuolar H+-
ATPase (V-ATPase), an energy-driven multimeric proton pump that imports 
protons into the lysosomal lumen (Ohkuma et al. 1982). In order to uphold 
efficient lysosomal acidification, the transmembrane voltage created by the V-
ATPase proton pump is compensated by efflux of cations such as K+, or influx of 
anions, mainly Cl- (Schwake et al. 2013). Besides generating an optimal pH for the 
lysosomal hydrolases, the proton gradient enables dissociation of receptor-
ligands during endocytic delivery. It also drives the coupled transport of ions and 
small molecules, such as amino acids, generated by lysosomal degradation 
(Hinton et al. 2009). The ATPase protein itself has also been shown to directly 
participate in membrane fission events by forming complexes in the opposing 
membranes via its transmembrane domain, and has been suggested to play a role 
in vesicle fusion during synaptic vesicle exocytosis (Peters et al. 2001, Hiesinger 
et al. 2005).  

Calcium-channels 
Calcium is one of the most important signaling molecules in the cell. It is stored in 
intracellular organelles to maintain a low cytosolic concentration, and released 
upon specific stimuli to produce a local increase of ions that serve as cofactors for 
signaling events (Cremer et al. 2020). Most of the stored calcium is sequestered in 
the membranous network of the endoplasmic reticulum (ER), but also lysosomes 
and mitochondria serve as calcium holding organelles. The lysosome contains 
400-600 μM calcium, almost the same concentration as in the ER, and several 
thousandfold higher compared to the cytosolic level of 100 nM (Christensen et al. 
2002, Bagur et al. 2017).  

Maintenance of the proton gradient is essential for retaining and refilling calcium 
stores in the lysosomal lumen, and Ca2+/H+ exchangers are suggested to drive the 
pH-dependent calcium uptake (Christensen et al. 2002). Calcium signaling from 
the lysosome, which regulates endocytic membrane trafficking, recycling during 
autophagy and inter-organelle communication, is required for lysosomal fusion 
with other cellular structures. The calcium release is mediated by different ion 
channels in the lysosomal membrane (Lloyd-Evans et al. 2011), and three main 
types of lysosomal calcium channels have been identified: the transient receptor 
potential mucolipin (TRPML1) channel, two-pore channels (TPCs) and the 
trimeric two transmembrane-spanning channel P2X4. The receptors are 
regulated by binding of small molecules such as ATP, nicotinic acid adenine 
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dinucleotide phosphate (NAADP), phospholipids and sphingosine, but also react 
to other stimuli such as cellular stress, alterations in pH or nutritional status (Patel 
et al. 2015, Ballabio et al. 2020). Calcium release from TRPML1, the most studied 
and well known lysosomal calcium channel, regulates lysosome-endosome and 
lysosome-autophagosome fusion, lysosomal biogenesis, lysosome reformation 
and exocytosis (Di Paola et al. 2018).  

Membrane interactions 
The lysosomal membrane is important for communication via fusion/fission 
events and interactions with other organelles such as endosomes, 
autophagosomes and the plasma membrane (Schwake et al. 2013). There are 
several types of membrane interactions to allow exchange of information between 
organelles. By partially fusing with another compartment, a mechanism called 
kiss-and-run, the formation of a transient pore allows exchange of material, 
followed by membrane scission to prevent further merging (Bright et al. 2005). 
Conversely, lysosomes can also undergo complete fusion with other lysosomes 
(homotypic) or with other organelles (heterotypic).  

Fusion with endosomes and autophagosomes 
All lysosomal fusion events occur via a process involving tethering, docking and 
merging of the phospholipid bilayers. Each step is regulated by a specific protein 
family, although the individual proteins vary for different organelles and fusion 
types. Lysosomal fusion with endosomes or autophagosomes requires the 
interaction of the small lysosomal GTPase Rab7 with the multisubunit HOPS 
(homotypic fusion and vacuole protein sorting) tethering complex on the 
endosome/autophagosome to bridge the two membranes (Figure 3). For 
endosome-lysosome fusion, another small GTPase, Arf-like 8b (Arl8b) is also 
required, as well as the effector protein Rab7-interacting protein (RILP) (Hesketh 
et al. 2018). Autophagosome-lysosome fusion is further dependent on an 
additional Rab7 effector that interacts with the HOPS complex, namely the 
PLEKHEM1 protein (pleckstrin homology domain-containing family member 1) 
which binds to autophagosomes via an LC3-interacting region (Nguyen et al. 
2016).  

The tethering process is followed by the formation of a trans-SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptor) complex, consisting 
of four different SNARE proteins, to bring the phospholipid bilayers together 
(Luzio et al. 2007, Hesketh et al. 2018). Lysosomal fusion with endosomes 
requires SNAREcomplex clustering of the three Q-SNAREs syntaxin 7, Vti1b and 
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syntaxin 8, as well as the R-SNARE VAMP7 (Figure 3) (Pryor et al. 2004). For 
autophagosome-lysosome fusion, the Q-SNAREs combine with an alternative R-
SNARE, VAMP8 (Dingjan et al. 2018). So far, little is known of the signaling behind 
endosome/autophagosome fusion with lysosomes, but efficient fusion of 
lysosomes with endosomes requires release of lysosomal calcium via both 
TRPML1, TPC2 and P2X4, and autophagosomal fusion is thought to be regulated 
by TRPML1 (Dong et al. 2010, Grimm et al. 2014, Cao et al. 2015). In addition, the 
concentrations of phosphoinositides in the lysosomal membrane and the luminal 
pH have been suggested as regulatory factors, as have cytosolic proteins affecting 
the assembly and stabilization of SNARE complexes (Hesketh et al. 2018). 

Figure 3. Lysosomal fusion. Lysosomal fusion with late endosomes or autophagosomes 
requires interaction of the lysosomal small GTPase Rab7, its effector proteins, and the 
homotypic fusion and vacuole protein sorting (HOPS) complex to allow formation of 
SNARE complex and membrane tethering.   

Lysosomal exocytosis
Besides fusing with other intracellular organelles, the lysosome can also migrate 
to, and fuse with, the plasma membrane and release its content extracellularly. 
This process is called lysosomal exocytosis, and is controlled by SNAREs and 
regulated by calcium and calcium sensing proteins, mainly synaptotagmin VII
(Idone et al. 2008, Cheng et al. 2015, Tancini et al. 2020). Lysosomal exocytosis is 
involved in e.g., cell communication and bone resorption. It is also recognized as 
an alternative way of eliminating cellular waste (Miranda et al. 2018). Further, 
impaired plasma membrane integrity causes an influx of calcium to the cytosol
and resealing of the disruption within 10-30 seconds (Steinhardt et al. 1994). The 
damage-induced calcium influx triggers lysosomal exocytosis and fusion with the 
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plasma membrane. By exchanging the damaged part of the plasma membrane 
with the membrane from a lysosome, a patch is formed. The membrane lesion is 
then removed by endocytic internalization (Reddy et al. 2001, Idone et al. 2008). 
Endocytic removal of the membrane lesion is initiated by extracellular lysosomal 
acid sphingomyelinase (ASMase), which is released by the lysosome following 
fusion with the plasma membrane (Tam et al. 2010). Although lysosome-mediated 
plasma membrane repair is thought to mainly be regulated by extracellular 
calcium influx, involvement of intracellular TRPML1 and lysosomal calcium 
release has also been implicated (Cheng et al. 2014). 

Communication via membrane contact sites 
Organelle fusion is not always required for the exchange of molecules. The 
formation of membrane contact sites (MCS), i.e., close contact regions of two 
organelles held together by tethering complexes, allows inter-organelle 
communication without fusion of the two membranes. Lysosomes have been 
shown to form MCS with ER, peroxisomes, the Golgi network and mitochondria 
(Ballabio et al. 2020). Although the field is still largely unexplored, MCS between 
the ER and lysosomes are central in the regulation of calcium signaling. Local 
calcium signals from the lysosome can trigger a global calcium elevation from the 
ER (Kilpatrick et al. 2013) and calcium release from the ER can activate calcium 
release from lysosomes, regulated by NAADP via lysosomal TPC (Morgan et al. 
2013). Upon calcium depletion, lysosomal stores are refilled via contact sites 
between the ER and the lysosome (Garrity et al. 2016). Further, MCS have been 
implicated in the regulation of endolysosomal maturation, trafficking and 
positioning by the ER. The ER forms contact sites with endosomes and remains 
bound as the endosome travels along the microtubule and proceeds through 
maturation steps (Friedman et al. 2013).  
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Cholesterol regulation 
The lysosome is the main organelle for regulation of intracellular cholesterol 
homeostasis. Cholesterol is a lipid that is essential for all animal life and acts a 
precursor for synthesis of steroid hormones and bile acids (Cortes et al. 2014). It 
is also a major constituent of the plasma membrane, where it modulates 
membrane fluidity and participates in cell signaling, both by contributing to lipid 
raft formation and by direct binding to scaffold proteins (Lingwood et al. 2010, 
Sheng et al. 2012). Cholesterol is unevenly distributed in cell membranes; the 
majority is found in the plasma membrane, and relatively high concentrations are 
also found in the Golgi, recycling endosomes and in intraluminal vesicles of 
multivesicular bodies. On the other hand, lysosomes, late endosomes and 
peroxisomes contain a relatively low fraction (Luo et al. 2019).  

The main cellular source of cholesterol is via endogenous production in the ER, 
but it can also be dietary obtained via receptor-mediated endocytosis of low 
density lipoprotein (LDL)-particles (Goldstein et al. 1975). The LDL-derived 
cholesteryl esters are hydrolyzed in the lysosome by the action of lysosomal acid 
lipase, generating cholesterol and fatty acids (Figure 4) (Meng et al. 2020). The 
free cholesterol is then delivered to the lysosomal membrane by the combined 
action of the soluble NPC2 and the transmembrane NPC1 proteins. NPC2 binds to 
cholesterol in the lysosomal lumen and delivers it to NPC1, which facilitates 
transport through the glycocalyx to the membrane leaflet via a hydrophobic 
tunnel (Winkler et al. 2019).  

It has also been shown that LAMP1 and LAMP2 can interact with the NPC2 protein 
and bind to cholesterol, and that LAMP2 has a direct role in cholesterol export (Li 
et al. 2016). Due to their high abundance in the lysosomal membrane, it is 
suggested that the LAMPs serve as cholesterol reservoirs by binding NPC2-
extracted cholesterol prior to cholesterol export via NPC1. Recently, also the 
lysosomal integral membrane protein (LIMP)2 was discovered to facilitate 
cholesterol transport via a hydrophobic tunnel domain in the protein, a process 
that was independent of NPC-proteins (Heybrock et al. 2019). Following transport 
of cholesterol to the limiting membrane, the cholesterol is redistributed to other 
organelles via MCS between late endosomes/lysosomes and the ER, peroxisomes 
and plasma membrane. These contact sites are dependent on NPC1, which acts as 
a tethering protein that interacts with proteins on the opposing membrane. Cells 
without functional NPC1 exhibit loss of MCS and cholesterol accumulation in the 
late endosomal compartments (Enrich et al. 2019, Hoglinger et al. 2019).  
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The importance of lysosomes in the regulation of cholesterol homeostasis is 
demonstrated in the Niemann-Pick type C disease, where mutations in NPC1 or 
NPC2 result in impaired cholesterol export and pathological accumulation of 
cholesterol in late endosomes and lysosomes (Wheeler et al. 2020). The disease 
affects multiple organs, including the brain, causing progressive 
neurodegeneration and invariably results in premature death.

Figure 4. Lysosomal cholesterol regulation. LDL-derived cholesteryl esters are 
hydrolyzed by acid lipase to generate free cholesterol in the lysosome. NPC2 extracts the 
free cholesterol from intraluminal membranes (ILM) and delivers it to the cholesterol 
transporters NPC1, LAMP1, LAMP2 and LIMP2. Cholesterol is then redistributed to the 
plasma membrane, peroxisomes and the ER via membrane contact sites (MCS). 
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BIOGENESIS OF LYSOSOMAL PROTEINS 
Lysosomal content is not constant but dependent on the exchange of material to 
and from other compartments, mainly the endosomal pathway and the trans-Golgi 
network (TGN). Soluble lysosomal enzymes and lysosomal membrane proteins 
are synthesized in the ER and post-translationally modified in the Golgi. The 
majority of newly synthesized hydrolases are tagged with mannose 6-phosphate 
(M6P) residues, enabling specific binding to M6P-receptors (M6PRs) in the TGN 
(Trivedi et al. 2020). The proteins are then packed into clathrin-coated vesicles 
and delivered to late endosomes where the M6PRs dissociate in the acidic 
environment. Some soluble hydrolases are also secreted and bind to M6PRs on the 
plasma membrane to allow their reinternalization via endocytosis.  

Lysosomal membrane proteins do not follow the same route, as they lack M6P-
residues. However, most lysosomal membrane proteins exhibit different sorting 
motifs in their cytosolic tail, facilitating delivery to lysosomes via clathrin-
dependent and independent vesicle formation at the TGN (Braulke et al. 2009, 
Saftig et al. 2009). The membrane proteins are delivered to lysosomes via two 
different routes; either by direct fusion of the vesicles with endosomes, or 
indirectly via the secretory route to the plasma membrane under which the 
lysosomal membrane proteins are re-internalized by M6PR-independent 
endocytosis (Lippincott-Schwartz et al. 1986, Green et al. 1987). Indirect M6PR-
independent routes can also be utilized by soluble hydrolases, where lysosomal 
enzymes are secreted and then resorbed via receptor-mediated endocytosis 
(Christensen et al. 2007, Nielsen et al. 2007). 

Sorting via the endocytic pathway  
The endosomes represent the major sorting system in the cell. During the 
endocytic pathway, early endosomes receive endocytic vesicles formed at the 
plasma membrane and endogenous proteins from the TGN and other 
compartments (Figure 5) (Saftig et al. 2009, Trivedi et al. 2020). The early 
endosomes are slightly acidic, which allows internalized cell surface receptors to 
dissociate from their ligands and recycle back to the plasma membrane via 
recycling endosomes, while the ligands continue the route to degradation 
(Huotari et al. 2011). Recycling to the plasma membrane can also occur via a 
slower mechanism where the cargo transits through the endosomal recycling 
compartment before delivery to the cell surface (Cullen et al. 2018). 
Approximately 50-180% of the plasma membrane surface area is internalized and 
recycled every hour (Steinman et al. 1983).  
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Figure 5. The endocytic pathway. Endocytosed cargo is sorted for recycling or 
degradation in the early endosome and sorting endosomal compartment. A continuous 
exchange of material allows early endosomes to mature into late endosomes and 
eventually to lysosomes, where the cargo is degraded. 

Ensuing the endocytic pathway, early endosomes mature into late endosomes 
through a continuous exchange of material via multiple fusion events, vesicular 
transport carriers and formation of short transient contact sites. The exchange of 
material allows further sorting and transport of cargo to other organelles as well 
as delivery of lysosomal components (Huotari et al. 2011). It is during the 
endosomal maturation process that the accumulation of internal lysosomal 
membranes begins. Intraluminal vesicles (ILVs) are formed by invaginations of 
the endosomal limiting membrane, a process that is partly dependent on the 
endosomal sorting complex required for transport (ESCRT) machinery (Christ et 
al. 2017). The formation of ILVs is essential for efficient cargo sorting in late 
endosomes, where transmembrane cargo is sorted between the limiting 
membrane and intraluminal vesicles. Due to the accumulation of ILVs, late
endosomes are sometimes called multivesicular bodies. The ESCRT machinery is 
classified into four complexes; ESCRT-0, -I, -II and -III, which are sequentially 
recruited to facilitate membrane remodeling and scission during the formation of 
ILVs (Christ et al. 2017). ESCRT-0, -I and –II recruit and activate proteins 
belonging to the ESCRT-III family. ESCRT-III proteins are then able to integrate 
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with negatively charged membranes and polymerize into various oligomeric 
structures, mediating membrane constriction and remodeling (Schoneberg et al. 
2017, Remec Pavlin et al. 2020).  

During the maturation from early to late endosomes, the vesicles move from the 
cell periphery to the cell center, a transport that is dependent on the conversion 
of Rab5 on early endosomes to Rab7 on late endosomes (Figure 6) (Poteryaev et 
al. 2010). Late endosomes acquire degradative capacity by gradually elevating the 
levels of V-ATPase to become more acidic, as well as increasing the number of 
lysosomal hydrolases and lysosomal membrane proteins (Trivedi et al. 2020). 
They also improve their ability to fuse with other late endosomes and pre-existing 
lysosomes to allow degradation of the cargo. 

   

Figure 6. Characteristics of endolysosomal vesicles. During endolysosomal 
maturation, the V-ATPase proton pump and other lysosomal membrane proteins are 
increased. Endosomes express mannose 6-phosphate receptors to receive proteins 
tagged to the lysosome, but mature lysosomes are negative for the receptor. Cholesterol 
in the membranes decreases at the same time as the phospholipid 
Bis(monoacylglycerol)-phosphate (BMP) increases. The maturation process is also 
dependent on the transition from Rab5 to Rab7-driven vesicle transport.    

Transcriptional regulation of lysosomal biogenesis
Lysosomal biogenesis is controlled by a master regulator of lysosomal function, 
the transcription factor EB (TFEB) (Sardiello et al. 2009). Several hundreds of 
genes involved in lysosomal function and autophagy have been identified to 
harbor a specific binding site for TFEB, named “coordinated lysosomal expression 
and regulation” (CLEAR) motif (Palmieri et al. 2011). During nutrient-rich
conditions, TFEB resides in the cytosol, but upon starvation or other stresses that 
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increase the need for lysosomal components, it is translocated to the nucleus and 
induces transcription of genes involved in the autophagic-lysosomal pathway. 

Several kinases have been shown to regulate TFEB activity, but the most 
important is the mechanistic target of rapamycin (mTOR), a serine/threonine 
kinase that is part of the mTOR complex 1 (mTORC1) (Bajaj et al. 2019). Under 
nutrient-rich conditions, the GTPase Rag and the protein complex Ragulator 
anchor mTORC1 to the lysosomal membrane and facilitate its activation (Sancak 
et al. 2010). mTORC1 catalyzes phosphorylation of TFEB, which induces TFEB 
binding to 14-3-3 proteins, and results in cytosolic retention (Figure 7) (Roczniak-
Ferguson et al. 2012, Napolitano et al. 2018). 

    

Figure 7. Regulation of TFEB activity. During nutrient-rich conditions, mTORC1 
phosphorylates TFEB, resulting in 14-3-3 protein binding and cytosolic retention. Upon 
starvation or other lysosomal stresses, mTORC1 is inactivated. At the same time, local 
increase of calcium, released via the lysosomal calcium channel TRPML1, activates 
calcineurin which dephosphorylates TFEB. TFEB is no longer restrained by 14-3-3 
proteins, but free to enter the nucleus and induce transcription of lysosomal genes. 

TFEB inhibition prevents autophagy and stimulates cell growth and division. In 
the absence of nutrients or during lysosomal stress, mTORC1 activity is inhibited. 
At the same time calcium is released via TRPML1, activating the calcium-
dependent phosphatase calcineurin, which binds to and dephosphorylates TFEB. 
The combination of mTORC1 inactivation and calcineurin activation allows TFEB 
nuclear translocation, where it can induce transcription of lysosomal genes to 
stimulate autophagy (Figure 7) (Medina et al. 2015, Shin et al. 2020). 
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AUTOPHAGY 
Autophagy was first described by de Duve in the 1960s and refers to the 
degradation and recycling of cellular components via a lysosome-dependent 
mechanism (Harnett et al. 2017). Traditionally, autophagy was thought to be 
induced by starvation as a survival strategy during nutrient-deficient conditions, 
but over the years more and more functions have been ascribed to the process. 
Autophagy is now considered to be involved in several physiological processes 
such as embryonic development and cell differentiation, regulation of immune 
cells and elimination of intracellular microbes. Defects in the autophagy system 
can cause diseases such as neurodegenerative disorders and contribute to cancer 
progression (Mizushima et al. 2010, Amaravadi et al. 2016, Levine et al. 2019).   

Different types of autophagy 
Autophagy can occur via three different mechanisms depending on the material 
being degraded, all resulting in cargo delivery to the lysosome where degradation 
takes place (Figure 8). In chaperone-mediated autophagy (CMA), cytosolic 
proteins containing specific targeting motifs are recognized by the chaperone 
Hsc70, which orchestrates delivery into the lysosomal lumen via the lysosomal 
membrane receptor LAMP2a (Kaushik et al. 2018). The second and less studied 
type is microautophagy, during which cytosolic material is engulfed into small 
vesicles via invagination of the lysosomal membrane (Li et al. 2012). It is mainly 
considered a non-selective form of autophagy, but lately it has been discovered to 
share some resemblance with CMA, and the same targeting motifs and chaperones 
appear in both systems (Kaushik et al. 2018). 

