1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2021 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Neuroimmune Pharmacol. 2021 June ; 16(2): 219-237. doi:10.1007/s11481-021-09990-7.

Lysosomal stress response (LSR): Physiological importance
and pathological relevance

Koffi L. Lakpa, Nabab Khan, Zahra Afghah, Xuesong Chen, Jonathan D. Geiger”
Department of Biomedical Sciences, University of North Dakota School of Medicine and Health
Sciences, Grand Forks, ND 58203, USA

Abstract

Extensive work has characterized endoplasmic reticulum (ER) and mitochondrial stress responses.
In contrast, very little has been published about stress responses in lysosomes; subcellular acidic
organelles that are physiologically important and are of pathological relevance. The greater
lysosomal system is dynamic and is comprised of endosomes, lysosomes, multivesicular bodies,
autophagosomes, and autophagolysosomes. They are important regulators of cellular physiology,
they represent about 5% of the total cellular volume, they are heterogeneous in their sizes and
distribution patterns, they are electron dense, and their subcellular positioning within cells varies
in response to stimuli, insults and pH. These organelles are also integral to the pathogenesis of
lysosomal storage diseases and it is increasingly recognized that lysosomes play important roles in
the pathogenesis of such diverse conditions as neurodegenerative disorders and cancer. The
purpose of this review is to focus attention on lysosomal stress responses (LSR), compare LSR
with better characterized stress responses in ER and mitochondria, and form a framework for
future characterizations of LSR. Here, we present the concept of LSR such that the definition of
LSR can be modified as new knowledge is added and specific therapeutics are developed.
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INTRODUCTION

Lysosomes were described in 1955 by Christian de Duve and since that time it has become
increasingly obvious that these acidic organelles are physiologically important as well as
pathologically relevant (de Duve, 2005). Decades ago, lysosomes were simply thought to be
cellular waste bins and endpoints of cellular degradation events. Now, however, increasingly
appreciated are the many cellular functions homeostatically regulated by lysosomes
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(Settembre et al., 2013; Xu and Ren, 2015; Pu et al., 2016). They represent about 5% of the
total cellular volume, they are heterogeneous in their sizes and distribution patterns, they are
electron dense, and their subcellular positioning in the cytoplasm varies in response to
stimuli, insults and pH (Holtzman, 1989; Wartosch et al., 2015; Pu et al., 2016).

Lysosomes are integral to the greater lysosomal system, which is also comprised of
endosomes, multivesicular bodies (MVB), autophagosomes, and autophagolysosomes
(Huotari and Helenius, 2011). The importance and the dynamic nature of endosomes and
lysosomes, henceforth referred to as endolysosomes, continues to be recognized in many
ways including the awarding of Nobel Prizes for the discovery of lysosomes themselves, for
receptor-mediated endocytosis, and for autophagy. These organelles are also integral to the
pathogenesis of lysosomal storage diseases (LSD) and it is increasingly recognized that
lysosomes play important roles in the pathogenesis of a variety of diseases including
neurodegenerative disorders and cancer. However, when considered in the same vein as
other subcellular organelles it could be argued that lysosomes do not receive the same degree
of recognition as do other intracellular organelles. While endoplasmic reticulum (ER) and
mitochondria have well known and clearly described stress responses (Martinus et al., 1996;
Zhao et al., 2002; Huotari and Helenius, 2011; Oakes and Papa, 2015; Valera-Alberni and
Canto, 2018), lysosomal stress responses (LSR) are ill-defined and have been referred to in
the literature only sparingly.

The purpose of this review is to focus attention on LSR and initiate a framework for its
existence, its characterization, its physiological importance, and its pathological relevance.
First, we provide an overview of lysosome biogenesis, function and dysfunction. Second, we
discuss ER and mitochondrial stress responses in order to provide a context for LSR. Third,
we discuss the characterization of LSR as well as review briefly ER stress and mitochondrial
stress responses. Ultimately, a better understanding of stress responses in lysosomes may
enhance our understanding of cellular physiology and disease pathogenesis and promote the
discovery of new treatments for diseases.