Macroautophagy is the most common and best studied pathway, where a second 
organelle, the autophagosome, is involved. During macroautophagy, a double 
membrane known as the phagophore is formed around cytoplasmic material, 
generating the autophagosome (Yim et al. 2020). The autophagosome then fuses 
with a lysosome, creating an autolysosome, where degradation of the sequestered 
material occurs (Lorincz et al. 2020). The sequestration of material can be either 
non-selective, e.g., during starvation where nutrients are provided via bulk 
degradation of cytoplasmic material, or selective, where ubiquitin-tagged proteins 
are recognized by autophagy receptors (Rabinowitz et al. 2010). Macroautophagy 
is the main mechanism by which larger structures, including entire organelles, are 
being degraded, while the other two described forms mainly manage proteins or 
smaller organelle structures (Li et al. 2012, Kaushik et al. 2018). 
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Figure 8. Delivery to the lysosome via autophagic pathways. Lysosomes receive 
autophagic cargo via three different pathways: macroautophagy, chaperone-mediated 
autophagy (CMA) or microautophagy. In macroautophagy, a phagophore is formed to 
sequester cytoplasmic material. The resulting autophagosome fuses with the lysosome, 
forming an autolysosome, in which the material is degraded. CMA is facilitated by the 
chaperone protein Hsc70, which recognizes and binds to the pentapeptide KFERQ on 
cytosolic proteins. Binding of the complex to the CMA-receptor LAMP2a triggers the 
assembly of LAMP2a multimers and translocation of the protein substrate into the 
lysosomal lumen. During microautophagy, cytoplasmic material is taken up directly by 
formation of invaginations in the lysosomal membrane. 

Late stages of autophagy and autophagic lysosome reformation
After formation of the autolysosome, lysosomal hydrolases degrade its cargo and 
the resulting products are recycled back to the cytosol via efflux transporters 
(Nakamura et al. 1997, Parzych et al. 2019). When the supply of nutrients 
increases, the presence of amino acids reactivates mTORC1, which provides a 
negative feedback loop to avoid excessive autophagy (Yu et al. 2010, Yu et al. 
2015). The increased mTORC1 activity attenuates autophagy and induces 
reformation of lysosomes via recycling of lysosomal membrane proteins, a 
process termed autophagic lysosome reformation (Yu et al. 2010). During this 
process, clathrin-mediated formation of phosphatidylinositol-4,5-bisphosphate
(PI(4,5)P2) enriched microdomains induce a localized membrane remodeling on 
the autolysosome (Rong et al. 2012). The motor protein kinesin-1 associates with 
PI(4,5)P2 in these microdomains to create tubular extensions (Du et al. 2016). 
Small vesicles, termed proto-lysosomes, bud off from the reformation tubules with
the aid of dynamin-2-mediated membrane scission (Schulze et al. 2013). The 
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proto-lysosomes contain lysosomal membrane proteins and gradually acquire 
acidic pH and degradative abilities, thus maturing into functional lysosomes (Yu 
et al. 2010).  

Selective autophagy of organelles 
An important function of macroautophagy is the selective clearance of entire 
defect organelles including the nucleus (nucleophagy), the endoplasmic reticulum 
(reticulophagy), mitochondria (mitophagy) and lysosomes (lysophagy) (Anding 
et al. 2017). The mechanisms leading to degradation are not fully characterized 
and differ slightly between the organelles. Generally, damaged or otherwise 
dysfunctional organelles are marked with a specific protein that recruits E3 
ubiquitin ligases, resulting in ubiquitinated motifs that are recognized by receptor 
proteins. These receptors contain LC3 interacting regions that facilitate the 
interaction of the dysfunctional organelle with LC3 molecules on the phagophore, 
which initiates the formation of an autophagosome that encloses the damaged 
organelle (Papadopoulos et al. 2017).  

LYSOSOMAL POSITIONING 
Lysosomes are highly dynamic organelles and participate in fusion/fission events 
to exchange material and communicate with other cellular systems (Ballabio et al. 
2020). Therefore, lysosomes are dependent on transport across the cell 
cytoskeleton for their normal function. It was recently discovered that lysosomes 
have separate functions and display heterogeneous characteristics depending on 
their localization. Under normal conditions, lysosomes are dispersed both in the 
cell periphery and in a perinuclear cluster adjacent to the microtubule-organizing 
center (MTOC) (Ba et al. 2018). While peripheral lysosomes are more dynamic as 
compared to the relatively immobile perinuclear subset, they exhibit higher 
intraluminal pH, as well as reduced proteolytic activity (Johnson et al. 2016).  

Due to their diverse characteristics, it has been speculated that different 
lysosomal pools have separate functions, and recent studies support this theory. 
Bright et al. show that active lysosomal hydrolases are mainly localized in 
perinuclear endolysosomes, while peripheral terminal lysosomes have higher pH 
and contain inactive hydrolases. They are, however, ready to fuse with endosomes 
and form active endolysosomes. In addition, terminal lysosomes are reformed 
from the active endolysosomes (Bright et al. 2016). While perinuclear lysosomes 
participate in autophagosome-lysosome fusion, activation of mTORC1 is 
facilitated on peripheral lysosomes (Korolchuk et al. 2011). It has also been shown 
that peripheral lysosomes participate in repair of the plasma membrane 
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(Encarnacao et al. 2016). Since lysosomal content is released extracellularly upon 
plasma membrane repair, a reduced acidity and limited proteolytic activity would 
be beneficial in these lysosomes to avoid damage to the surrounding tissue. On the 
other hand, low pH and high levels of hydrolases are advantageous in the 
perinuclear pool where autophagic degradation occurs.  

Regulation of lysosomal transport 
For shorter distances, slow transport ( 0.1 μm/s) of lysosomes occur along actin 
microfilaments, while the faster ( 1 μm/s) long-distance transport takes place on 
microtubule tracks (Oyarzun et al. 2019). The bidirectional transport of 
lysosomes between the cell center and the cell periphery is orchestrated on 
microtubule tracks by two groups of transport proteins; dyneins and kinesins, 
aided by small GTPases and membrane phospholipids. Microtubules, with their 
minus-ends at the MTOC, project towards the cell periphery with their plus-ends 
(Bonifacino et al. 2017). On these, dyneins drive the retrograde transport, i.e., 
inwards from the periphery, while the kinesins drive the outgoing anterograde 
organelle transport (Hollenbeck et al. 1990, Harada et al. 1998).  

Anterograde transport 
There are around 45 kinesin superfamily (KIFs) proteins encoded in the 
mammalian genome and splicing events generate even more variants (Pu et al. 
2016). Collective for all kinesin proteins is the motor domain that attaches to the 
microtubule and drives the transport through ATP hydrolysis, and a tail domain 
that interacts with adaptor proteins. There is not a single kinesin that regulates 
one organelle, but rather lysosomal movement is regulated by several kinesins, 
and one kinesin can regulate several organelles (Oyarzun et al. 2019). The 
kinesins important in lysosomal transport belong to the kinesin-1, kinesin-2, 
kinesin-3 and kinesin-13 families, where kinesin-1 is the best characterized (Pu et 
al. 2016). Several mechanisms that regulate kinesin-mediated anterograde 
transport have been identified (Cabukusta et al. 2018). Kinesin-1 and -3 coupling 
to lysosomes can be facilitated by the multisubunit complex BORC, which interacts 
with kinesin-1 via the small GTPase Arl8 and its effector SKIP (Figure 9) (Rosa-
Ferreira et al. 2011, Farias et al. 2017). Alternatively, another small GTPase, Rab7, 
can recruit the effector FYCO1, which binds to both phosphatidylinositol 3-
phosphate (PI3P) in the lysosomal membrane and the kinesin-1 motor protein 
(Hong et al. 2017).  
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Figure 9. Regulation of lysosomal transport. Retrograde transport towards the cell 
nucleus is orchestrated by the dynein/dynactin motor protein complex, which is coupled 
to lysosomes via protein interactions, e.g., by the small GTPase Rab7 and its effector RILP, 
or by calcium-activated ALG2. Anterograde movement to the cell periphery is mediated 
by Rab7 recruitment of FYCO1 or the combined action of the multimeric protein complex 
BORC, the small GTPase Arl8 and its effector protein SKIP. 

Retrograde transport
Retrograde transport, regulated by dyneins, acts via a similar mechanism. Dynein 
is a multimeric complex that interacts with the multisubunit complex dynactin on 
the microtubules. Recruitment of the dynein-dynactin complex to lysosomes is 
regulated by Rab7, which in its active GTP-bound state is localized to late 
endosomes and lysosomes (Figure 9) (Cabukusta et al. 2018). Rab7 then recruits 
effector proteins such as the Rab7-interacting lysosomal protein (RILP) to couple 
the organelle to the dynein-dynactin complex (Pu et al. 2016). During starvation, 
other proteins such as the lysosomal Ca2+-sensor ALG2 can also interact with 
dynein/dynactin to mediate retrograde transport of lysosomes, which in turn is 
regulated by calcium release via TRPML1 (Li et al. 2016). Also LAMP1 and LAMP2 
have been shown to facilitate retrograde transport of lysosomes (Huynh et al. 
2007).  
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Nutritional status affects lysosomal localization 
Lysosomal positioning is sensitive to changes in cell homeostasis and contributes 
to nutrient-dependent mTORC1-signaling. The lysosomal membrane is the site for 
mTORC1 activation and studies have shown that during nutrient-rich conditions, 
active mTORC1 is mainly localized to peripheral lysosomes. The lysosomal 
localization is regulated by nutrient availability, where presence of amino acids 
induces production of PI3P. This stimulates the recruitment of FYCO1 to the 
lysosomes and enables anterograde transport, which repositions mTORC1 to the 
plasma membrane (Hong et al. 2017). The peripheral localization allows mTORC1 
activation at the plasma membrane via growth factor-induced Akt-dependent 
signaling, which facilitates cell growth and proliferation (Korolchuk et al. 2011).  

Upon starvation, inactivation of mTORC1 and activation of TFEB induces 
transcription of TRPML1 which stimulates local increase in cytosolic calcium. This 
recruits ALG2 to the lysosomes and facilitates retrograde movement (Li et al. 
2016). Also, TFEB can mediate transcription of the lysosomal membrane protein 
TMEM55B, which interacts with the motor adaptor protein JIP4 to recruit the 
dynein/dynactin complex (Willett et al. 2017). At the same time, a negative 
feedback-loop caused by lack of nutrients induces the tethering of BORC to the 
Ragulator complex and prevents anterograde transport of lysosomes (Filipek et 
al. 2017). 

Starvation-induced retrograde transport results in clustering of lysosomes in the 
perinuclear area, close to the MTOC. During autophagy, autophagosomes that are 
formed randomly in the cell are transported towards the MTOC on the 
microtubule track where they fuse with lysosomes (Jahreiss et al. 2008). Thus, the 
lysosomal repositioning in response to nutrient deprivation expedites 
autophagosome-lysosomal fusion by increasing the number of available 
lysosomes for autophagosomal fusion near the MTOC.  
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LYSOSOMAL MEMBRANE PERMEABILIZATION 
Lysosomes participate in the regulation of cell death via a mechanism called 
lysosomal membrane permeabilization (LMP). LMP is initiated by destabilization 
of the lysosomal membrane and results in release of lysosomal proteases to the 
cytosol (Galluzzi et al. 2018). Traditionally, loss of membrane integrity was 
considered a death sentence since the cathepsins released to the cytosol initiate a 
cell death pathway known as lysosome-dependent cell death (Boya et al. 2008, 
Serrano-Puebla et al. 2018). However, lately it has been shown that cells are able 
to survive limited leakage of lysosomes (Radulovic et al. 2018) and that some 
cellular functions, such as mitosis and cell motility, are actually dependent on 
spatial and temporary leakage of lysosomal hydrolases (Stahl-Meyer et al. 2021). 

CELL DEATH SIGNALING 
Programmed cell death controls tissue formation during development and tissue 
homeostasis in the adult organism by eliminating unwanted, damaged, or 
potentially harmful cells (Henson et al. 2006, Galluzzi et al. 2018). Historically, 
different types of cell death were categorized by the induced morphological 
changes, where apoptotic features included cell shrinkage, chromatin 
condensation and generation of intact apoptotic bodies, resulting in phagocytosis 
to prevent release of intracellular content (Kroemer et al. 2005). Apoptosis was 
considered the standard form of regulated cell death as it was controlled and non-
reactive to the immune system (Vanden Berghe et al. 2014). Since necrosis was 
characterized by swelling and cell rupture, causing extracellular release of cellular 
content and activation of an inflammatory response (Kroemer et al. 2005), it was 
referred to as accidental and acute (Vanden Berghe et al. 2014). However, it is now 
known that specific types of necrosis can be regulated and genetically controlled, 
and also that apoptosis sometimes can induce an inflammatory response 
(Davidovich et al. 2014, Vanden Berghe et al. 2014).  

Increasing numbers of novel cell death mechanisms are being unraveled and it has 
become evident that several types of cell death mechanism can display 
morphological features from both the apoptotic and the necrotic spectra. 
Moreover, several cell death modalities share the same morphological features 
and overlap in the pathways activated. Therefore, the type of cell death is now 
classified by molecular mechanisms, as well as the pathophysiological 
consequence (Galluzzi et al. 2018). 
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Apoptosis 
Apoptosis is a well-regulated type of cell death activated to eliminate unwanted 
or damaged cells, and requires metabolic activity to retain plasma membrane 
integrity throughout the process (Galluzzi et al. 2018). It can be activated via 
intrinsic or extrinsic pathways, which converge in the activation of effector 
caspases. The effector caspases execute the apoptotic process by activating pro-
apoptotic proteins and inhibiting anti-apoptotic proteins, resulting in degradation 
of cellular structures and DNA-fragmentation, as well as recruitment of 
phagocytes (Galluzzi et al. 2018). The intrinsic mitochondrial pathway is initiated 
by stress signals such as growth factor withdrawal, DNA damage or reactive 
oxygen species (ROS). It results in mitochondrial outer membrane 
permeabilization (MOMP) with subsequent release of cytochrome c (Figure 10) 
(Kalkavan et al. 2018). Cytochrome c then binds to apoptotic peptidase activating 
factor 1 (APAF-1) and pro-caspase 9 to facilitate the formation of an apoptosome, 
a large protein complex in which the activation of pro-caspase 9 occurs (Li et al. 
1997). Activated caspase 9 can catalyze the proteolytic activation of the effector 
caspases 3 and 7, initiating apoptotic degradation of the cell.  

The extrinsic pathway on the other hand is activated by the binding of ligands to 
death receptors on the cell surface. These receptors belong to the tumor necrosis 
factor (TNF) receptor family, and include the Fas cell surface receptor, TNF 
receptor 1 and TNF-related apoptosis-inducing ligand receptors (TRAIL) 1 and 2. 
Ligand binding to the receptor triggers trimerization of the receptor to induce a 
conformational change, allowing the formation of a multiprotein complex called 
the death-inducing signaling complex (DISC) (Figure 10). The DISC complex is 
then able to activate pro-caspase 8, which in turn directly or indirectly activates 
effector caspases (Galluzzi et al. 2018).  

The main regulators of MOMP are proteins belonging to the Bcl-2 family, which 
can be either pro-apoptotic or anti-apoptotic. The pro-apoptotic Bcl-2 proteins 
Bax and Bak initiate MOMP by forming pores in the mitochondrial outer 
membrane. During normal conditions, these proteins are inhibited by anti-
apoptotic Bcl-2 proteins such as Bcl-2 and Bcl-xL, but are freed upon apoptosis 
induction. For some cells undergoing apoptosis via the extrinsic pathway, the anti-
apoptotic signals can outweigh the pro-apoptotic stimuli and the apoptosis 
signaling must be amplified via the intrinsic pathway to be effective. In this case, 
the initiator caspase-8 cleaves and activates the Bcl-2 protein Bid, which then 
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translocates to the mitochondrial membrane, where it activates Bax and Bak, 
resulting in MOMP (Korsmeyer et al. 2000).  

          

Figure 10. Apoptotic pathways. The extrinsic pathway is characterized by receptor 
trimerization, formation of the DISC-complex and activation of caspase-8. In the intrinsic 
pathway, a stress signal results in mitochondrial outer membrane permeabilization 
(MOMP) with subsequent cytochrome c release, resulting in the formation of the 
apoptosome and activation of caspase-9. Both pathways converge in the activation of 
effector caspases such as caspase-3, the executioners of apoptosis. Amplification of the 
extrinsic pathway is possible via caspase-8-mediated cleavage of Bid. 
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LYSOSOMES IN CELL DEATH 
The executioners of lysosome-dependent cell death are the cathepsins. Since 
lysosomal proteases have adapted to the acidic environment, most of the 
cathepsins are inactivated by the neutral pH if released to the cytosol. However, 
their stability can be preserved by substrate binding and the acidification of 
cytosol, which is associated with LMP. Some of them, such as cathepsin B, D and L 
have the ability to trigger cell death (Appelqvist et al. 2013, Serrano-Puebla et al. 
2016). The cathepsins activate different downstream pathways depending on the 
extent of lysosomal damage. Minor membrane leakage mainly causes cell death 
with apoptotic features, while substantial damage triggers necrotic pathways
(Figure 11) (Repnik et al. 2014). However, the mode of cell death pathways and 
regulation is diverse, and dependent on the cell type, cell death stimuli and the 
number of lysosomes affected (Serrano-Puebla et al. 2016). 

           

Figure 11. Lysosomal involvement in cell death. Lysosomal membrane 
permeabilization (LMP) results in release of cathepsins, which can induce MOMP and 
apoptosis via proteolytic processing of caspases, activation of Bid, or inactivation of anti-
apoptotic Bcl-2 proteins. Cysteine cathepsins can also induce assembly of the 
inflammasome with subsequent activation of caspase-1 and pyroptosis. Finally, massive 
lysosomal rupture causes necrosis or necroptosis. 
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Lysosomal membrane permeabilization in apoptotic signaling 
Cathepsins released to the cytosol can induce both caspase-dependent and 
independent pathways with apoptosis-like features (Aits et al. 2013). Under some 
circumstances, LMP is initiated downstream of MOMP in order to amplify the 
apoptosis signaling induced by e.g., growth factor deprivation, ultraviolet (UV) 
radiation and death receptor activation (Oberle et al. 2010, Huai et al. 2013). Upon 
apoptotic stimuli, Bax is translocated and internalized into lysosomal membranes 
in a similar process as in MOMP, an event that is regulated by the lysosomal 
membrane protein DNA damage–regulated autophagy modulator 1 (Kagedal et al. 
2005, Bove et al. 2014, Guan et al. 2015).  

LMP can also be the triggering event of apoptotic pathways, as the release of 
lysosomal proteases sometimes occurs upstream of the mitochondrial pathway 
(Roberg 2001, Boya et al. 2003, Johansson et al. 2003, Bivik et al. 2006) and 
inhibition of both cathepsin D and several cysteine cathepsins attenuates cell 
death (Roberg et al. 2002, Conus et al. 2008, Droga-Mazovec et al. 2008, Bewley et 
al. 2011). The mitochondrial pathway can be activated by cathepsin-mediated 
cleavage of Bid, which triggers MOMP via Bax and Bak oligomerization (Cirman et 
al. 2004, Blomgran et al. 2007, Appelqvist et al. 2012). Cathepsins can further 
promote the apoptosis process by degrading anti-apoptotic Bcl-2 proteins such as 
Bcl-2, Bcl-XL and Mcl-1, as well as the caspase inhibitory protein XIAP (Droga-
Mazovec et al. 2008). Also, it has been shown that cathepsin D is able to directly 
activate caspase-8 and that cysteine cathepsins can cleave Bak (Conus et al. 2008, 
Droga-Mazovec et al. 2008).  

Lysosomal damage involvement in necrosis and inflammation 
Necrosis was previously considered an accidental event occurring in response to 
extreme physical conditions, but recent work has shown that there are several 
pathways of regulated necrosis (Vanden Berghe et al. 2014, Galluzzi et al. 2018). 
All forms of necrosis hallmark cellular and/or organelle swelling and loss of 
plasma membrane integrity, as well as lack of caspase-activity and chromatin 
condensation. Due to the disintegration of all cellular organelles, LMP is 
considered a proteolytic amplifier of the necrotic process, and contribute to the 
final steps of regulated necrosis (Vanden Berghe et al. 2014). However, under 
some circumstances, it has an initiating role, where a lysosomal burst is the cause 
of necrosis induction (Kagedal et al. 2001, Vanden Berghe et al. 2010).  

Pyroptosis is a form of programmed cell death with necrotic features that is 
activated as an inflammatory defense mechanism by the innate immune system 
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(Figure 11). During pyroptosis, pathogen-associated molecular patterns (PAMPs) 
or damage-associated molecular patterns (DAMPs) are recognized by pattern 
recognition receptors (PRR), which trigger the formation of a multimeric protein 
complex called the inflammasome consisting of oligomerized PRRs. This creates a 
caspase-1 activating platform where recruited pro-caspase 1 is activated by 
proximity-induced autocatalytic activation (Kelley et al. 2019). Caspase-1 can 
then activate the cytokines interleukin (IL)-1  and IL-18, generating an 
inflammatory response (Martinon et al. 2002, Mariathasan et al. 2004). LMP and 
specifically the cysteine cathepsins have been implicated in the NLRP3 
inflammasome activation and appear to be a critical step for certain stimuli 
(Campden et al. 2019). Phagocytosis of e.g., oxidized LDL particles or neurotoxic 
protein aggregates generates ROS and causes lysosomal leakage, after which 
released cysteine cathepsins induce NLRP3 inflammasome activation. However, 
the exact mechanism for how cysteine cathepsins activate the inflammasome is 
yet to be revealed (Campden et al. 2019). 

INDUCTION OF LYSOSOMAL MEMBRANE PERMEABILIZATION 
Although it is not known exactly how LMP is initiated or regulated, it has become 
evident that the event is not dependent on one single mechanism. There is a 
variety of stimuli capable of initiating LMP, both external and internal. The 
damage can be caused by pore-forming proteins such as Bax or viral and bacterial 
toxins forming oligomers in the lysosomal membrane, or by the accumulation of 
material inside the lysosome, causing a destabilization of the lysosomal 
membrane (Serrano-Puebla et al. 2018). 

LMP in microbial infection 
Since lysosomes receive both intra- and extracellularly derived cargo, they are 
exposed to a variety of membrane damaging agents. Lysosomal disruption was 
identified as the source of cellular entry for a number of different bacterial toxins 
already in the 1960s (Bernheimer et al. 1964). Most viral toxins also use the 
endocytic pathway to gain access to the cytosol (Helenius 2013), although the 
mechanisms behind lysosomal disruption differ between species and strains. For 
example, the botulism toxin C2II forms pores in the endolysosomal membrane, 
adenoviruses fuse with and disrupt the membrane directly (Barth et al. 2000, 
Wiethoff et al. 2005, Burkard et al. 2014), while the Influenza A glycoprotein 
neuraminidase deglycosylates and degrades LAMPs, leading to membrane 
rupture (Ju et al. 2015). It has also been shown that cells can utilize pore-forming 
proteins to induce LMP as a protective mechanism against microbial infection 
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(Xiang et al. 2014). -CAT, a protein similar to the bacterial pore-forming toxin 
aerolysin, is expressed in frogs and oligomerizes in the lysosomal membrane upon 
bacterial challenge. Lysosomal destabilization activates the inflammasome 
pathway, as well as increases antigen presentation to protect against the microbial 
infection (Xiang et al. 2014, Deng et al. 2020).  

Accumulation of endogenous material induces LMP 
Besides threats from foreign substances, lysosomal stability can also be 
challenged by endogenous material. High levels of ROS destabilize the membrane, 
resulting in LMP. The lysosome contains a high level of iron due to its degradation 
of iron-containing molecules, which creates a favorable environment for the 
Fenton reaction to generate hydroxyl radicals that destabilize the lysosomal 
membrane by causing lipid peroxidation (Terman et al. 2013). Further, 
accumulation of other material such as protein aggregates can also induce LMP. 
One of the major hallmarks of neurodegenerative diseases is the formation of 
protein deposits in the brain. These deposits are a result of inadequate 
degradation of amyloid proteins, caused by malfunctioning or depleted lysosomes 
(Bourdenx et al. 2014). Both -synuclein, the major protein involved in 
Parkinson’s disease (PD), and amyloid beta peptide (A ), the equivalent in 
Alzheimer’s disease (AD), have been shown to induce LMP. The lysosomal damage 
results in activation of inflammatory cytokines and propagates the 
neurodegenerative pathology (Freeman et al. 2013, Oku et al. 2017).  

Sphingomyelin is a lipid that is normally hydrolyzed to ceramide on intraluminal 
membranes inside the lysosome, by the action of acid sphingomyelinase 
(ASMase). Inhibition of ASMase results in accumulation of sphingomyelin inside 
the lysosomal lumen, which sensitizes cells to LMP (Petersen et al. 2013). 
Niemann Pick type A and type B diseases are disorders caused by loss-of-function 
mutations in the ASMase gene and are characterized by increased levels of 
sphingomyelin and lysosomal membrane destabilization (Gabande-Rodriguez et 
al. 2014). This demonstrates the importance for a cell to maintain low levels of 
sphingomyelin to protect against lysosomal membrane destabilization. 

Lysosomotropic inducers of membrane permeabilization 
Lysosomotropic agents are another group of compounds that can induce LMP by 
accumulating inside the lysosomal lumen to concentrations several hundred-fold 
that of the cytosolic concentration (de Duve et al. 1974). These compounds are 
lipophilic or amphiphilic with a basic moiety such as an amine group. Once inside 
the lysosomal lumen, lysosomotropic agents become protonated in the acidic 
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environment, which impedes the diffusion back to the cytosol, trapping them 
inside the lysosome (Figure 12). The accumulation results in permeabilization of 
the lysosomal membrane, and although some lysosomotropic compounds might 
solubilize the membrane directly (Stark et al. 2020), the cause of membrane 
damage is dependent on their chemical structure, and the toxicity mechanism for 
most compounds remain unrevealed (Villamil Giraldo et al. 2014). In some cases, 
the accumulation might create a high osmotic pressure, which causes loss of 
membrane integrity, while for other drugs, the toxicity is caused by integration of 
their hydrophobic tail into internal lysosomal membranes (Kuzu et al. 2017). This 
neutralizes the negative membrane charge and impedes lysosomal lipases, 
including ASMase, generating accumulation of sphingomyelin to induce LMP 
(Petersen et al. 2013, Ellegaard et al. 2016).           

                   

Figure 12. Mechanism of lysosomotropic agents. Weak bases such as amines 
passively diffuse over cell membranes. The low pH in the lysosome results in protonation, 
and the charged form is then prevented from diffusing back to the cytosol. This will cause 
accumulation inside the lysosomal lumen with ensuing destabilization of the lysosomal 
membrane.
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Altering lysosomal membrane stability 
Lysosomal membrane stability is highly dependent on the composition of the 
lysosomal membrane, and the sensitivity to LMP can be altered by manipulating 
its content. Downregulation of the lysosomal membrane proteins LIMP2, LAMP1 
and LAMP2, as well as the phospholipid PI3P has been shown to greatly sensitize 
cells to LMP induction (Fehrenbacher et al. 2008, Li et al. 2016, Miranda et al. 
2018), while increasing cholesterol levels has a protective effect (Appelqvist et al. 
2011). The membrane stability is also dependent on protein levels of heat shock 
protein 70 (Hsp70), a chaperone that stabilizes the lysosomal membrane by 
binding to BMP in a pH-dependent manner. Since BMP is an important co-factor 
for ASMase activity, its interaction with Hsp70 increases the hydrolysis of 
sphingomyelin and protects against sphingomyelin-induced LMP (Nylandsted et 
al. 2004, Kirkegaard et al. 2010). Further, overexpression of the lysosomal 
membrane protein LAPTM5 (lysosomal-associated protein multispanning 
transmembrane 5) has been shown to induce lysosomal destabilization in several 
cancer cell lines (Nuylan et al. 2016). Contradictory, a recent study demonstrated 
that LAPTM5 was upregulated in a lung adenocarcinoma tissue array and that 
knockdown of the protein caused loss of membrane integrity in lung cancer cells 
(Yang et al. 2022). In this study, the authors also identified a long noncoding RNA 
sequence, which they named lysosome cell death regulator (LCDR), as a regulator 
of lysosomal membrane stability via the stabilization of LAPTM5 transcripts, 
indicating a so far largely uninvestigated role of non-coding RNAs in the regulation 
of lysosomal membrane stability.  

PHYSIOLOGICAL ROLES OF LYSOSOMAL MEMBRANE PERMEABILIZATION 
Lysosome-induced cell death has been observed in several physiological 
conditions. In mammary ducts, gland cells are eliminated after weaning via a 
process involving LMP, resulting in regression of the mammary glands. This 
process is independent of caspases, but regulated by Stat3-induced upregulation 
of cathepsins B and L (Kreuzaler et al. 2011). Also, calpains have been shown to 
induce LMP during weaning by cleaving the lysosomal membrane proteins 
LAMP2a and V-ATPase (Arnandis et al. 2012). Another physiological process 
where LMP plays an important role is during spermatogenesis, where 30 percent 
of the germ cells undergo germ cell death, a cell death process with both apoptotic 
and necrotic features, which is dependent on lysosomal proteases (Yacobi-Sharon 
et al. 2013). Furthermore, the number of neutrophils during infection and 
inflammation needs to be controlled. This can be managed by LMP, in a process 
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where the serine protease proteinase 3 is released to the cytosol and activates 
caspase-3 to induce apoptotic removal (Loison et al. 2014). 

As mentioned previously, leakage of cathepsins to the cytosol is not always 
equivalent with induction of cell death. Cells can tolerate minor lysosomal 
damage, and recently it was shown that limited leakage was involved in the 
regulation of mitosis (Hamalisto et al. 2020). During prometaphase, a limited 
lysosomal leakage occurs in the proximity of metaphase chromatin. The released 
cathepsin B cleaves a small subset of histone H3 to allow the sister chromatids to 
separate properly (Hamalisto et al. 2020). Further, cathepsin X has been shown to 
cleave lymphocyte function associated antigen 1 (LFA-1) to promote T-cell 
migration (Jevnikar et al. 2009). Stahl-Meyer et al. suggest that cathepsin X 
released to the cytosol is responsible for this, since LFA-1 is cleaved in its cytosolic 
C-terminal part, although actual lysosomal leakage is yet to be established (Stahl-
Meyer et al. 2021). 

DAMAGE-RESPONSE MECHANISMS 
Maintenance of lysosomal membrane integrity is vital to protect from the 
potentially detrimental effects of cathepsin release, and although the harmful 
effects of LMP have been known for a long time, it was not until recently that 
cellular mechanisms to protect against lysosomal damage were identified (Wang 
et al. 2018). It is now clear that cells harbor mechanisms to repair, remove and 
replace damaged organelles in order to maintain lysosomal function and cellular 
homeostasis (Figure 13) (Papadopoulos et al. 2020). While minor damage to 
lysosomes induces calcium influx and repair of the lysosomal membrane by the 
ESCRT system (Radulovic et al. 2018, Skowyra et al. 2018), larger perforations 
activate clearance of the entire organelle via lysophagy (Thurston et al. 2012, 
Maejima et al. 2013). LMP can also induce TFEB or microphthalmia-associated 
transcription factor (MITF) upregulation and lysosomal biogenesis, which 
replaces the damaged lysosomes and protects against LMP-induced cell death 
(Yabuki et al. 2021).  

ESCRT-mediated repair of the lysosomal membrane 
In 2014, it was discovered that plasma membrane lesions were repaired by 
ESCRT-mediated membrane constriction and scission, an event that was induced 
by influx of extracellular calcium and mainly included proteins belonging to the 
ESCRT-I and -III families (Jimenez et al. 2014, Scheffer et al. 2014). This led 
scientists to postulate that ESCRTs were involved in repair of the lysosomal 
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membrane as well, a hypothesis that was proven right in 2018 (Radulovic et al. 
2018, Skowyra et al. 2018). Both studies identified recruitment of several ESCRT-
III proteins, including CHMP4B to damaged lysosomes and found the recruitment
dependent on the ESCRT-I protein TSG101, as well as ALIX, a protein that links 
ESCRT-I and ESCRT-III by binding TSG101 and CHMP4 (Bissig et al. 2014). The 
recruitment of ESCRTs occurs within minutes after lysosomal membrane damage 
and is preceded by calcium release from the lysosomal lumen (Skowyra et al. 
2018). The lysosomal membrane repair restores lysosomal pH and function, and 
protects against LMP-induced cell death (Radulovic et al. 2018, Skowyra et al. 
2018).  

Figure 13. Damage-response mechanisms activated by LMP. Minor lysosomal 
membrane damage (1) results in reduced acidity and release of lysosomal calcium. 
ESCRT-proteins are recruited to facilitate repair of the lysosomal membrane, which 
restores lysosomal function. Larger damage induces dissociation of mTORC1 (2) from 
the lysosome, which results in TFEB dephosphorylation and translocation to the nucleus, 
with ensuing transcription of lysosomal genes. The damage also allows release of 
cathepsins to the cytosol and galectin-mediated recognition of exposed lysosomal 
glycoproteins (3), resulting in ubiquitination and recognition of the damaged organelle 
by autophagic proteins, and subsequent lysophagic degradation.
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ALIX is recruited together with its calcium-dependent binding partner ALG2 and 
chelation of calcium with BAPTA-AM prevents ESCRT-recruitment, which 
suggests that calcium influx triggers ESCRT recruitment (Skowyra et al. 2018). 
Nonetheless, the involvement of other not yet identified mechanisms has also 
been suggested (Radulovic et al. 2018). Further, a recently published study 
demonstrated the need for galectin-3 targeting of damaged lysosomes for both 
ESCRT and lysophagic recruitment (Jia et al. 2020). However, it was only at later 
time points galectin-3 affected recruitment of ESCRT, while calcium was the 
leading cause initially.  

Lysophagic clearance of damaged lysosomes 
When the membrane damage is too severe to repair, the damaged organelle is 
sequestered and degraded via lysophagy, a specialized form of autophagy 
(Papadopoulos et al. 2020). Compared to membrane repair, lysophagic activation 
is slower and includes release of cathepsins to the cytosol (Figure 13) (Maejima et 
al. 2013). ESCRT-mediated repair is most effective on perforations small enough 
to cause release of ions, while lysophagy is activated when the membrane damage 
is large enough to allow proteins to pass (Zhu et al. 2020). Upon lysosomal 
membrane damage, galectins, proteins that normally reside in the cytosol, bind to 
exposed glycoproteins in the lysosomal lumen (Thurston et al. 2012, Chauhan et 
al. 2016). Galectin-3, -8 and -9 have been identified in the sensing and activation 
of lysophagy upon Mycobacterium tuberculosis infection, as well as in viral and 
other bacterial infections. However, the downstream pathways appear to differ 
depending on the galectin recruited and the type of membrane damage (Thurston 
et al. 2012, Chauhan et al. 2016).  

Galectin-3 has been shown to recruit the E3 ubiquitin ligase TRIM16, which 
induces ubiquitination of damaged lysosomes and recruitment of the autophagy 
regulators ATG16L1, ULK1 and Beclin 1 (Chauhan et al. 2016). This is followed by 
recruitment of the autophagy substrate protein p62/SQSTM1, which binds to LC3 
on a phagophore membrane and mediates engulfment of the ubiquitinylated 
lysosome in an autophagosome (Papadopoulos et al. 2017). Galectin-8 on the 
other hand, can bind directly to the autophagy receptor NDP52 to recruit LC3-
containing phagophores (Thurston et al. 2012). Once the damaged organelle is 
sequestered by the phagophore, the generated autophagosome fuses with 
remaining intact lysosomes to allow degradation of the damaged lysosome.  
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LYSOSOMES IN DISEASES 
Due to their essential roles in cellular homeostasis, malfunctioning lysosomes or 
dysregulation of lysosomal pathways can result in severe diseases. Loss or 
reduced function of lysosomal proteins are the cause of lysosomal storage 
disorders (LSDs), a group of rare, inherited genetic diseases (Marques et al. 2019). 
These diseases are recessive and caused by mutations in genes encoding proteins 
that are important for lysosomal function, including lysosomal membrane 
proteins, acid hydrolases or other soluble lysosomal proteins, as well as non-
lysosomal proteins responsible for the sorting, transport and post-translational 
modifications of lysosomal hydrolases (Ballabio et al. 2020). Protein deficiency 
results in accumulation of material inside the lysosome due to defective lysosomal 
degradation or efflux, which causes pathological consequences such as aberrant 
calcium signaling, disrupted vesicle trafficking, block of autophagy and altered 
lipid homeostasis (Parenti et al. 2021). The clinical manifestations are broad and 
affect multiple organs and systems, and the diseases are often associated with 
progressive degeneration of both physical and cognitive capabilities. Most of the 
disorders present already in infanthood or early childhood and many result in 
premature death (Parenti et al. 2021).  

Besides being the direct pathological cause in LSDs, a declined lysosomal function 
has also been associated with other neurodegenerative diseases such as PD, AD 
and Huntington’s disease, where diminished lysosomal function contributes to 
disease progression (Lie et al. 2019). Interestingly, there are several examples 
where heterozygous carriers of LSD mutations, have higher incidence of 
neurodegenerative diseases (Platt et al. 2018).  

On the other side of the spectrum, upregulation and rewiring of the lysosomal 
system is also implicated in the development and progression of cancer, where 
augmented lysosomal function is a driver of tumorigenesis (Tang et al. 2020). Both 
sides of the spectrum will be discussed in more detail below.  
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LYSOSOMAL INVOLVEMENT IN CANCER 
During malignant transformation, cancer cells gradually acquire increased 
proliferative, invasive, and migratory features, which enable tumor growth and 
spreading to distant locations. Due to their central role in cellular homeostasis, the 
lysosomal system is hijacked in a variety of cancers, where upregulation of 
metabolism and enhanced lysosomal exocytosis aid the malignant progression. 
Cancer cells often display larger and a higher quantity of lysosomes, as well as an 
increased expression and activity of lysosomal hydrolases, which is correlated to 
a high risk of disease recurrence and poor prognosis (Kallunki et al. 2013). The 
lysosomal distribution is also affected, where lysosomes are redistributed to the 
cell periphery, a prerequisite for the migration and invasion of cancer cells (Pu et 
al. 2016).  

Autophagic rewiring 
Tumor growth has increased metabolic needs, and requires the ability to grow in 
nutrient- and oxygen-poor environments. Therefore, cancer cells utilize the 
autophagic system to recycle extracellular and intracellular components to obtain 
amino acids and nucleotides (Lawrence et al. 2019). By disconnecting the 
lysosomal transcription factors TFEB, TFE3 and MITF from their regulatory 
cytosolic retention proteins, the proteins are constitutively localized in the 
nucleus where they promote autophagy by inducing transcription of genes 
involved in the autophagic-lysosomal system (Perera et al. 2015, Puertollano et al. 
2018). Increased expression of TFEB/TFE3/MITF is also seen in several cancer 
types, such as renal cancer, pancreatic cancer and malignant melanoma 
(Puertollano et al. 2018).  

Tumor-induced lysosomal regulation of pH 
Cancer cells are able to adapt their metabolism by reprogramming the glycolysis 
process. Glucose uptake is substantially increased in tumor cells, and the glucose 
is fermented into lactate, also in the presence of oxygen and functional 
mitochondria, in a process called the Warburg effect (Liberti et al. 2016). The 
altered glucose metabolism generates a large amount of protons in the cytoplasm 
which need to be removed to avoid extensive cytosolic acidification (Persi et al. 
2018, Liu et al. 2020). This is achieved by upregulation of ion transporters in the 
plasma membrane (Liu et al. 2020), but also by increasing lysosomal volume and 
quantity, as well as the expression and activity of lysosomal V-ATPases (Chen et 
al. 2020). Augmented lysosomal proton storage capacity can thus aid the 
maintenance of pH homeostasis. Acidification of the cytosol can also induce 
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rerouting of lysosomes to the periphery of the cell (Heuser 1989) and release of 
protons to the extracellular space via lysosomal exocytosis, causing cytosolic 
alkalization and extracellular acidification (Chen et al. 2020). The altered pH 
enhances tumorigenesis since cytosolic alkalization allows growth-factor 
independent proliferation and reduces the susceptibility to apoptosis, while the 
extracellular acidification enhances the proteolytic activity of the extracellularly 
released lysosomal hydrolases (Webb et al. 2011).  

Lysosomal repositioning 
Rerouting of lysosomes has been linked to increased invasion and migration 
capacity of tumor cells. During invasion, cell-cell adhesion is lost. The surrounding 
ECM is degraded by proteases, such as matrix metalloproteinases and 
plasminogen, to facilitate breaching through the basement membrane and tumor 
spreading. Lysosomal repositioning to the cell periphery and subsequent 
exocytosis results in release of lysosomal cathepsins, aiding the loss of cell-cell 
contacts and ECM-degradation (Hamalisto et al. 2016). Increased expression of 
lysosomal cathepsins at the invasive edge of the tumor, as well as in the secretome, 
has been found in several cancers (Berquin et al. 1996, Levicar et al. 2002, Eding 
et al. 2015, Basu et al. 2019), and is linked with a poor prognosis in several types 
of cancer, such as breast cancer, lung cancer, colorectal cancer and malignant 
melanoma (Olson et al. 2015).  

Regulation of cancer-induced lysosomal repositioning 
Rerouting of lysosomes in malignant cells can be induced by several factors, such 
as acidic extracellular pH, which has been shown to shift lysosomes from the 
perinuclear area to the cell periphery, as well as causing enlargement of lysosomes 
(Glunde et al. 2003). Moreover, several cancer types show altered expression of 
proteins involved in lysosomal positioning. For example, the kinesin KIF5B is 
upregulated in highly invasive MCF7 breast cancer cells with constitutively active 
ErbB2 as compared to non-mutated MCF7-cells (Cardoso et al. 2009). Arl8b and 
BORC-subunit proteins, both involved in kinesin-mediated anterograde lysosomal 
transport, are essential for the peripheral localization of lysosomes. High 
expression of these proteins has been correlated to poor prognosis in breast 
cancer patients, as well as increased invasive characteristics in prostate cancer 
(Dykes et al. 2016, Wu et al. 2020).  

Further, malignant-associated low expression of Rab7, the main GTPase involved 
in retrograde lysosomal transport, reduces the number of juxtanuclear lysosomes, 
promoting repositioning of lysosomes to the cell periphery and enhances 
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invasiveness (Alonso-Curbelo et al. 2014, Steffan et al. 2014). In malignant 
melanoma, it has even been shown that tumors tune their Rab7 expression to aid 
the malignant transformation (Alonso-Curbelo et al. 2014). Early during tumor 
development, when the tumor is mainly proliferating and growing in a radial 
pattern in the epidermis, Rab7 expression is considerably higher compared to 
normal melanocytes and benign nevi, promoting cell proliferation. However, 
when the tumor starts to grow in a more vertical pattern and invade the dermis, 
the Rab7 expression is reduced. This allows for a peripheral lysosomal 
repositioning and an invasive phenotype. Finally, at distal metastatic locations, the 
expression of Rab7 is increased again.  

Lysosomal repositioning and exocytosis can also be induced by an increased 
expression of the lysosomal calcium channel TRPML1, caused by augmented 
TFEB-expression. This results in an elevated level of intracellular calcium via 
TRPML1, which stimulates the fusion of lysosomes with the plasma membrane 
(Medina et al. 2011). The involvement of lysosomal calcium channels in 
malignancy is further substantiated by the fact that cells with disrupted TPC 
function are not able to form leading edges, a prerequisite for cell migration 
(Nguyen et al. 2017).  

Cancer-associated changes and the susceptibility to LMP 
Increased lysosomal activity in malignant cells is suggested to render the 
lysosomes more susceptible to lysosomal damage (Kallunki et al. 2013). 
Oncogene-associated increased expression of cysteine cathepsins have been 
shown to sensitize cells to lysosome-dependent cell death and to mediate the 
downregulation of the lysosomal membrane proteins LAMP1 and LAMP2 
(Fehrenbacher et al. 2004). Further, the decreased levels of LAMPs enhance the 
sensitivity to LMP-inducing drugs (Fehrenbacher et al. 2008). In several types of 
cancer, ASMase is considered a negative regulator of tumorigenesis and displays 
low mRNA expression, which would sensitize cells to sphingomyelin-induced LMP 
(Kallunki et al. 2013). However, it is not certain that mRNA levels actually reflect 
the amount of active ASMase able to bind to BMP since upregulation of Hsp70 is 
also a common hallmark in cancer (Elmallah et al. 2020). Thus, the stabilizing 
effect of Hsp70 on ASMase-BMP-binding might compensate for the lower levels of 
ASMase (Kallunki et al. 2013).  
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LYSOSOMES IN NEURODEGENERATIVE DISEASES 
Neurons are postmitotic and thus dependent on autophagy and normal lysosomal 
function to remove oxidized proteins, lipids, and nonfunctional organelles such as 
the mitochondria (Damme et al. 2015). Neurodegenerative diseases are the result 
of progressive loss of neurons, caused by oxidative stress, inflammation and 
subsequent cell death, and many of the pathological changes are associated with 
a reduced autophagy and defective lysosomes (Glass et al. 2010). Impaired 
lysosomal function can be caused by mutations of specific genes, which is seen in 
e.g., both AD and PD (Ballabio et al. 2020). These mutations can affect a variety of 
lysosomal functions such as lysosomal acidification, lysosomal transporters and 
lysosomal trafficking (Lie et al. 2019). Further, the rate of autophagy decreases 
with age, where changes in protein expression of autophagic genes and decreased 
fusion of autophagosomes and lysosomes contribute to the reduced clearance 
(Sepe et al. 2014, Damme et al. 2015).  

The age-associated lysosomal changes accumulatively increase the vulnerability 
to oxidative stress and lysosomal rupture (Gomez-Sintes et al. 2016). Reduced 
mitophagy, the specialized form of autophagy to remove damaged mitochondria, 
is especially important in the pathogenesis of age-related neurodegenerative 
diseases. Depolarized, damaged mitochondria are a common hallmark of several 
neurodegenerative diseases, where leakage of electrons generates ROS and 
oxidative stress, which can induce several toxic effects such as protein damage 
and lipid peroxidation (Cai et al. 2020). Also, reduced mitochondrial membrane 
integrity results in release of cytochrome c and induction of apoptosis. Another 
age-related process is the gradual accumulation of the age pigment lipofuscin in 
the lysosomal lumen. Lipofuscin consists of oxidized non-degradable 
macromolecules that especially accumulate in postmitotic cells, and such 
aggregates further impair lysosomal function (Brunk et al. 2002). 

LMP induces inflammation and neurodegeneration 
Neurodegenerative diseases are characterized by misfolded proteins that 
aggregate into oligomers and fibrils, which are resistant to degradation. The 
protein aggregates are taken up by endocytosis or phagocytosis and delivered to 
lysosomes. Since the aggregates are resistant to degradation, they accumulate 
inside the lysosomal lumen, which inhibits lysosomal function (Ballabio et al. 
2020). The accumulative build-up of aggregates eventually leads to lysosomal 
rupture and subsequent release of lysosomal hydrolases to the cytosol (Flavin et 
al. 2017). The release of cathepsins induces inflammatory processes, contributing 
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to cell death and neurodegeneration. The importance of lysosomal cathepsins in 
neuronal cell death is demonstrated in studies showing that inhibition of 
cathepsins reduce the amount of A  and improve memory loss in mouse models 
of AD, as well as attenuated cell death in a PD cell model (Dehay et al. 2010, Hook 
et al. 2011).  

Cell-to-cell spreading of aggregates via lysosomal exocytosis 
Lysosomes can also contribute to disease progression in neurodegenerative 
diseases, such as PD or AD, via lysosomal exocytosis. Cells utilize lysosomal 
exocytosis as a mechanism to dispose of the toxic aggregates, with the 
consequence that the released protein aggregates are taken up by neighboring 
cells (Lee et al. 2013, Domert et al. 2016). These aggregates are called seeds and 
have the ability to induce aggregation of soluble proteins in the recipient cell 
(Oueslati et al. 2014). Thus, lysosomal exocytosis contributes to spreading of toxic 
aggregates from neuron-to-neuron in a prion-like manner. The seeding of 
misfolded tau-proteins, the pathological hallmark of AD, was found dependent on 
TRPML1, and regulated by TFEB (Xu et al. 2021), implicating the importance of 
lysosomes for this process.  

Lysosomal involvement in Parkinson’s disease 
PD is one of the most common neurodegenerative diseases and is characterized 
by cytoplasmic aggregates of misfolded -synuclein, forming so called Lewy 
bodies. Around 10% of all cases are genetically inherited, while the remaining 
90% are sporadic with no known cause, although they can also include genetic 
components (Klein et al. 2012). The disease is thought to be caused by selective 
neurodegeneration of dopamine-producing cells in the substantia nigra pars 
compacta, causing motor symptoms and cognitive changes (Beitz 2014), although 
growing evidence suggests that the Lewy bodies are pathologically spread across 
the brain in a prion-like neuron-to-neuron manner (Brundin et al. 2017). Under 
normal conditions, -synuclein is primarily located in presynaptic terminals 
where it is involved in the regulation of synaptic activity and trafficking. The 
protein can interact with lipid-containing microdomains, and its aggregation can 
be induced by sphingolipid metabolites (Vidyadhara et al. 2019). The role of 
lysosomal membrane stability in the seeding of -synuclein was recently 
identified, where -synuclein aggregates taken up by endocytosis was shown to 
cause LMP and induce seeding of cytoplasmic -synuclein in the recipient cell 
(Jiang et al. 2017).  
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Genomic analyzes have revealed several genetic mutations associated to PD 
pathogenesis and several of them are associated to the endolysosomal system 
(Vidyadhara et al. 2019). For example, familial loss-of-function mutations of two 
proteins important for mitophagy; the E3 ubiquitin ligase Parkin and PTEN-
induced kinase 1 (PINK1), results in early-onset PD. Parkin is activated by PINK1 
to mark depolarized mitochondria for degradation by ubiquitination, triggering 
autophagic clearance. Thus, mutations in these genes result in impaired 
mitophagic clearance of damaged or non-functional mitochondria. Mutations in 
the GBA gene encoding the lysosomal enzyme -glucocerebrosidase, causing the 
LSD Gaucher disease, is a major risk factor for PD. -Glucocerebrosidase has a dual 
role in PD development as its loss-of-function results in accumulation of 
sphingolipids, which both impairs normal lysosomal function and promotes -
synuclein aggregation.  

Further, a recent study investigated if genetic mutation variants that were 
associated with LSDs also could increase the risk of developing PD. The authors 
found that a majority of PD cases (56%) did indeed exhibit at least one such 
mutation and that some (21%) had multiple LSD-associated mutations (Robak et 
al. 2017). This suggests that defective lysosomal genes contribute to lysosomal 
dysfunction and PD development, although more research is required to verify the 
actual involvement of these gene variants in disease progression.  
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AIMS OF THE THESIS 
 

The general aim of this thesis was to investigate the premises for lysosomal 
membrane stability with focus on cellular strategies to manage lysosomal 
membrane damage and repair.   

The more specific aims were as follows: 

Paper I:  To determine lysosomal stability in a PD model with special 
focus on lysosomal cholesterol and the benefit of statin 
treatment. 

Paper II: To study the cellular uptake of MSDH, which spontaneously 
forms vesicles at neutral pH, and characterize its accumulation, 
disassembly and membrane detergent effect in the acidic 
environment of lysosomes. 

Paper III: To investigate the damage-response mechanisms activated 
upon loss of lysosomal membrane integrity with special focus 
on rescue mechanisms in the surviving cell population. 

Paper IV: To compare lysosomal function and activity in normal 
melanocytes and malignant melanoma cells, and characterize 
differences in damage response mechanisms between 
different lysosomal populations. 
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METHODOLOGY 
This section contains a summary of the key materials and methods used in the 
thesis, with a brief explanation of their principles, including advantages and 
limitations. For more detailed information, refer to the method section for each 
paper.  

CELL MODEL SYSTEMS 
BE(2)M17 AS A PARKINSON’S DISEASE MODEL 
In Paper I, the cell line BE(2)-M17 was used. This is a clone of the SK-N-BE(2) 
neuroblastoma cell line, established 1972 from a 2 year old male. BE(2)-M17 cells 
were selected because they are dopaminergic and sensitive to 1-methyl-4-
phenylpyridinium (MPP+), which is a neurotoxin that is used to induce a PD-like 
phenotype in neuronal cells. Mitochondrial dysfunction and reduced complex I 
activity in the mitochondrial electron transport chain play pivotal roles in PD 
pathogenesis (Navarro et al. 2009, Bose et al. 2016), which can be mimicked in cell 
culture by exposing cells to MPP+. The neurotoxin is selectively taken up by 
dopaminergic transporters in neurons and concentrated inside the mitochondrial 
matrix (Singer et al. 1990). By interfering with complex I, MPP+ causes elevated 
levels of ROS with subsequent oxidative damage (Przedborski et al. 2001) and 
increased aggregation of -synuclein (Figure 14) (Kalivendi et al. 2004). The cell 
line was further selected for its proven ability to activate LMP after MPP+ exposure 
(Bove et al. 2014). The drawback of using BE(2)-M17 cells is their tumor origin. 
However, due to ethical considerations, it is not possible to obtain primary 
neuronal cells of human origin.  

AG01518 
Papers II and III were mainly based on the untransformed human fibroblast cell 
line AG01518, derived from foreskin of a 3 day old male. The cell line was selected 
because of its untransformed phenotype and human origin. Normal fibroblasts 
have reduced proliferation rate and capacity as compared to transformed cells or 
cancer cells. Therefore AG01518 was cultured for a maximum of 12 passages in 
order to avoid phenotypic changes and cellular senescence, occurring at higher 
passages.  
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Figure 14. The mechanism of MPP+ -induced neuronal cell death. MPP+ is taken up 
by dopaminergic transporters (DT) and concentrated in the mitochondria where it 
inhibits complex I in the respiratory chain. The enhanced ROS production induces 
oxidative stress, lysosomal membrane permeabilization (LMP) and increases -synuclein 
aggregation, resulting in neuronal cell death.   

HUMAN MELANOCYTES AND MELANOMA CELL LINES
In Paper IV, normal human melanocytes were compared to malignant melanoma 
cell lines. The normal melanocytes were obtained from Caucasian donors with 
skin type 1-4, age 0-7 years, by foreskin circumcision. The donation of tissue was 
done under informed consent by the parents according to the principles of the 
Helsinki declaration, and the experiments were approved by the Ethical Review 
Board at Linköping University. Pure cultures were established as previously 
described (Andersson et al. 2001). In short, the skin was cut into 5x5 mm pieces 
and incubated in dispase to allow separation of the epidermis from dermis. 
Epidermal cells were incubated in trypsin for 30-45 minutes to allow dissociation,
filtered and then plated in cell culture dishes. This generated a mixture of 
melanocytes and keratinocytes. To obtain pure melanocyte cultures, non-
confluent cells were trypsinized for 2-3 minutes, which allows detachment of only 
melanocytes. Cells were cultured for maximum three weeks to avoid cellular 
senescence.  
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Four different melanoma cell lines were used; FM55P, established from a primary 
malignant melanoma in a male patient, WM115, a primary melanoma established 
from a metastatic site in a female patient, SkMel28, established from the skin of a 
male patient with malignant melanoma, and WM278, a primary melanoma 
established from a female patient. All cell lines display PTEN deletion and BRAF 
mutations, both of which are often found in malignant melanoma and correlated 
to enhanced metastatic potential (Davies et al. 2002, Cabrita et al. 2020). Cell-lines 
were aliquoted in vials and frozen when received. Each vial was cultured for a 
maximum of three months and 30-35 passages.  

MAJOR LMP-INDUCERS 
MSDH 
The lysosomal detergent O-methyl-serine dodecylamine hydrochloride (MSDH) is 
well known for its ability to induce LMP and cell death (Li et al. 2000). MSDH is an 
amine with a hydrophobic chain, giving it lysosomotropic properties (Villamil 
Giraldo et al. 2014). It is generally assumed that lysosomotropic detergents 
passively diffuse over cellular membranes as free lipophilic bases without surface 
activity, but acquire detergent properties due to protonation inside the lysosome 
(Firestone et al. 1979). However, previous work in our group has shown that 
MSDH spontaneously forms vesicles at cytosolic pH, making passive diffusion over 
membranes unlikely (Villamil Giraldo et al. 2016). In Paper II, the interaction of 
MSDH with lipid bilayers was studied to investigate its mechanism of action and 
cellular uptake, and in Paper III, it was used as an LMP inducer. 

LLOME 
In Paper III and IV, the lysosomotropic agent L-leucyl-L-leucine methyl ester 
(LLOMe) was used. LLOMe is taken up by receptor-mediated endocytosis and 
converted by dipeptidyl peptidase I (cathepsin C) to a hydrophobic (LL)nOME 
(n 3) polymer with membranolytic activity (Thiele et al. 1990). LLOMe activates 
apoptosis via LMP-specific pathways (Uchimoto et al. 1999) and is proven very 
useful for analysis of lysosomal damage and defence mechanisms activated by 
LMP (Daussy et al. 2020, Papadopoulos et al. 2020). The full spectra of lysosomal 
membrane damage can be induced using LLOMe at different concentrations, from 
minor perforations allowing release of ions, to more substantial LMP causing 
release of cathepsins to the cytosol and apoptosis induction, as well as activation 
of the NLRP3 inflammasome and subsequent pyroptosis (Lima et al. 2013, 
Skowyra et al. 2018).  
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IMPORTANCE OF LYSOSOMAL MEMBRANE COMPOSITION 
U18666A 
In Paper I, cholesterol levels in the lysosomes were manipulated using the 
amphipathic steroid 3- -[2-(diethylamino)ethoxy]androst-5-en-17-one 
(U18666A). Normally, LDL-derived esterified cholesterol is converted to 
unesterified cholesterol in the lysosome, and then transported out via the 
combined mechanism of NPC1 and NPC2, as discussed more in detail in the 
introduction. U18666A impairs the release of unesterified cholesterol from the 
lysosome by binding to the sterol-sensing domain in NPC1 (Lu et al. 2015), causing 
an accumulation of free cholesterol inside the lysosome (Liscum et al. 1989). Our 
group has previously shown that U18666A-induced increase of lysosomal 
cholesterol in human fibroblasts augments lysosomal membrane stability and 
protect the cells from LMP-dependent apoptosis induction (Appelqvist et al. 
2011).  

LIPOSOMES AS MODEL FOR THE LYSOSOMAL MEMBRANE 
In Paper II, we examined the impact of cholesterol content in lipid membranes, as 
well as the pH-dependence for MSDH-induced membrane permeabilization. We 
used a cell free system where two lipids (dioleoyl-phosphatidylcholine (DOPC) 
and dioleoyl-ethanolamine (DOPE) were mixed in a 60/40 ratio in chloroform, 
with or without 40% cholesterol included. By evaporating the chloroform during 
rotation, a thin film containing the lipids was formed (Figure 15). The film was 
hydrated in a HEPES buffer which also contained the dye/quencher pair 8-
aminonapthalene-1,3,6 trisulfonic acid/p-xylene-bis-pyridinium bromide 
(ANTS/DPX) or the fluorophore TRITC (tetra-methyl rhodamine isothiocyanate)-
dextran 40.  

Following hydration, the lipid suspension was subjected to five freeze-thaw cycles 
to allow encapsulation of the fluorophores, as well as to reduce the lamellarity of 
the liposomes. The liposomes were then extruded through a 100 nm 
polycarbonate filter to obtain unilamellar vesicles, and size was confirmed by 
dynamic light scattering. To remove non-encapsulated fluorophores after 
extrusion, a desalting column was used for ANTS/DPX, while liposomes 
containing TRITC-dextran were filtered using an Amicon filter with a 100 kDa 
cutoff. A desalting column was also used to exchange buffer for analysis of pH 
dependent leakage. 
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By encapsulating fluorophores in liposomes, it is possible to measure leakage 
caused by MSDH-induced membrane damage. ANTS/DPX was utilized to analyze 
leakage of small molecules, where the co-encapsulation allows DPX-mediated 
quenching of the fluorophore ANTS. Leakage results in dilution to the surrounding 
medium and increase in ANTS fluorescence. Leakage of larger TRITC-dextran 
molecules was evaluated by fluorescence correlation spectroscopy, discussed in 
more detail below. 

Figure 15. Schematic image of the preparation of fluorophore-encapsulated 
liposomes. Lipids are mixed in chloroform, which is then evaporated to form a lipid film. 
The lipid film is hydrated in a fluorophore-containing buffer (either the dye/quencher 
pair ANTS/DPX or TRITC-dextran). Subsequent freeze-thawing of the lipid suspension 
allows encapsulation of fluorophores inside the liposomes, as well as a reduced 
lamellarity. Finally, liposomes are filtered to obtain unilamellar vesicles and remove non-
encapsulated fluorophores. 

FLUORESCENCE CORRELATION SPECTROSCOPY
Fluorescence correlation spectroscopy (FCS) was used in Paper II to analyze the 
importance of lipid composition for MSDH-induced leakage of larger molecules. In 
FCS, a laser beam is focused on the sample, creating a focal volume. When 
liposomes cross the focal volume they fluoresce, and the diffusion rate and 
intensity can be measured. By autocorrelation analysis of time-fluctuations for the 
fluorescence intensity of TRITC-dextran-containing liposomes and free TRITC-
dextran molecules, an autocorrelation curve can be plotted (Figure 16). The 
autocorrelation function G( ) decays from its initial value by a time dependence 
( (ms)) that is determined by molecular diffusion rates, where free TRITC-
dextran molecules diffuse faster than the fluorophores encapsulated in liposomes, 
resulting in faster decay of the autocorrelation function. This means that the more 
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damage MSDH causes to the liposomal membranes, the more encapsulated TRITC-
dextran can escape, which leads to a faster decay of the curve. 

                              
Figure 16. Fluorescence correlation spectroscopy. Autocorrelation curves of free 
TRITC-dextran molecules and TRITC-dextran encapsulated in liposomes. The free 
fluorophore molecules (blue curve) decay faster from the initial autocorrelation value 
compared to the ones encapsulated in liposomes (red curve). 

CYTOCHEMICAL IMAGING 

FIXATION AND PERMEABILIZATION
Fluorescent detection of proteins was utilized in Paper I-IV, using both fluorescent 
probes and antibody-based approaches. For immunocytochemistry of 
intracellular targets, the morphology is preserved by fixation, and entering of 
antibodies is achieved by membrane permeabilization. Cells were fixed in 
paraformaldehyde which acts as a fixative by crosslinking proteins (Melan 1994). 
When using aldehydes to crosslink proteins, there is a risk of masking or 
destroying antigens. However, they are the best choice for preserving
morphology. Organic solvents, such as acetone or alcohol, have higher antigenicity 
as they break hydrogen bonds between amino acids instead of crosslinking 
proteins. The drawback of using solvents however is the risk of solubilizing and 
extracting membrane lipids, which destroys organelles and reduces the
conservation of morphology. Paraformaldehyde is the weakest aldehyde used for 
crosslinking and is the fixative most used in immunocytochemistry (Melan 1994). 

Saponin, which is an amphipathic glycoside that selectively removes cholesterol 
from cellular membranes, was used to allow entry of antibodies to their 
intracellular target. This was selected over nonionic detergents, such as Triton X-
100, that unselectively solubilize membrane lipids, since they more readily 
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disturb membrane integrity, and are thus a poor choice when studying proteins in 
the lysosomal membrane (Scheffler et al. 2014). Due to the transient effect of 
saponin, it was also included in all antibody solutions. 

IMMUNOCYTOCHEMICAL DETECTION OF MAIN PROTEINS  
LAMP2 was used as the main target for immunocytochemical visualization of 
lysosomes and the lysosomal membrane in Paper I-IV. It was selected because of 
its high abundance in the lysosomal membrane, where almost 50% of all 
membrane proteins are LAMPs. In Paper I and II, LAMP2 was co-stained with 
cathepsin B and D to detect release to the cytosol after LMP. By studying the 
relocation of cathepsins from LAMP2-positive lysosomes to a more dispersed 
cytosolic location, the extent of LMP was determined. The LAMP2 protein can be 
spliced into three different isoforms; LAMP2a, LAMP2b and LAMP2c. For most 
experiments, an antibody targeting the luminal N-terminal part of the protein was 
used, which detects all splicing variants. However, in Paper I, a LAMP2a specific 
antibody targeted against the cytosolic C-terminal specific isoform was used to 
analyze the presence of CMA in MPP+ exposed cells.  

Galectins have emerged as sensitive detectors of LMP (Aits et al. 2015) and 
analysis of galectin-1 and galectin-3 was used for this purpose in Paper II-IV. It is 
important to note that galectins do not readily detect minor damage where only 
ions and other small molecules are released. However, minor membrane damage 
without detection of cytosolic cathepsins was only recently highlighted and LMP 
has historically been defined as lysosomal damage that results in release of 
cathepsins and lysosome-dependent cell death (Aits et al. 2013), for which 
purpose galectins are excellent markers. In Paper III and IV, galectin-3 was used 
as a marker for lysophagy, as its binding to glycoproteins in the lysosomal lumen 
has been shown to recruit autophagic proteins and activate the autophagy-
mediated degradation of damaged lysosomes, as previously discussed.  

CELLULAR PROBES 
Membrane staining with TMA-DPH 
TMA-DPH (trimethylamine-diphenylhexatriene) is a cationic hydrophobic 
fluorescent membrane probe, which can be used to measure plasma membrane 
fluidity. Its cationic moiety acts as an anchor to the water-bilayer interface which 
allows partitioning into the lipid membrane (do Canto et al. 2016). While the 
fluorescence is almost nonexistent in water, the intercalation of TMA-DPH into 
membranes enhances the fluorescence significantly. In Paper I, the plasma 
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membrane was visualized using TMA-DPH staining. Stained cells were also 
analyzed in a Mini-tau lifetime spectrometer, where the fluorescence lifetime 
could be measured to analyze the plasma membrane fluidity.  

TMA-DPH staining is mainly located at the plasma membrane for the first 30 
minutes, but eventually it is internalized and follows the endocytic route to 
lysosomes, still yielding a high fluorescent signal (Illinger et al. 1994). Due to its 
ability to stain lysosomal membranes, TMA-DPH staining was utilized to quantify 
the amount of membranes in the cytosolic fractions in Paper III.  

Visualization of lipid rafts 
Lipid rafts are highly ordered, detergent-resistant domains present in both the 
inner- and outer leaflets of cellular membranes. They are transiently formed and 
function as signaling platforms to regulate cellular functions (Sezgin et al. 2017). 
The rafts are rich in cholesterol and sphingolipids and in Paper I, a fluorophore-
conjugated cholera toxin B subunit was used to stain lipid rafts. Cholera toxin B 
subunit is a commonly used tool in membrane biology due to its ability to bind to 
the lipid raft-associated glycosphingolipid ganglioside GM1 (Ewers et al. 2011). 
By incubating cells with a fluorophore-conjugated recombinant cholera toxin B 
subunit, followed by addition of an antibody against the toxin to crosslink the 
subunit in the lipid rafts, rafts can be detected by fluorescence microscopy.  

Filipin 
In Paper I, the localization of unesterified cholesterol was visualized using Filipin, 
which is a polyene antibiotic isolated from Streptomyces filipinesis. It is a naturally 
fluorescent molecule, which specifically binds to cholesterol but not esterified 
sterols (Maxfield et al. 2012). Since its binding disturbs the membrane structure, 
filipin is only used on fixed cells. Although it is one of the most commonly used 
probes to visualize and quantify unesterified cholesterol, a drawback with filipin 
is its sensitivity to UV-light. Thus, precautions must be taken during analysis to 
avoid photobleaching.  

Staining of lysosomes with LysoTracker and Magic Red 
LysoTracker is a lysosomotropic weak basic amine linked to a fluorophore, which 
readily detects acidic organelles. Following lysosomal membrane damage, a 
reduction in LysoTracker staining is detected due to the loss of lysosomal proton 
gradient, which reduces the ability to retain the dye inside the lysosomal lumen 
(Repnik et al. 2016). LysoTracker was used to detect intact and damaged 
lysosomes in Paper II-IV, both at live cell conditions and on fixed samples. In both 
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settings, LysoTracker was added to cell cultures for 30 minutes before 
washing/fixation. Since LysoTracker is lysosomotropic, its accumulation can 
affect lysosomal properties and induce lysosomal alkalization, however it has not 
been shown to induce phototoxicity (Pierzynska-Mach et al. 2014). Cathepsin B 
activity was analyzed using Magic Red substrate in Paper IV. Magic Red consists 
of a cresyl violet fluorophore which is coupled to two pairs of arginine-arginine 
sequences, the preferred cathepsin B target. Cathepsin B-mediated cleavage of the 
target sequence produces fluorescence that can be visualized and quantified. It is 
important to note that although the arginine-arginine sequence is favored by 
cathepsin B, it can also be cleaved by other proteases, as for most enzymatic 
substrates.  

CONFOCAL MICROSCOPY 
Images in Paper I-IV were acquired by confocal laser scanning microscopy (CLSM) 
in both fixed specimens and during live-cell conditions. CLSM utilizes point 
illumination with a focused laser beam to scan the sample. The emitted light is 
then passed through a pinhole to eliminate out-of-focus light before it reaches the 
detector. This produces a 2D image from one focal plane, with higher optical 
resolution and less background compared to normal wide-field microscopy. A 3D 
object can be created by stacking images from several focal planes, generating a z-
stack. The optical resolution is determined by the size of the pinhole, where a 
larger pinhole generates more signal, but also more out-of-focus light.  

The Zeiss LSM system used is equipped with four lasers, allowing multicolor 
detection. To avoid spectral overlap, the use of optical filters and separation of the 
colors in multiple, sequentially scanned channels were applied. Negative controls 
and single-colored samples were also included to analyze interference of 
autofluorescence and spectral overlap. A drawback with CLSM is its potential risk 
to cause phototoxicity, induced by ROS created when cellular molecules absorb 
light from the laser and react with oxygen. In addition, the fluorophores can react 
with oxygen and be degraded, a phenomenon known as photobleaching (Icha et 
al. 2017). During this process, ROS are produced which might also cause 
phototoxicity. Although the two processes are interrelated, they can occur 
independent of each other. Phototoxicity is especially important during live cell 
conditions, where the light exposure must be kept to a minimum, by decreasing 
both laser power and time of exposure. Shorter wavelengths have higher energy, 
which is why longer wavelengths are less phototoxic and better for the specimen.  
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IMAGE ANALYSIS 
COLOCALIZATION ANALYSIS 
Colocalization, the spatial overlap of two different fluorophores, can be measured 
by analyzing co-occurrence of the two channels, or the correlation between them. 
Co-occurrence is based on how many pixels from the two fluorophores that 
overlap. The overlap is considered positive regardless of signal strength, therefore 
it is sensitive for high background intensities. In correlation analysis, the intensity 
in pixels overlapping is quantified and related to the average intensity values. High 
intensity results in a higher colocalization. Therefore, these methods are 
insensitive to different signal intensities in the two channels. However, they are 
sensitive to large background areas, which will falsely reduce the colocalization 
coefficient. In Paper I-IV, we used the Pearson’s correlation coefficient, which was 
chosen over co-occurrence since it measures the relationship between signal 
intensities.  

It is also important to note that although the term is colocalization, the resolution 
in confocal microscopy is ~200 nm laterally and 500 nm axially. Thus, it is not 
possible to determine exact overlap, but rather that the two fluorophores are in 
close proximity to each other.   

OBJECT ANALYSIS USING HUYGENS IMAGING SOFTWARE 
In Paper III and IV, quantification and characterization of lysosomes and related 
proteins were performed by advanced image analysis, mainly using the Object 
Analyzer module of Huygens Imaging Software (SVI, Netherlands). In this module, 
3D images are first segmented to define and separate objects by voxel intensities. 
This is done by using a combined seed-and-threshold, where a first threshold is 
set, then the seed acts as a second threshold level (Figure 17). Thereafter, 
watershed segmentation is performed to separate objects adjacent to each other. 
The thresholding and segmentation allow Huygens to automatically apply a 
continuous iso-surface rendering of each group of voxels to create independent 
objects, e.g., individual lysosomes. These objects can then be quantified and 
analyzed for object size (both μm2 and μm3), localization, overlap with other 
objects etc. For multi-channel images, the channels can be assigned to separate 
pipes, where segmentation is performed independently and objects in both 
channels can be analyzed simultaneously.  
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Figure 17. Image segmentation. A first threshold is used to define the data and make 
independent objects. Then a second seed threshold is applied where only objects having
at least one voxel above the seed level will remain. By expanding the selection around the 
seed and down to the threshold, neighboring voxels are included. The seed threshold will
exclude undesired objects with low intensity. This is then followed by watershed 
segmentation, where objects very close to each other can be separated by applying a 
local threshold to prevent object merging. 

OBJECT TRACKING
By using the Huygens Object Tracker, which was done in Paper IV, the motion of 
lysosomes can be studied by time-laps images. It is possible to do in 3D, but 
because of the relatively slow acquisition speed in our system, 2D images were 
analyzed. In the Object Tracker module, a few objects and background areas are 
manually selected to teach the software to differentiate between objects and 
background, which allows for subsequent automatic detection of objects. 
Thresholding by number or size of objects, intensity, maximum distance travelled 
between frames etc. can then be performed to fine-tune the detection. Once the 
tracking is complete, the automatically identified tracks can be analyzed in the 
Track Analyzer module, where tracks can be edited; e.g., broken tracks can be 
connected, wrong tracks deleted or separated to shorter tracks and reconnected. 
The tracks can then be analyzed separately or together by means of average speed, 
distance travelled, mean intensity etc. 

LYSOSOMAL PH ASSESSMENT
Ratiometric analysis of pH is a well-established method to analyze pH in different 
cellular compartments, including the lysosome, using flow cytometry or 
fluorescence microscopy. We have previously described the methodology to use
dextran-conjugated fluorescein isothiocyanate (FITC) to analyze changes in 
lysosomal pH by flow cytometry after exposure to pH-challenging drugs such as 
the V-ATPase inhibitor Bafilomycin A, MSDH and LLOMe (Eriksson et al. 2017). 
FITC exhibits a pH-dependent fluorescence intensity in the maximum emission 
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wavelength, while there is little variation at the isosbestic point. This can be 
utilized by analyzing the dual emission ratio of the two wavelengths, where the 
ratio varies with pH but is not affected by the amount of probe available. A 
standard curve can be created by incubating cells in buffers with various pH, and 
by adding the ionophore nigericin, the lysosomal pH is equilibrated with the buffer 
pH.  

The use of flow cytometry allows for analysis of a large quantity of cells and was 
utilized in Paper III. In Paper IV, the lysosomal pH of different lysosomal 
populations was analyzed, which is not possible with flow cytometry. Instead, a 
microscopic approach was used, where cells were stained with the pH sensitive 
probe pHrodo Green and the pH-insensitive Alexa 594 dextran conjugate. 
Compared to FITC-dextran which has a minimal fluorescence at acidic pH in 
lysosomes, pHrodo Green is designed to measure lysosomal pH and exhibits 
increased fluorescence under acidic conditions, making it more suitable for 
microscopy. However, it is not possible to do dual emission analysis which is why 
another pH-insensitive dye is included. The combination of pHrodo and Alexa-
dextran can be used to analyze the acidity of lysosomes, where an increased ratio 
indicates a lower pH (Shi et al. 2017). The experimental settings were adapted in 
our system to allow optimal lysosomal uptake of the fluorophores.  

ACRIDINE ORANGE TO STUDY LYSOSOMAL LEAKAGE  
In Paper IV, the shift in acridine orange (AO) fluorescence was employed to follow 
lysosomal leakage immediately after membrane damage. AO has been utilized to 
monitor lysosomal membrane stability for a long time, mainly by fluorescence 
microscopy methods (Olsson et al. 1989, Kirkegaard et al. 2010) and flow 
cytometry (Olsson et al. 1987, Persson et al. 2009). However, we have adapted the 
method to suit a more high-scale approach using a fluorescence microplate 
reader. AO is a lysosomotropic weak base, which accumulates in the lysosomal 
lumen due to protonation. It has metachromatic properties and when 
concentrated within the lysosome, AO aggregates and emits red fluorescence 
when excited with blue light (Mattia et al. 1984). If the lysosomal proton gradient 
is lost, the protonation of AO is reduced. This allows efflux of AO to the cytosol 
where it is diluted and shifts to its monomeric form, which emits green 
fluorescence. Thus, lysosomal leakage can be detected as a simultaneous decrease 
in red fluorescence and increase in green fluorescence (Figure 18). 
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Figure 18. The principle of acridine orange staining for detection of lysosomal 
membrane permeabilization. Acridine orange (AO) accumulates in acidic vesicles 
where it emits red fluorescence. Upon lysosomal damage the proton gradient is lost, 
allowing AO to escape from the lysosome. The dilution to its monomeric form generates 
a shift to green fluorescence. 

The advantage of using acridine orange as opposed to other lysosomotropic dyes 
such as LysoTracker is the simultaneous increase in widespread green 
fluorescence, instead of only loss of punctuate red staining. Also, it is possible to 
follow the lysosomal damage in real-time, which is not the case when analysing 
cells in e.g., a flow cytometer. However, there are some possible confounders that 
should be mentioned. First, since AO is lysosomotropic, it more readily 
accumulates within acidic lysosomes, and in a higher quantity if the lysosomal 
volume is also enlarged. To compensate for this, in Paper IV each measurement is
correlated to the initial value before LLOMe addition for all samples. Thus, the 
relative increase in fluorescence and not the absolute fluorescence will be
quantified. AO could potentially also exhibit phototoxicity, which can be detected
in microscopic settings. However, as compared to the plate reader, the laser power 
is higher in a microscope and the beam is more concentrated. We always include
non-treated controls and when no increase in green fluorescence occurs, this 
indicates that AO was non-toxic during the time analyzed. However, we do
experience some photobleaching, which is also a feature known to appear 
(Pierzynska-Mach et al. 2014). 
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It is important to note that since non-ionized AO can interact with all acidic 
portions in the cell and not only lysosomes, it can also intercalate with RNA and 
DNA-strands. AO binds densely to the acidic parts of single-stranded RNA, and 
more loosely to double-stranded DNA, thus staining RNA red and DNA green. 
However, in live cells, AO is not able to intercalate with DNA at all, due to 
chromatin inaccessibility, and only sparsely with cytoplasmic and nucleolar RNA, 
generating a weak and diffuse green signal (Delic et al. 1991, Kusuzaki et al. 2000).  

IMMUNOELECTRON MICROSCOPY 
In Paper III, immunoelectron microscopy was used to visualize small lysosome-
derived LAMP2-positive vesicles, which were non-detectable when using 
conventional CLSM. Due to the relative low amount of LAMP2 in the vesicles 
compared to in lysosomes, pre-embedding immunostaining was performed with 
subsequent labelling using a peroxidase-based method. In this protocol, a 
monolayer of cells was fixed, stained with primary antibody, followed by a 
biotinylated secondary antibody. Detection was then performed by adding an 
HRP-conjugated avidin-biotin complex (ABC), which was visualized with 3’3’-
diaminobenzidine (DAB). Cells were secondary fixed with osmium tetroxide to 
preserve lipids, and stained with uranyl acetate and lead citrate to allow 
contrasting of structural details. 

The drawback of this choice is a reduced preservation of ultrastructure as 
compared to post-embedding (Jones 2016). However, post-embedding reduces 
the antigenicity for many antibodies, resulting in lower and possibly non-
detectable signal. Peroxidase-labelling has a higher sensitivity compared to gold-
particles in pre-embedding protocol. The utilization of an avidin-biotin complex 
allows an increased number of HRP-binding, thus amplifying the detection. 
Further, for immuno-gold detection, large colloidal gold particles cannot be used 
since they penetrate cellular membranes very poorly in pre-embedding protocols. 
Instead, small gold-particles have to be used, and they are not readily detected 
without silver-enhancement (Burry et al. 1992), which is a technically challenging 
method.  
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WESTERN BLOT  
In Paper I-IV, protein levels were analyzed by Western blot. Denatured proteins 
are separated according to size on a polyacrylamide gel, followed by transfer onto 
a membrane and subsequent antibody-based detection of target proteins. The 
method utilizes the conjugation of horseradish peroxidase (HRP) to primary or 
secondary antibodies. HRP catalyzes the oxidation of a luminol substrate by 
hydrogen peroxide, generating light as a byproduct. The light is detected in a 
charged-coupled device camera, converting the photons into a digital signal. The 
protein levels can then be measured by densitometric analysis. Since Western blot 
is a semi-quantitative method, it can be used to compare the relative protein 
levels, but it is not an absolute measure of quantity.  

When performing densitometric quantification, normalization to an internal 
loading control must be included to verify equal loading and transfer. The 
standard internal loading controls are housekeeping proteins. Housekeeping 
proteins are proteins with a relative constant protein expression, regardless of the 
conditions used, e.g., tubulins or actins. Lately however, it has been discovered 
that the steady-state levels of some housekeeping proteins can vary between 
tissues and be affected by certain conditions, questioning the reliability of their 
use as loading controls (Moritz 2017). Total protein staining is emerging as a 
widely accepted and more reliable approach. Quantification against the total 
protein content of the gel or membrane will eliminate the biological variation seen 
in housekeeping proteins. Since many proteins are upregulated or downregulated 
in cancer cells, the use of housekeeping proteins when comparing normal cells to 
cancer cells could potentially affect the results. In Paper IV, we use total protein 
staining when comparing the protein expression of melanocytes and melanoma 
cells. 

Densitometric analysis of Western blots is dependent on the sensitivity, stability 
and the linear range of the antibodies. The linear range is the window within 
which the signal intensity is proportional to the protein concentration and thus 
allows for accurate quantification. Therefore, we have optimized all antibodies 
used in Western blot in regard of blocking method, antibody concentration, 
amount of protein loaded onto the gel and exposure time in the CCD camera 
(Figure 19).  
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Figure 19. Assessment of Rab7 antibody and blocking buffer in Western blot.
A) Protein levels of Rab7 in two identical serial dilutions of cell extracts (melanocyte 
origin), incubated with 5% bovine serum albumin (BSA) or 5% non-fat dry milk before 
addition of antibodies. B) Densitometric quantification of the protein levels show that 
5% milk as a blocking buffer generates a linear relationship between protein 
concentration and signal strength, but not after blocking in 5% BSA for the antibody-
dilution used, where the signal is saturated. 

CELLULAR FRACTIONATION

DIGITONIN EXTRACTION
Digitonin extraction was used to obtain cytosolic fractions for detection and 
analysis of cathepsin activity in the cytosol in Paper I-IV. It is a detergent that 
replaces cholesterol in cellular membranes, creating pores in the lipid bilayer. 
While the plasma membrane has a high amount of cholesterol (60-90% of total 
cholesterol content), the concentration is relatively low in the lysosomes (~6% of 
total levels in human fibroblasts) (Luo et al. 2019). Therefore, digitonin 
concentration can be titrated to only permeabilize the plasma membrane while 
leaving the lysosomal membrane intact (Aits et al. 2015). The titration is achieved 
by simultaneously measuring the activity of the cytosolic enzyme lactate 
dehydrogenase and the lysosomal glycosylase -N-acetyl-glucosaminidase in 
extracted samples. The optimal digitonin concentration is determined for all 
individual cell types and controlled for treatments that could affect membrane 
composition. The fractions obtained are then used for downstream applications
such as Western blot and protease activity.  



  METHODOLOGY 
 

59 
 

DIFFERENTIAL FRACTIONATION AND SUCROSE GRADIENT 

FRACTIONATION  
In Paper III, differential fractionation was used to separate cell contents into 
lysosomal fractions, microsomal fractions and cytosolic fractions. To rupture the 
plasma membrane, cells were sonicated, and the correct amplitude and time was 
determined by microscopic inspection. The homogenates were then centrifuged 
at a low speed (720 x g, 5 min) to collect cellular debris and nuclei. This was 
followed by centrifugation at intermediate speed (20 000 x g, 5 min) where the 
lysosomal and mitochondrial fraction was obtained. Since we only analyzed the 
presence of lysosomal proteins, no separate differentiation of the two organelles 
was performed. Finally, the supernatant from the previous centrifugation was 
subjected to ultracentrifugation at high speed (100 000 x g, 60 min), where the 
pellet was considered to be the microsomal fraction and the supernatant 
corresponding to the cytosolic fraction. The cytosolic fraction was then 
concentrated using Amicon Ultra centrifugal devices with a cutoff of 3 kDa to allow 
equal loading of fractions for subsequent gel electrophoresis and Western blot 
analysis.  

In Paper III, isolation of light-fraction vesicles was accomplished using sucrose 
gradient fractionation. The post-nuclear supernatant obtained after sonication 
was loaded onto a discontinuous sucrose gradient, optimized for well separated 
fractions of lysosomal density and lighter. Fractions were then collected using a 
gradient collector to obtain an equal amount of fractions between samples, 
precipitated and analyzed by Western blot.  
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RESULTS

PAPER I
Our group has previously shown that accumulation of lysosomal cholesterol 
increases lysosomal stability and prevents LMP in the neurodegenerative LSD
Niemann Pick type C1 disease, where mutations in NPC1 impairs efflux of 
lysosomal cholesterol (Appelqvist et al. 2012). The present study was undertaken 
to elucidate the impact of intracellular cholesterol for lysosomal stability in PD, in 
which cholesterol accumulation is not a direct cause of the disease but suggested 
to play a role in the pathogenesis (Garcia-Sanz et al. 2018).

Exposure of neuroblastoma cells to MPP+ induced a PD-like phenotype associated 
with increased production of ROS and mitochondrial dysfunction, which resulted 
in activation of caspase-dependent apoptosis. We also detected LMP-induced
release of cathepsins to the cytosol, and found that this enhanced the MPP+

toxicity, since inhibition of lysosomal proteases or lysosomal acidification had a 
protective effect. Inhibition of ROS-induced membrane damage with the 

-tocopherol fully protected against MPP+-induced cell death, while 
inhibition of lysosomal proteases or lysosomal function only resulted in a partial 
protection, indicating that lysosomal damage occurred downstream of 
mitochondrial dysfunction (Figure 20). 

      

Figure 20. MPP+ induces LMP and cell death. MPP+ causes mitochondrial dysfunction 
and generation of reactive oxygen species (ROS) which results in cell death, partly by 
downstream LMP induction. By preventing ROS damage with the antioxidant -
tocopherol cells can be rescued. Impairment of lysosomal acidification with the V-ATPase 
inhibitor Bafilomycin A or inhibition of lysosomal cysteine cathepsins (E64d and ZFA-
FMK) and cathepsin D (Pepstatin A) prevents the effects of LMP and reduces cell death.
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We also observed an MPP+ driven accumulation of free cholesterol in the 
lysosomes. To study the effect of cholesterol increase, cells were treated with 
U18666A to block NPC1, which caused an augmented accumulation of free 
cholesterol in the lysosomes compared to only MPP+. The accumulation of
lysosomal cholesterol rendered the cells more resistant to LMP and protected 
against cell death. However, MPP+-induced -synuclein aggregation was further 
enhanced by the increased cholesterol levels. The MPP+-induced accumulation of 
oligomeric -synuclein was also accompanied with reduced autophagic flux, 
which was slightly aggravated by U18666A. The role of cholesterol in PD 
pathogenesis is still controversial and the use of statins has proven both beneficial 
and detrimental (Xicoy et al. 2019). Here, we demonstrate a protective role of 
lovastatin in MPP+-induced cell death, but the effect rather correlates to its anti-
oxidative properties than cholesterol-lowering mechanisms. Lovastatin had no
effect on MPP+-induced cholesterol accumulation or oligomerization of -
synuclein, but substantially decreased ROS-levels.  

To conclude, we found a dual role for cholesterol in MPP+-induced PD, where it
stabilizes the lysosomal membrane and protects against LMP-induced cell death, 
but also stimulates -synuclein accumulation (Figure 21). Lovastatin treatment 
prevented ROS-production and cell death, but could not reduce MPP+-induced 
increase of lysosomal cholesterol. 

Figure 21. Major findings in Paper I. MPP+ induces mitochondrial dysfunction with 
increased ROS production, which causes LMP and -synuclein aggregation. It also 
induces lysosomal cholesterol accumulation, which augments the aggregation of -
synuclein, but inhibits LMP. The accumulation of -synuclein impedes lysosomal function 
and autophagy, which might further enhance aggregation and LMP. Lovastatin protects 
from cell death by reducing oxidative stress and not by lowering cholesterol. 
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PAPER II 
We have recently shown that the amphiphilic lysosomal detergent MSDH 
spontaneously forms vesicles at cytosolic pH that disassemble into small 
aggregates at lower pH (Villamil Giraldo et al. 2016). These unusual chemical 
properties prompted us to investigate the uptake mechanism of MSDH and the 
premises for MSDH-induced damage of the plasma membrane and lysosomal 
membrane. By utilizing lysosome-like liposomes, we could manipulate the pH and 
cholesterol content to mimic conditions at the plasma membrane and the 
lysosomal membrane respectively. This was then followed by investigations of 
MSDH toxicity and mode of entry in a cell culture model using normal human 
fibroblasts.  

MSDH induced an immediate concentration-dependent leakage of small (350 Da) 
molecules at pH 7, while leakage was impeded at pH 5. The difference in pH-
dependence was reduced and finally abolished with increasing incubation times. 
Addition of 40% cholesterol in the liposomes provided protection, at both pH 
conditions, as long as MSDH concentration was kept relatively low. However, at 
higher MSDH concentrations, the protective role of cholesterol disappeared. 
Analysis of larger (40 000 Da) molecules also revealed a minor protective role of 
cholesterol, especially at pH 7. We found a shift in pH dependent stability with 
increasing MSDH concentrations, where liposomes at pH 7 were more resistant to 
major MSDH damage compared to at pH 5.  

In the cell culture model, we detected a time-dependent release of lysosomal 
proteases within minutes after MSDH addition. This was followed by caspase-3 
activation, indicating induction of apoptotic pathways. We could not detect any 
plasma membrane damage, but found that caspase-3 activation was preceded by 
a reduction in cell viability, which implicates additional involvement of caspase-
independent apoptotic pathways as well. Nonetheless, when the MSDH 
concentration was increased, disruption of plasma membrane integrity was also 
detected. Based on these results, MSDH induces LMP within minutes, and activates 
apoptotic or necrotic pathways depending on the concentration.  
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Previous studies have stated that lysosomal detergents are not surface active at 
cytosolic pH, and are thus not believed to directly act on the plasma membrane, 
but rather acquire detergent-like features inside the lysosome (Firestone et al. 
1979). However, experiments performed in our group have shown that MSDH at 

-500 nm at cytosolic pH (Villamil 
Giraldo et al. 2016), making this statement unlikely. In cell cultures, we found that 
MSDH did not induce toxic damage at concentrations below 10 μM, indicating that 
at the concentrations used to cause LMP, MSDH is taken up by cells in a vesicular 
form and should not be able to diffuse freely across membranes. When analysing 
the ultrastructure of MSDH exposed cells, we found an increased number of small 
vesicles with a protein coat, suggesting the involvement of an active endocytic 
process (Figure 22). We were not able to determine the exact endocytosis 
pathway since inhibitors against both clathrin-dependent and independent 
mechanisms were effective, although the best protection was obtained with 
inhibitors against clathrin-mediated endocytosis. 

Figure 22. MSDH uptake in cells. MSDH forms vesicles at physiological pH, which are 
taken up by endocytosis. As the endosomes mature, the reduced pH causes the MSDH 
vesicles to disassemble into small aggregates and become protonated. The charged 
MSDH aggregates accumulate inside the lysosomal lumen and integrate their 
hydrophobic tail into the membrane. When reaching sufficiently high concentration, 
MSDH permeabilizes the lysosomal membrane. 
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Taken together, our results demonstrate that pH and cholesterol content affect the 
behaviour of MSDH markedly. The ability of MSDH to induce liposomal damage at 
pH 7, combined with the fact that inclusion of cholesterol in the lipid bilayer 
reduced the leakage, indicates that although MSDH is capable to induce a direct 
damage on the plasma membrane, the relatively high membrane cholesterol 
provides protection. LMP preceded plasma membrane damage in our system, and 
MSDH can cause loss of membrane integrity by massive lysosomal rupture, 
inducing necrotic pathways. Alternatively, as shown in the liposome experiments, 
MSDH can also act directly on the plasma membrane at high concentrations. Thus, 
by maintaining a relatively low MSDH concentration, a direct impact on the 
plasma membrane or LMP-caused necrosis can be avoided. Instead MSDH will 
specifically target lysosomes to induce apoptotic pathways. By its ability to form 
vesicles at physiological pH, MSDH is taken up and delivered to the lysosome by 
endocytosis where it disintegrates into small aggregates. The lysosomotropic 
properties of MSDH aggregates cause its concentration to rise several hundredfold 
in the lysosome, and the lipophilic part partition into the membrane, creating 
damage to the lysosomal membrane, leakage of lysosomal proteases and 
induction of cell death.  
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PAPER III
Lysosomal membrane stability is dependent on the membrane composition, 
including the membrane proteins. Previously, we studied cathepsin release upon 
cisplatin-induced LMP and to our surprise, we also found an increased cytosolic 
level of LAMP2 (Eriksson et al. 2013). The aim of this study was to investigate the 
cause of LAMP2 presence in the cytosol and if this LMP-induced translocation was 
an active or passive process. 

Human fibroblasts were challenged with LLOMe to induce LMP. Loss of proton 
gradient occurred within seconds after LLOMe exposure and release of lysosomal 
proteases was evident after a few minutes. Cytosolic detection of the lysosomal 
membrane proteins LAMP1, LAMP2 and LIMP2 occurred in a concentration- and 
time-dependent manner. Downstream of the protease release, a minor subset of 
cells activated caspase-3 dependent apoptosis and underwent concentration-
dependent cell death (Figure 23). 

Figure 23. Timeline of events studied in Paper III. LLOMe-induced lysosomal 
membrane damage results in immediate loss of proton gradient and a rapid recruitment
of ESCRT-proteins. Release of lysosomal proteases occurs after a few minutes, while 
galectin-3 detection of damaged lysosomes occurs later and initiates LC3 recruitment. 
The lysophagic clearance of damaged organelles also generates small lysosomal 
membrane protein complexes (LMPCs). Although the combined effort of ESCRT and 
lysophagy allow a majority of cells to regain lysosomal homeostasis after a few hours, 
the damage is too severe in a subset of cells, where induction of apoptosis and caspase-3 
activation results in cell death.
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Since the transmembrane regions of lysosomal membrane proteins are 
hydrophobic, their presence as soluble proteins in the cytosol are unlikely. The 
fact that cytosolic LAMP2 was co-immunoprecipitated with LAMP1 and resistant 
to trypsin digestion suggested that the lysosomal membrane proteins found in the 
cytosol were present in vesicles. These vesicles were much smaller compared to 
mean lysosomal size, and we named them lysosomal membrane protein 
complexes (LMPCs).  

Recent studies have identified lysosomal membrane repair, lysophagic clearance 
and lysosomal biogenesis as cellular processes to restore lysosomal function 
following LMP (Zhu et al. 2020). Since we did not detect any increase of neither 
newly synthesized nor total protein levels of LAMP2, we concluded that LMPCs 
were not caused by increased lysosomal biogenesis. To further shed light on the 
mechanism, we investigated the activation of lysosomal repair and lysophagy.  

LMP induced recruitment of the ESCRT-proteins CHMP4B and ALIX to damaged 
lysosomes within a few minutes, a recruitment that was at least partly dependent 
on calcium. Inhibition of calcium augmented the apoptotic response, 
demonstrating the importance of ESCRT-mediated lysosomal membrane repair to 
protect from the detrimental effects of LMP. However, ESCRT-mediated 
membrane repair was not involved in the generation of LMPCs. Since ESCRT is 
only capable to repair minor membrane lesions, larger damage requires 
lysophagy to sequester the entire organelle. We detected galectin-3 dependent 
recruitment of LC3 to damaged lysosomes. The LC3 later colocalized with 
Lysotracker, indicating that autophagosomes containing the sequestered 
lysosomes fused with intact lysosomes to allow degradation (Figure 23). 
Lysophagy was also important to protect from cathepsin-induced cell death. 
Inhibition of the lysosomal V-ATPase using Bafilomycin A, or blocking 
autophagosome formation with 3-methyladenine enhanced LLOMe-induced cell 
death. Further, the time dependent increase in galectin-3 and LC3 correlated to 
the increase in LMPCs. Considering that inhibition of the lysophagic machinery 
recruitment, autophagosome formation, and lysosomal-autophagosomal fusion 
decreased the level of LAMP2 protein in the cytosol (Figure 24), we concluded that 
lysophagy was responsible for the generation of LMPCs. 

In summary, lysosomal membrane disruption results in loss of proton gradient 
and release of lysosomal proteases which activates ESCRT-mediated membrane 
repair and lysophagic clearance of damaged lysosomes. Together these 
mechanisms act to regain a functional pool of lysosomes and protect the cell from 
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lysosome-dependent cell death. Lysophagy is also responsible for the generation 
of small vesicles containing lysosomal membrane proteins. We speculate that 
release of LMPCs from autophagosomes, instead of degradation, could benefit 
recycling of material to obtain faster lysosomal biogenesis and replace damaged 
organelles, resulting in restoration of normal cell function.

Figure 24. Lysophagy is responsible for appearance of lysosomal membrane 
proteins in the cytosol. Lysosomal membrane permeabilization causes release of 
cathepsins to the cytosol and a recruitment of galectin-3 to exposed glycans in the 
lysosomal lumen. The galectin-3-dependent tagging of damaged lysosomes results in 
recruitment of LC3-positive phagophores which then fuse with functional lysosomes. The 
resulting degradation of damaged lysosomes generates small vesicles containing 
lysosomal membrane proteins, termed lysosomal membrane protein complexes (LMPCs). 
Inhibition of galectin-3 recruitment (anti-Gal3), autophagosome formation (3-
methyladenine, 3-MA) and lysosomal acidification (Bafilomycin A) reduced protein 
levels of LMPCs in the cytosol. 
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PAPER IV
The lysosomal system is often upregulated in cancer cells to obtain survival 
advantages. Very limited information exists about how these changes affect
lysosomal stability in malignant cells. In this study, we aimed to determine
whether lysosomal stability and lysosomal repair mechanisms were altered in 
cancer cells compared to normal cells and if this affected cell survival and 
malignancy. When comparing primary human melanocytes to malignant 
melanoma cells originating from primary tumors, we found that lysosomes in 
malignant cells were increased in size, protease activity and motility. The 
augmented lysosomal activity rendered malignant cells more sensitive to LLOMe-
induced lysosomal membrane damage compared to melanocytes, which showed 
a lower leakage of cathepsins and were less susceptible to LMP-induced cell death
(Figure 25). 

                                

Figure 25. Comparison of lysosomal features in melanocytes and malignant 
melanoma cells. Melanoma cells exhibit larger, and more protease-active lysosomes 
compared to melanocytes. There is also an increased pool of lysosomes close to the 
plasma membrane, which have a sustained protease activity and acidity in melanoma 
cells. In melanocytes, peripherally located lysosomes are comparably fewer, less acidic 
and less active. Malignant melanoma cells secrete lysosomal cathepsins to the 
extracellular environment, which is not detected in melanocytes. When exposing cells to 
the lysosomal damaging agent LLOMe, malignant melanoma cells are more susceptible 
to damage, and the perinuclear subset is more sensitive compared to the peripheral. In 
melanocytes, all lysosomes appear equally affected by LLOMe. 
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Interestingly, even though melanoma cells exhibited substantial membrane 
damage following LLOMe exposure, they were less prone to activate lysophagic 
clearance compared to melanocytes. When further scrutinizing the activation of 
damage-response mechanisms, it became evident that lysosomes located in close 
vicinity to the plasma membrane in malignant cells were less susceptible to 
LLOMe-induced damage and that galectin-3 recruitment mainly occurred in the 
perinuclear region. While protease activity and acidity were sustained in the 
peripheral population in melanoma, it was reduced in melanocytes.  

Malignant melanoma cells also had a higher proportion of cathepsin-active 
lysosomes in the peripheral region compared to melanocytes, and we detected 
secretion of both cathepsin B and D to the surrounding media in melanoma cells 
but not in melanocytes. Tumor cells can increase the secretion of lysosomal 
proteases to the extracellular environment to facilitate degradation of the ECM 
and potentiate the migrative capacity of the cell. Thus, repositioning of lysosomes 
to the cell periphery enhances lysosomal exocytosis and extracellular release of 
lysosomal content.  

Lysosomal transport between the cell center and cell periphery is facilitated by 
kinesins, dyneins, small GTPases and their effector proteins. Although Rab7a plays 
a role in both retrograde and anterograde movement, its net effect is thought to 
be retrograde (Bucci et al. 2000). We found the protein level of Rab7a 
downregulated in malignant melanoma compared to melanocytes. By 
manipulating the levels of Rab7a, lysosomes in malignant cells were relocated, 
either to the perinuclear region by Rab7a overexpression, or to the periphery by 
Rab7a downregulation. The Rab7a-induced adjacent localization to the nuclus 
increased cellular proliferation, but reduced the migrative capacity and lysosomal 
motility. While the perinuclear localization increased the susceptibility to LLOMe-
induced membrane damage and caused an enhanced recruitment of galectin-3 to 
the damaged lysosomes, a more peripheral location had the opposite effect. Thus, 
in this population the sensitivity was reduced and the recruitment of both 
CHMP4B and galectin-3 diminished.  

In summary, findings in Paper IV show that lysosomal activity is upregulated in 
melanoma cells, where the pool of acidic and active lysosomes in the cell 
periphery, as well as secretion of lysosomal cathepsins, are increased. Moreover, 
tumor-induced downregulation of Rab7a aids the malignant phenotype by 
repositioning lysosomes to the cell periphery. The relocation of lysosomes also 
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reduces their sensitivity to LLOMe-induced LMP. By increasing Rab7a levels, the 
susceptibility to LLOMe can be enhanced (Figure 26).  

Figure 26. Lysosomal membrane stability in melanoma cells is dependent on 
lysosomal localization. Manipulation of Rab7a levels induces a perinuclear or 
peripheral repositioning of the lysosomes. Increasing the perinuclear pool of lysosomes 
sensitizes the cells to LLOMe-induced membrane damage, while peripheral localization 
reduces the susceptibility. Intact lysosomes are depicted in red and damaged in green. 
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DISCUSSION 
IMPLICATIONS OF LYSOSOMAL DAMAGE IN HEALTH AND DISEASE 
Regulation and maintenance of lysosomal membrane integrity are vital for normal 
lysosomal function and cell homeostasis. The focus of this thesis is to describe how 
cells manage insults to the lysosomal membrane in both health and disease. In 
Paper I we show that MMP+-induced ROS production causes loss of lysosomal 
membrane integrity and cell death in a model of PD. The stress applied to the 
neuronal cells results in upregulation of lysosomal cholesterol, which provides 
stability to the lysosomal membrane, but also -
synuclein. Paper II investigates the pH dependent properties of the 
lysosomotropic compound MSDH and affirms the stabilizing effect of cholesterol 
in lysosomal membranes. Papers III and IV investigate the repair mechanisms 
activated upon loss of lysosomal membrane integrity, under normal conditions 
and in malignant cells.  

Loss of lysosomal membrane integrity and release of cathepsins to the cytosol can 
induce cell death with both apoptotic and necrotic features, depending on the 
extent of damage (Repnik et al. 2014). We find that limited leakage of cathepsins 
results in caspase-3 activation and cell death with apoptotic features in Papers I-
III. In Paper I, we show that cell death can partly be rescued by using a pan-caspase 
inhibitor, and in Paper III, caspase inhibition shifts the cell death pathway to a 
more necrotic-like response. In agreement with previous studies (Aits et al. 2013), 
these results indicate that LMP can also involve caspase-independent apoptotic or 
necrotic cell death pathways. Substantial lysosomal damage is associated with 
plasma membrane rupture, which suggests involvement of necrotic-associated 
pathways. Cathepsins can induce caspase-1 dependent activation of the NLR3P3 

(Lima et al. 2013), and 
in fibroblasts exposed to intermediate concentrations of 

LLOMe in Paper III. NLRP3-dependent activation of pyroptosis is suggested to be 
inhibited upon complete rupture of the lysosomal membrane, where caspase-1 
independent cell death is activated instead (Katsnelson et al. 2016). However, in 
our studies of LMP, we use inducers at low concentrations that do not inflict 
plasma membrane damage or activate the NLRP3 inflammasome. 

By inducing a PD phenotype with inhibition of normal mitochondrial function and 
increased ROS in Paper I, we show activation of LMP and release of cathepsins to 
the cytosol, which affect the viability of the neuroblastoma cell line BE(2)-M17. 
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This is in agreement with a previous study showing that MPP+ causes loss of 
proton gradient and release of lysosomal cathepsins, resulting in depletion of 
lysosomes, inhibition of autophagosome-lysosome fusion and augmented cell 
death (Dehay et al. 2010). MPP+ has been shown to induce Bax translocation to 
both the mitochondrial membrane and the lysosomal membrane, causing MOMP 
and LMP, respectively (Bove et al. 2014). Although LMP is detected before MOMP 
in the study, the events are determined to occur independently of each other. We 
find that inhibition of lysosomal proteases reduces, but not fully protects from 
MPP+-induced cell death. However, by inhibiting ROS-induced membrane damage 
using the antioxidant -tocopherol, cell death is almost completely abolished. 
Since ROS is a known destabilizer of the lysosomal membrane (Terman et al. 
2013), this indicates that oxidative stress caused by impaired mitochondrial 
function will induce downstream lysosomal membrane damage and cell death.  

In Paper I, we also detect augmented levels of oligomeric -synuclein, as well as a 
reduced autophagic flux after MPP+ exposure. Decreased lysosomal function is a 
hallmark in PD, and results in a build-up of non-degradable -synuclein 
aggregates in the lysosomal lumen, which eventually causes LMP (Freeman et al. 
2013, Jiang et al. 2017). It will also affect mitophagy, the specialized autophagic 
clearance of damaged mitochondria, with elevated ROS and oxidative stress as 
consequence (Cai et al. 2020), which further enhances lysosomal membrane 
damage (Figure 27). Recently, LMP has also been implicated in the spreading of 
pathological -synuclein, where endocytosed -synuclein aggregates can induce 
lysosomal rupture and cause seeding of soluble cytoplasmic -synuclein in the 
recipient cell (Jiang et al. 2017, Dilsizoglu Senol et al. 2021).  
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Figure 27. The involvement of lysosomal membrane permeabilization in 
Parkinson’s disease. Oxidative stress, the hallmark of neurodegenerative diseases, 
mainly originates from aged mitochondria. Loss of mitochondrial membrane integrity 
results in mitochondrial outer membrane permeabilization (MOMP). This leads to
release of cytochrome c and reactive oxygen species (ROS), inducing cell death. The latter 
can also cause lysosomal membrane permeabilization (LMP) and release of cathepsins 
to the cytosol. Normally, damaged mitochondria are removed by mitophagy, which 
protects from MOMP and subsequent cell death. However, neurodegenerative diseases 
are also associated with impaired lysosomal activity, which, in combination with LMP-
induced loss of lysosomal function, reduces the mitophagic clearance of damaged 
mitochondria. The reduced lysosomal function also augments -synuclein aggregation
to further promote LMP and cell death. Pathogenic -synuclein aggregates released to 
the cytosol upon LMP can also induce seeding of soluble -synuclein which contributes 
to disease progression. 

While reduced lysosomal function is seen in neurodegenerative diseases, 
tumorigenesis is associated with an increase in the lysosomal system, where 
lysosomal volume, quantity, composition and distribution are changed to facilitate 
the altered metabolic need of the cancer cell (Kallunki et al. 2013). In Paper IV, we 
demonstrate increased lysosomal size, protease activity and motility of lysosomes 
in malignant melanoma cells compared to lysosomes in normal melanocytes. We 
also find lysosomes in normal melanocytes more resistant to LMP compared to 
lysosomes in malignant cells. In line with this, earlier reports have demonstrated
that oncogenic transformation of cell lines or spontaneous immortalization of 
mouse embryonic fibroblasts renders cells more susceptible to lysosomal damage
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(Fehrenbacher et al. 2004, Ostenfeld et al. 2005, Petersen et al. 2013). To compare 
the lysosomal stability, the same concentration of LLOMe was used in malignant 
melanoma cells and melanocytes. Melanoma cells show larger and more sustained 
LMP, accompanied by substantial release of cathepsins to the cytosol. 
Melanocytes, on the other hand, are less affected and hardly any cathepsins could 
be detected in the cytosol (~3% of total levels compared to ~30% in malignant 
melanoma).  

The results found in this thesis indicate that cells harbor different mechanisms to 
cope with LMP, and that these mechanisms can be affected in diseases. Below, the 
cellular responses to impaired lysosomal membrane integrity and their influence 
on maintaining normal cell function and disease progression are discussed. 

CHOLESTEROL IN LYSOSOMAL MEMBRANE STABILITY 
Previous research in our group has demonstrated that accumulation of lysosomal 
cholesterol, either induced by U18666A or in cells from a patient with Niemann-
Pick type C1 disease, reduces the sensitivity to LMP (Appelqvist et al. 2011, 
Appelqvist et al. 2012). It was also confirmed that U1866A-induced augmented 
lysosomal cholesterol partly localizes to the limiting membrane of the lysosome 
(Appelqvist et al. 2011). Similar results were also found in LAMP1/LAMP2 
knockdown cells, which accumulated cholesterol in both the limiting and the 
intraluminal membrane (Eskelinen et al. 2004). Thus, lysosomal cholesterol 
accumulation has a direct stabilizing role in the limiting lysosomal membrane.  

Results in Paper I and II establish that increased accumulation of lysosomal 
cholesterol stabilizes the lysosomal membrane, which protects the cell from LMP 
and downstream cell death induction. However, in the PD model we show that 
cholesterol accumulation also augments the levels of oligomeric -synuclein, 
indicating a dual role of cholesterol. The impact of cholesterol in 
neurodegenerative diseases is under intense debate, where blood cholesterol 
levels have been linked to higher, lower or no progression of the disease (Xicoy et 
al. 2019). Several pathological mutations known to cause neurodegenerative 
diseases are associated with impaired cholesterol biosynthesis, although the 
outcome of the mutations can vary. For example, mutations in GBA1 lead to 
intracellular cholesterol accumulation, while mutated leucine-rich repeat kinase 
2 (LRRK2) results in high serum cholesterol levels.  

We also find that MPP+ causes impaired autophagy, which is further aggravated 
by U18666A-induced cholesterol accumulation. Recently, it has been shown that 
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cholesterol accumulation, caused by mutations in the GBA1 gene, encoding -
glucocerebrosidase-1, impedes autophagosome-lysosome fusion in PD patients, 
which results in impaired degradation of -synuclein (Garcia-Sanz et al. 2017). 
The same is also found in an AD-mouse model, where increased cholesterol 
disrupts fusion and augments A  accumulation (Barbero-Camps et al. 2018).  

-synuclein is mainly regulated by CMA, although 
macroautophagy can be upregulated as a compensatory mechanism when CMA is 
inhibited (Cuervo et al. 2004, Xilouri et al. 2009). In line with this, we show that 
MPP+- -synuclein colocalizes with LAMP2a, and that the colocalization is 
enhanced by U18666A-induced cholesterol accumulation. This implicates CMA as 
the responsible degradative pathway for cholesterol-induced -synuclein 
oligomers. Although not discussed in the paper, we did also observe reduction of 
LAMP2a molecular weight after U18666A treatment, which suggests a 
cholesterol-induced proteolytic processing of LAMP2a. CMA is dependent on the 
ability of LAMP2a receptors to form multimeric complexes, which allow 
translocation of cytosolic substrates (Bandyopadhyay et al. 2008). The 
oligomerization of LAMP2a only occurs outside of cholesterol-rich lipid rafts, 
while proteins localized within lipid microdomains are susceptible to proteolytic 
cleavage and degradation (Kaushik et al. 2006). Depletion of cholesterol from the 
rafts enhances CMA activity, while lysosomal cholesterol loading increases 
LAMP2a proteolysis and reduces CMA. Thus, lysosomal cholesterol accumulation 
can induce degradation of LAMP2a, which reduces the ability to clear the cell from 

-synuclein and enhances protein aggregation. 

Moreover, oxidative stress causes oxidation of lipids, including cholesterol. 
Oxidized cholesterol metabolites are elevated in the frontal cortex of patients with 
Lewy body dementia, a disease characterized by deposits -
synuclein in Lewy bodies (Bosco et al. 2006). The oxidized cholesterol metabolites 

-synuclein aggregation, demonstrating the relationship between 
oxidative stress, cholesterol and -synuclein aggregation in PD pathogenesis.  

R -synuclein results in an 
accumulative build-up of aggregates, which eventually leads to lysosomal rupture 
(Flavin et al. 2017). Thus, although cholesterol stabilizes the lysosomal membrane 
and makes it more resistant to LMP in our PD model, the accumula -
synuclein aggregates will eventually destabilize the lysosome and cause LMP-
induced cell death. Together, this will cause a snowball effect, where cholesterol 
accumulation impedes lysosomal function -synuclein aggregation, 
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which eventually leads to membrane permeabilization. The consequence is a 
reduced number of functional lysosomes, which further inhibits lysosomal 
degradation and causes -synuclein aggregation and lysosomal 
damage.  

LYSOSOMAL DAMAGE-RESPONSE MECHANISMS 
ACTIVATION OF MEMBRANE REPAIR AND LYSOPHAGY 
Recent studies have clearly established that cells are able to activate lysosomal 
membrane repair or lysophagic clearance to protect from the potentially harmful 
effects of cytosolic located hydrolytic enzymes (Papadopoulos et al. 2020). The 
choice between repair and lysophagic sequestration depends on the extent of the 
damage. Repair mechanisms rapidly respond to, and are activated by, a local 
increase in cytosolic calcium, caused by release from minor perforations in the 
lysosomal membrane (Skowyra et al. 2018). Lysophagy on the other hand occurs 
later and is activated by ubiquitination of galectins, which have bound to glycans 
exposed in the lysosomal lumen (Maejima et al. 2013). When analysing the 
damage-response mechanisms activated after LMP induction, we detect an 
immediate loss of LysoTracker staining, indicating loss of the proton gradient and 
thus a reduced lysosomal acidity. This is followed by a rapid recruitment of ALIX 
and CHMP4B, where colocalization with lysosomal membrane proteins is 
maximized within minutes after LMP induction. This is in agreement with 
previous studies demonstrating that lysosomal damage rapidly activates proteins 
belonging to ESCRT-III (Radulovic et al. 2018, Skowyra et al. 2018). These studies 
show that recruitment is dependent on TGS101 and ALIX, and knockdown of ALIX 
and especially TSG101 augments the apoptotic response (Radulovic et al. 2018). 
ALIX colocalizes with its partner ALG2, a calcium-binding protein that has been 
shown to facilitate the accumulation of ALIX on damaged membranes (Scheffer et 
al. 2014, Skowyra et al. 2018). We confirm the calcium dependence shown by 
Skowyra et al., as recruitment of ALIX and CHMP4B is reduced when using the 
calcium chelator BAPTA-AM (Skowyra et al. 2018). However, BAPTA-AM cannot 
fully prevent the recruitment of CHMP4B, which might indicate that other 
mechanisms are also involved in ESCRT-III activation, which has been suggested 
by Radulovic et al. (Radulovic et al. 2018). 

Following ESCRT recruitment, we detect galectin-3 staining in lysosomes with 
sustained loss of proton gradient. While ALIX and CHMP4B localize to lysosomes 
within minutes, galectin-3 recruitment occurs later and is maximized after a few 
hours, which is consistent with previous studies (Radulovic et al. 2018, Skowyra 
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et al. 2018). Binding of galectins to exposed glycans in the lysosomal lumen has 
been shown to target the damaged lysosomes for lysophagic clearance (Thurston 
et al. 2012, Chauhan et al. 2016) and in line with this, we find that the autophagic 
protein LC3 is recruited to lysosomes positive for galectin-3. The LC3 recruitment 
is followed by increased colocalization between LC3 and LysoTracker-positive 
lysosomes, indicating that autophagosomes fuse with intact lysosomes to allow 
degradation of the damaged lysosome and restoration of lysosomal function. LMP, 
substantial enough to impair the proteolytic activity and lysosomal acidity, will 
result in a reduction or even depletion of functional lysosomes. This will 
eventually affect the autophagic function since there will be no lysosomes 
available for fusion with autophagosomes. Thus, activation of lysophagy is 
suggested to be indispensable for maintaining cellular homeostasis (Maejima et 
al. 2013). 

The discoveries of lysosomal repair mechanisms and lysophagy activation is 
relatively recent, and it is tempting to separate the two processes completely, 
arguing that ESCRT-mediated repair results in survival as it prevents release of 
cathepsins, while lysophagic clearance mainly acts as a damage-control 
mechanism after the harm is already done. However, in Paper III, we demonstrate 
that while inhibition of ESCRT-recruitment substantially enhances LMP-induced 
apoptosis as expected, lysophagic sequestration also reduces apoptosis induction 
and prevents cell death. If left unattended, lysosomal membrane damage will 
result in prolonged leakage of lysosomal content to the cytosol, which will 
promote the cytotoxic effect of cathepsins (Papadopoulos et al. 2017). The 
cathepsins can e.g., activate NLRP3-induced inflammation, which is highly 
associated with PD and other neurodegenerative diseases (Wang et al. 2019). 
Thus, the combined action of ESCRT-mediated repair and lysophagic clearance is 
necessary to restore lysosomal membrane integrity and reduce the detrimental 
effects of LMP.  

As previously mentioned, tumorigenic lysosomal changes are suggested to 
increase the susceptibility to LMP induction, which we confirm when comparing 
melanocytes to malignant melanoma in Paper IV. We also demonstrate that the 
cells differ in the damage-response mechanisms activated. Although the lysosomal 
membrane damage is rather limited in melanocytes, these cells activate both 
ESCRT-mediated repair and lysophagy, even though ESCRT-recruitment is 
favoured. In melanoma cells ESCRT activation is substantial, and several folds 
higher compared to melanocytes, which is expected since these cells are more 
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affected by LLOMe-induced lysosomal membrane damage. However, malignant 
cells are not as prone to induce lysophagic clearance and probably, as a 
consequence, they are more sensitive to LMP-induced cell death. The failure to 
activate lysophagy is unexpected since various types of cancer, including 
malignant melanoma, show elevated levels of autophagy (Amaravadi et al. 2016). 

RESTORATION OF LYSOSOMAL FUNCTION VIA VESICLE FORMATION 
We find that immediate loss of lysosomal membrane integrity after LMP induction 
causes depletion of functional lysosomes. Since cell homeostasis is dependent on 
lysosomal activity, it is essential to rapidly restore a pool of functional lysosomes 
after lysosomal damage. In Paper III, we show that lysosomes start to recover after 
a few hours, regaining their proteolytic activity and acidity. At the same time, we 
detect small vesicles containing lysosomal membrane proteins, which originate 
from the lysophagic clearance of damaged lysosomes. In line with this, a previous 
study showed that lysosomes can be reformed via a process termed autophagic 
lysosomal reformation (ALR) (Yu et al. 2010). During starvation, lysosomes fuse 
with autophagosomes to degrade sequestered material, which occupies functional 
lysosomes. To regain a pool of lysosomes under prolonged starvation, tubular 
structures that extrude from autolysosomes are formed, followed by vesicle 
budding from the tubules. Initially, the vesicles are positive for LAMP1 while 
rather empty inside, but eventually they acquire acidity and proteolytic activity, 
and are suggested to mature into functionally active lysosomes. Thus, the LMPCs 
we detect after LMP in Paper III might be caused by a mechanism related to ALR, 
as a mean to regain a functional pool of lysosomes after LMP. ALR is dependent on 
reactivation of mTOR and requires functional microtubules (Yu et al. 2010). The 
small GTPase Rab7 is also suggested to play a regulatory role since treatment with 
a non-hydrolyzable analogue of GTP completely inhibits ALR. Interestingly, the 
kinesin-1 lysosomal motor protein KIF5B is required for tubular formation, by 
providing a pulling force along the microtubule (Du et al. 2016). Together, this 
indicates a role of microtubule associated motor proteins in the reformation of 
lysosomes.  

Recently, another tubular-forming mechanism to release vesicles from damaged 
lysosomes was discovered, which is also dependent on proteins associated to 
microtubule-mediated lysosomal movement. During this process, LRRK2-
dependent phosphorylation of Rab10 recruits JIP4 to damaged lysosomes (Bonet-
Ponce et al. 2020). JIP4 then mediates the formation of tubular structures 
protruding from the damaged lysosome, a process that is dependent on functional 
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microtubules. The formed tubules undergo scission to release small vesicles to the 
cytosol, and the vesicles are then shown to interact with functional lysosomes, 
both transiently and more persistently. LRRK2-dependent vesicle formation is 
suggested to be separate from lysosome-reformation since the tubules are 
negative for LAMP1. Also, LRRK2 recruitment occurs before galectin-3 puncta is 
detected and inhibition of LRRK2 has no effect on LC3 recruitment, suggesting an 
autophagy/lysophagy-independent mechanism. Thus, it appears that several 
mechanisms exist to induce lysosomal reformation and/or reuse of lysosomal 
membrane components following lysosomal membrane damage.  

LYSOSOMAL POSITIONING  
Lysosomes shuttle between the center of the cell and the cell periphery on 
microtubule tracks, and recently it was suggested that lysosomes have different 
functions depending on their localization (Bright et al. 2016). While nuclear-
adjacent lysosomes have high acidity and protease activity to allow participation 
in autophagic degradation, a peripheral position is associated with higher pH, 
reduced protease activity, and involvement in plasma membrane repair (Bright et 
al. 2016, Encarnacao et al. 2016, Johnson et al. 2016). In Paper IV, we demonstrate 
that peripherally located lysosomes have higher pH and reduced proteolytic 
activity compared to the perinuclear subset, in human primary melanocytes. This 
is probably beneficial in lysosomes that fuse with the plasma membrane, since it 
reduces the degradative capacity of secreted proteases. However, in contrast to 
previous studies in HeLa cells (Johnson et al. 2016), we show that peripheral 
lysosomes in malignant melanoma have a preserved lysosomal pH and protease 
activity. Considering that lysosomal exocytosis promotes the metastatic capacity 
of malignant cells (Hamalisto et al. 2016), the maintained proteolytic activity and 
acidity of lysosomes in malignant cells would further amplify this effect and 
provide advantages during spreading. 

Lysosomal positioning is regulated by motor protein complexes, their adaptor 
proteins and small GTPases. A major player in lysosomal transport is the GTPase 
Rab7a, which can orchestrate both anterograde and retrograde lysosomal 
movement (Cabukusta et al. 2018). In malignant melanoma, tumor 
transformation can be regulated by controlling Rab7a expression. 
Immunohistochemical investigation of primary melanoma shows a Rab7a 
expression gradient, where the highest protein levels are found in the center of 
the tumor mass, and the expression is then reduced towards the invasive edge 
(Alonso-Curbelo et al. 2014). In Paper IV, we show that Rab7a expression is 
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reduced in malignant melanoma cells as compared to melanocytes. Moreover, 
Rab7a overexpression in melanoma cells enhances cell proliferation, but reduces 
cell migration, which is consistent with the results shown by Alonso-Curbelo et al 
(Alonso-Curbelo et al. 2014). We also demonstrate that reduced Rab7a expression 
stimulates peripheral positioning of lysosomes, while increased expression has 
the opposite effect. Thus, the Rab7a tuning, detected in malignant melanoma, 
promotes metastatic behavior by allowing rerouting of lysosomes to the cell 
periphery. Supporting this, knockdown of Rab7a induces an invasive phenotype 
in both prostate cancer and gastric cancer (Steffan et al. 2014, Liu et al. 2020). 

We also show that different subsets of lysosomes vary in their susceptibility to 
LMP-induction in malignant melanoma. The peripheral lysosomes show high 
resistance to LMP, while the perinuclear subset is more sensitive. Repositioning 
of lysosomes by manipulating Rab7a-expression allows us to alter both the 
sensitivity to LMP and activation of damage-response mechanisms. Relocation to 
the perinuclear area by increased Rab7a expression generates lysosomes with 
higher sensitivity towards LLOMe-induced lysosomal membrane damage. The 
lysosomes are also more prone to activate lysophagy. Peripheral repositioning 
reduces the sensitivity to LLOMe and results in diminished activation of both 
ESCRT and lysophagy. While a perinuclear localization enhances autophagosome-
lysosome fusion, it is reduced in lysosomes that are repositioned to the cell 
periphery (Korolchuk et al. 2011, Bright et al. 2016). Thus, the lysosomal 
localization might affect the ability of lysophagic clearance. Further, since 
autophagosome-lysosome fusion is dependent on Rab7, the reduced Rab7a 
expression seen in malignant melanoma might also explain the impaired ability to 
perform lysophagy. 

HER2 (human epidermal growth factor receptor 2) is a known oncogene 
associated with treatment resistance in several types of cancer. Interestingly, 
pathogenic expression of HER2 is associated with repositioning of lysosomes to 
the cell periphery. In a drug screen, Hansen et al. identified several drugs able to 
relocate lysosomes to the perinuclear area. This induced LMP and reverted the 
invasive phenotype in breast cancer cells resistant to the HER2 targeting drug 
Lapatinib (Hansen et al. 2021). Thus, by inducing a more perinuclear lysosomal 
localization it is possible to enhance the effect of lysosome-destabilizing drugs, as 
well as reduce the invasive phenotype, to improve chemotherapeutic therapy in 
treatment resistant cells. 
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CONCLUSIONS 
The following conclusions can be drawn based on the results presented in this 
thesis: 

 Reactive oxygen species are generated in the MPP+-induced PD model and 
cause LMP with subsequent cell death, as well as augmented lysosomal 
cholesterol. 
 

 Lysosomal cholesterol upregulation stabilizes the lysosomal membrane 
-

synuclein aggregation and impairs autophagy, which aggravates PD 
pathology.  
 

 Statin treatment reduces the MPP+-induced cytotoxicity by preventing 
oxidative stress rather than reducing cholesterol.  
 

 The lysosomotropic detergent MSDH is taken up as vesicles via endocytic 
pathways and is delivered to the lysosome to induce LMP.  
 

 MSDH is disassembled and protonized at acidic pH in the lysosome, which 
promotes accumulation of high concentrations and efficient LMP. 
 

 LMP induces rapid calcium-dependent recruitment of ESCRT proteins to 
facilitate lysosomal membrane repair, followed by lysophagic clearance of 
lysosomes harboring non-repairable damage. The joint action of the two 
repair mechanisms protects against LMP-induced cell death. 
 

 Lysophagy generates small membrane vesicles containing lysosomal 
membrane proteins that might be used to facilitate generation/biogenesis 
of new lysosomes.  
 

 Malignant melanoma cells have an upregulated lysosomal system, and are 
more sensitive to LLOMe-induced LMP, compared to melanocytes. 
Malignant cells are also less prone to activate lysophagy, although the 
membrane damage is more severe. 
 

 Rab7a expression is low in malignant cells and promotes peripheral 
location of lysosomes, which are less susceptible to LLOMe-induced LMP. 
 

 Enhancement of Rab7a expression causes relocation of lysosomes to the 
perinuclear region and augments their sensitivity to LMP.
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CLINICAL IMPLICATIONS  
INDUCTION OF LYSOSOMAL DAMAGE AS A THERAPEUTIC STRATEGY 
Cancer cells often display reduced sensitivity to cell death induction via classical 
apoptotic pathways, and a major problem in cancer therapy is the development of 
multidrug resistance (Groth-Pedersen et al. 2013). Tumor cells can acquire 
treatment resistance via several different pathways, including lysosomal 
overexpression of P-glycoprotein, an ATP-dependent efflux pump (Yamagishi et 
al. 2013). P-glycoprotein pumps cytotoxic drugs into the lysosome, trapping them 
inside. Several chemotherapeutic agents also have lysosomotropic features and 
can passively diffuse over the membrane into the lysosomal lumen, where they 
are trapped due to protonation (Ostenfeld et al. 2008, Geisslinger et al. 2020). 
Lysosomal sequestration prevents the drugs from reaching their intracellular 
target, and drug accumulation inside the lysosomal lumen inhibits the activity of 
the lysosome. As a response to reduced lysosomal function, the cell activates 
lysosomal biogenesis to produce more functional lysosomes. Consequently, the 
sequestration capacity of lysosomes increases, which further aggravates the 
chemotherapeutic resistance (Zhitomirsky et al. 2015). Lysosomal changes 
associated with tumor aggressiveness, such as increased lysosomal volume, 
enhanced proteolytic activity and rerouting to the cell periphery might also 
contribute to multidrug resistance (Groth-Pedersen et al. 2013).  

In contrast, as previously described, tumorigenic changes of lysosomal properties 
and accumulation of cytostatic drugs in the lysosomal lumen have been suggested 
to destabilize the lysosomal membrane, making lysosomes more sensitive to 
lysosomal damage (Kallunki et al. 2013). Cationic amphiphilic drugs (CADs) are a 
group of lysosome-targeting drugs that are emerging as promising candidates to 
overcome treatment resistance in cancer therapy by their ability to accumulate 
inside the lysosome (Hu et al. 2020). These drugs have lysosomotropic and 
membrane-integrating properties, and are normally used to treat a variety of 
different conditions, such as allergy and psychiatric disorders (Halliwell 1997, 
Kornhuber et al. 2010). Several CADs have been shown to revert multidrug 
resistance, either by increasing lysosomal pH or by destabilizing the lysosomal 
membrane (Groth-Pedersen et al. 2013). The lysosomal accumulation results in 
incorporation of CADs into intraluminal membranes, which neutralizes the BMP-
mediated negative membrane charge. This in turn will inhibit sphingolipid 
degradation, and increase accumulation of sphingomyelin, which sensitizes the 
cells to LMP (Ellegaard et al. 2021). Sphingolipid metabolism is often altered in 
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malignant cells, which is why cancer cells are suggested to be more susceptible to 
CADs (Petersen et al. 2013). Recently, a Danish cohort study of patients with 
metastatic cancer showed that concomitant use of CAD antihistamines, at doses 
used to treat allergy, and standard chemotherapeutic drugs is associated with 
significantly reduced patient mortality rate (Ellegaard et al. 2016). In addition, 
antimalarial drugs used clinically are found to sensitize resistant cancer cells to 
chemotherapeutic agents via lysosomal membrane destabilization (Choi et al. 
2016, Circu et al. 2017). 

Besides CADs, the use of lysosome-specific nanoparticles is emerging as a 
potential therapeutic approach to induce cytotoxicity via lysosomal membrane 
permeabilization (Allemailem et al. 2021). These particles can either induce LMP 
directly, or by acting as carriers of chemotherapeutic drugs (Domenech et al. 2013, 
Zhang et al. 2013). The results in Paper II demonstrates that MSDH is taken up by 
endocytosis to reach the lysosome. By utilizing lysosomotropic agents with 
properties similar to MSDH, which forms vesicles at physiological pH, 
chemotherapeutic drugs could be encapsulated. Once the vesicles disintegrate at 
acidic pH, the chemotherapeutic drug would be freed and, due to the membrane 
damaging effects of the lysosomotropic detergent, released to the cytosol. Thus, 
the lysosomotropic agent would specifically target lysosomes, and act as both a 
drug-delivery system and an LMP-inducer. 

Together, this raises the possibility to utilize combination therapies of lysosome-
specific agents together with cytostatic drugs to overcome drug resistance, and to 
specifically target malignant cells.  
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TARGETING LYSOSOMAL DAMAGE RESPONSE MECHANISMS 
Lysophagic clearance is important in neurodegenerative diseases as a mechanism 
to clear the cell from damaged lysosomes, caused by accumulation of neurotoxic 
aggregates (Bussi et al. 2018, Herbst et al. 2020). A -
synuclein induces LMP, which is followed by activation of lysophagy to remove 
the damaged lysosomes (Bussi et al. 2018). Activation of lysophagy can also 
reduce seeding of neurotoxic aggregates in vitro (Papadopoulos et al. 2017, Falcon 
et al. 2018). However, it has been shown that ruptured lysosomes accumulate and 
fuse into larger structures resembling Lewy bodies, while the pool of intact 
lysosomes is reduced, indicating that the decreased lysosomal function prevents 
disposal of neurotoxic aggregates (Flavin et al. 2017). Thus, enhancing autophagy 
and lysophagic clearance would diminish the build-up of neurotoxic aggregates, 
and reduce seeding to cytosolic soluble proteins. Supporting this, studies have 
shown that activation of -glucocerebrosidase, which results in increased 
sphingolipid metabolism, restores lysosomal function and enhances clearance of 

-synuclein (Mazzulli et al. 2016). Several studies have also 
demonstrated the role for TFEB-mediated transcription in neurodegenerative 
diseases to enhance degradation of neurotoxic aggregates and attenuate neuronal 
cell death (Sardiello et al. 2009, Dehay et al. 2010, Decressac et al. 2013). In line 
with this, several small TFEB-activating molecules are emerging as promising 
potential drugs in neurodegenerative diseases, both by activating TFEB directly, 
or by affecting upstream signaling pathways (Song et al. 2021). However, due to 
the potential harmful side effects caused by TFEB upregulation, more research is 
required to investigate all functions for these molecules.  

Furthermore, low expression of galectin-9 is detected in several gastrointestinal 
diseases, such as inflammatory bowel disease, and is associated with increased 
sensitivity to LMP (Sudhakar et al. 2020). At steady state conditions, galectin-9 
binds to N-glycosylated LAMP2 in gut epithelial cells, and mutations in LAMP2 N-
glycosylation sites increase the susceptibility to LMP and apoptosis. Non-
functional galectin-9 is associated with impaired defense against microbial 
infection, colitis and pancreatic disorders, demonstrating the potential benefits of 
enhancing lysophagic clearance in inflammatory gastrointestinal diseases. 

Altered ESCRT-mediated repair has also been implicated in the pathogenesis of 
neurodegenerative diseases. The PD related kinase LRRK2 was recently shown to 
phosphorylate the small GTPase Rab8a, which then recruits CHMP4B to damaged 
lysosomes in a calcium-dependent manner (Herbst et al. 2020). However, in the 
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absence of LRRK2, lysophagy is activated and the authors suggest that PD-
associated LRRK2 mutations would favour membrane repair instead of lysophagic 
clearance. Moreover, knockdown of the ESCRT proteins CHMP6, CHMP2A and 
CHMP2B results in lysosomal damage and seeding of tau aggregates, indicating a 
protective role for ESCRT-mediated repair in neurotoxic propagation (Chen et al. 
2019). Spencer et al. investigated the premises for ESCRT in the endocytic uptake 
of -synuclein and found that knockdown of the ESCRT-III protein CHMP2B in 

-synuclein results -synuclein 
to the extracellular media (Spencer et al. 2016). Although the authors did not 
investigate lysosomal rupture or ESCRT-mediated lysosomal repair, they 
conclude that downregulation of CHMP2B reduces the capacity of the cell to clear 

-synuclein and increases its secretion. Together, these results suggest a role for 
ESCRT-mediated repair and lysophagic removal to protect against the 
pathological effects of LMP in neurodegenerative diseases.  
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FUTURE PERSPECTIVES 
The results in Paper III and IV open up for further investigations regarding 
damage-response mechanisms. First of all, it would be interesting to further 
explore the formation of LMPCs after lysosomal membrane damage and 
investigate the dependence of lysosomal transport proteins in their generation. 
Due to the divergent activation of damage response mechanisms in normal and 
malignant cells, experiments including the regeneration of vesicles after 
membrane repair and lysophagy would aid our understanding of the cellular 
responses to lysosomal membrane damage.  

Moreover, in-depth study of why malignant melanoma cells, that are more 
affected by LLOMe-induced membrane damage, are less prone to activate 
lysophagy, is required. Galectins, including galectin-3, are involved in tumor 
progression, and expression of galectin-3 is positively correlated to melanoma 
metastasis. The cellular localization of galectins is often altered in cancer, and they 
are shown to act both on the cell surface and in the extracellular space. By further 
scrutinizing this, it could be possible to explain whether the altered localization 
affects the ability of malignant cells to activate lysophagy or not.  

LLOMe is dependent on cathepsin C for its activation (Thiele et al. 1990), which 
might be a disadvantage when studying lysosomal populations with different 
luminal pH. Thus, to identify general mechanisms, it is of importance to investigate 
other direct or indirect LMP-inducers. The main risk factor in the development of 
malignant melanoma is exposure to UV radiation (Khan et al. 2018). We have 
previously shown that both UVA and UVB cause LMP (Waster et al. 2009) and it 
would be intriguing to further investigate the implications of lysosomal damage-
response mechanisms and cell survival in UV-mediated lysosomal damage.  

Deficient autophagy and reduced lysosomal function are involved in 
neurodegenerative diseases, and defects in lysophagic activation are tightly 
interconnected. However, our knowledge is limited about lysosomal membrane 
repair and its implications for lysosomal damage, which results in both cell death 
and seeding of neurotoxic aggregates. Gain-of-function mutations in LRRK2 is the 
most common genetic cause of PD. As previously mentioned, LRRK2 is suggested 
to enhance ESCRT-mediated repair while lysophagy is activated when LRRK2 is 
depleted. It has also been shown that wild type LRRK2 interacts with Rab7 to 
negatively regulate Rab7-induced retrograde lysosomal transport, while a 
pathogenic mutant form promotes perinuclear clustering (Dodson et al. 2012). 
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Thus, it would be interesting to further scrutinize the effect of Rab7 and LRRK2 
for the activation of ESCRT-mediated repair and lysophagy, as well as in the 
generation of lysosome-originating vesicles following membrane damage.  
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TACK! 
Jag vill rikta ett stort tack till alla som på olika sätt stöttat mig under min 
doktorandtid och bidragit till att den här avhandlingen äntligen är klar. 

Först och främst, min huvudhandledare Karin. Det är nu 14 (!) år sedan jag som 
ung och osäker student fick chansen att göra mitt studentprojekt hos dig. Man kan 
väl säga att det har hänt lite sedan dess, jag hoppas och tror att jag är lite mer 
självständig nu. Tack för allt ditt tålamod, att du generöst delar med dig av all din 
kunskap och att din dörr alltid står öppen, oavsett vad det handlar om (det är inte 
alla som har förmånen att ha en handledare som även ställer upp som hundvakt 
när det behövs).  

Petra – det är tack vare dig jag började doktorera. Tack för att du varit min 
biträdande handledare, bollplank, terapeut, reseledare och mycket annat under 
de här åren. Saknar att bara kunna vända mig om på kontoret och ställa en fråga, 
högt eller lågt, om vad som helst. Tur att du fortfarande bara finns ett samtal bort, 
jag hoppas att det kommer förbli så framöver också.  

Stig – tack för att du varit min biträdande handledare. Din expertis i fältet har 
hjälpt oss att tackla flera hinder på vägen och definitivt bidragit till att jag lyckades 
slutföra arbete III till slut.  

Linda V – tack för all hjälp de här åren. Jag uppskattar verkligen att du ställer upp 
i vått och torrt, särskilt de här sista månaderna. Jag lovar att jag ska bli lite mer 
behjälplig från och med nu!  

Hanna – även om du inte tillhört vår grupp på pappret på flera år så går det liksom 
inte att tvätta bort den stämpeln. Tack för all hjälp och stöttning under åren, och 
för alla resor vi varit på. Vad kul vi haft! 

Ana – thank you for having me as your co-author on Paper II. Your positive 
attitude towards everything is so inspirational and I really miss having you in our 
group.  

Ett särskilt tack till Thomas Ederth för att du tog dig tid att läsa genom delar av 
avhandlingen och hjälpa mig förstå de biofysiska delarna i arbete II. Tack också till 
övriga medförfattare Sangeeta Nath, Per Bornefall, Timmy Fyrner och Stefan 
Wennmalm.  
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Vesa – tack för all hjälp och tips om mikroskopering, bildanalys, datorer med 
mera. Och för att du är så härligt positivt negativ när det gäller allt! 

Maria – thank you for all your help preparing my immuno-EM samples and trying 
out protocols.  

Linda R – First a student and soon a fellow coworker. I am so happy that you have 
joined our group, even though it means that I am no longer the youngest (a title 
that I have uphold for 14 years).  

Alla nuvarande och före detta kollegor på Patologen för den trevliga stämning 
ni skapar. Katarina, för din positivitet och förmåga att få alla att känna sig 
välkomna. Karin R, för att jag kan utnyttja din stora erfarenhet när det gäller 
celler och cellodling, det är guld värt. Max, tack för all din hjälp när vi skulle göra 
immuno-EM, jag hade inte klarat det utan dig. Emilia, för att jag alltid kan fråga 
om råd och för att du alltid ställer upp om man behöver hjälp med något. Büsra, 
for helping out with my projects when I have had other things to focus on. 

Linnea och Anna – Alltså, det är bara att inse. Patologen är inte densamma utan 
er. Vad jag saknar er förmåga att vara sådana glädjespridare och att kunna hitta 
på samtalsämnen om både högt och lågt i fikarummet. Och såklart våra halv åtta 
hos mig.  

Tack till vänner och familj som hjälpt mig koppla bort skrivandet för en stund.  

Linda och Henrik – tänk vilket lyckokast det var att jag bestämde mig för att flytta 
hästen till Karlsro för tio år sedan. Det var som att få en andra familj på köpet. Och 
Malin, vad skulle jag gjort utan dig? Tack alla för att ni ställer upp i vått och torrt 
när det kör ihop sig för mig! Sara, även om vi inte kan ses så ofta så finns du alltid 
där. Åsa och Johan, för härliga spelkvällar och hjälp med både det ena och det 
andra. Linda och Kalle, för alla trevliga utflykter, middagar, spelkvällar m.m. Och 
ett extra tack till Linda som även ställde upp och läste genom hela avhandlingen 
frivilligt (!) för att hitta stavfel.  

Kristin, som bara är ett samtal bort om jag behöver prata av mig gällande vad som 
helst. Och som tillsammans med Johanna fick hjälpa till att läsa den 
populärvetenskapliga sammanfattningen för att se om den var begriplig. Anton, 
som inte tröttnar på otaliga samtal och frågor om stallbygget. Tur det snart är 
klart! 
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Mamma och pappa, för ert stöd och positiva hejarop och för att ni alltid trott på 
mig och låtit mig utvecklas till den jag är. Farmor, som alltid stöttat mig, varit 
intresserad av det jag håller på med, och som fick ha intensivkurs med en fem år 
gammal Ida som var väldigt upprörd över att tvillingsystern blivit läskunnig före 
henne.   

Kristina och Åke, för att ni alltid bryr er och alltid ställer upp oavsett vad det 
handlar om. Och att ni står ut med att er son träffat en häst- och hundtokig tjej som 
inte alltid har tid till så mycket annat ;) Maria och John, för trevligt umgänge och 
härliga resor ihop! 

Leyton och Spirith. Mina två andningshål i tillvaron (och modellerna till bilden i 
början av avhandlingen). Utan er hade jag aldrig orkat skriva den här boken. Ut på 
tur med er två är ofta som en cirkus på fyra ben, men man har å andra sidan aldrig 
tråkigt! 

Björn – jag lovade att jag skulle tacka för att du slavat i köket och lagat all mat de 
senaste månaderna när jag suttit vid datorn sent in på kvällarna, så tack! Tack för 
all din stöttning, för att du ställer upp på allt jag hittar på och för att du insett att 
du kanske inte hamnar överst på prioriteringslistan alla gånger, och är okej med 
det. För att du är så himla härligt nördig när det gäller allt du snöar in på (vem mer 
kan det lysa om ögonen på när man pratar om hästbajs till exempel?), och mest av 
allt, för att du är du - livet blir så himla mycket bättre tillsammans med dig! 

 

Till sist vill jag även tacka de generösa bidragsgivare som gjort min forskning 
möjlig genom anslag och stipendier: Astrid och Bengt Anderssons minnesfond, 
Borgholm Rotary Klubbs fond för onkologisk forskning, Bröderna Karlssons fond 
för medicinsk forskning, Familjen Carl och Albert Molins i Motala minne, Ingrid 
Svensson forskningsstiftelse, Lions forskningsfond mot folksjukdomar, Ssk Siv 
Olssons forskningsstiftelse, US Stiftelse för medicinsk forskning, samt 
Östgötaregionens Cancerfond. Den har även gjorts möjlig med hjälp av 
projektanslag från Cancerfonden, Hudfonden och Vetenskapsrådet. 
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