OVERVIEW OF LYSOSOME BIOGENESIS, FUNCTION AND DYSFUNCTION

Lysosome biogenesis:

Lysosome biogenesis includes the formation of lysosomes through the maturation of
endocytic vesicles as well as the delivery of newly synthesized lysosomal enzymes and
membrane proteins from the trans-Golgi network (Kornfeld and Mellman, 1989; Saftig and
Klumperman, 2009). The maturation process of endosomes has been extensively reviewed
elsewhere (Kornfeld and Mellman; Saftig and Klumperman; Huotari and Helenius, 2011,
Luzio et al., 2014; Bajaj et al.), but to provide context we briefly outline this process here.
When extracellular cargo is endocytosed, it is trafficked into early endosomes and from there
it is either recycled back to the plasma membrane or alternatively it is degraded in lysosomes
(Saftig and Klumperman, 2009; Huotari and Helenius, 2011). Cargo that is destined for
degradation stays contained in endosomes as they mature from early endosomes to late
endosomes, and during this maturation endosomes undergo changes in size and morphology,
become more acidic, traffic perinuclearly, and form intraluminal vesicles (ILVs); late
endosomes containing ILVs are termed MVBs (Huotari and Helenius, 2011). MVBs can
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fuse with existing MVBs or late endosomes to form late endosomes. Late endosomes can
fuse with existing lysosomes to form endolysosomes where degradation of cargo takes place.
After fusion, endolysosomes are converted into lysosomes where acidic hydrolases and
lysosomal membrane proteins are stored (Huotari and Helenius, 2011).

The biosynthesis and delivery of lysosomal enzymes and membrane proteins are critical for
the development and proper functioning of lysosomes. It is well understood that most newly
synthesized lysosomal proteins are post-translationally modified in the Golgi complex
(Kornfeld and Mellman; Braulke and Bonifacino, 2009; Saftig and Klumperman; Luzio et
al., 2014). Lysosomal hydrolases are inserted into the ER lumen where they receive signal
sequence cleavage and core glycosylation followed by trafficking to the cis-Golgi network
(CGN). In the CGN, lysosomal enzymes are unmasked revealing a mannose-6-phosphate
(M6P) signal (Kornfeld and Mellman, 1989). Once these proteins reach the trans-Golgi
network (TGN), they are recognized by M6P receptors (M6PR) (Kornfeld and Mellman,
1989; Saftig and Klumperman, 2009). The binding of M6P tagged proteins to M6PR leads
to receptor-dependent vesicle transport of these proteins to endolysosomes via transport
vesicles derived from the TGN. When lysosomal proteins reach their destination in the
acidic environment of endolysosomes there is a dissociation between M6PRs and M6P-
tagged proteins; M6PRs are recycled back to the TGN (Kornfeld and Mellman, 1989; Saftig
and Klumperman, 2009).

Lysosome biogenesis (Figure 1) is coordinated by transcription factor EB (TFEB) (Sardiello
et al., 2009). TFEB is a member of the microphthalmia-transcription factor E (MiT/TFE)
family of proteins, which are involved in responding and adapting to intracellular stresses
(Rehli et al., 1999; Steingrimsson et al., 2004; La Spina et al., 2020). The subcellular
localization of TFEB is modified by kinases and phosphatases; phosphorylated TFEB targets
the cytosol and de-phosphorylated TFEB targets the nucleus. The serine/threonine kinase
mammalian target of rapamycin complex 1 (MTORC1) phosphorylates TFEB on serine
residues 211 and 122, which results in binding by 14-3-3 proteins. Other serine/threonine
kinases such as mitogen-activated protein kinases 1 (MAPKZ1), protein kinase B (Akt),
glycogen synthase kinase 3R (GSK3R), and mitogen-activated protein kinase kinase kinase
kinase 3 phosphorylate TFEB at Ser142, Ser467, Ser134/138, and Ser3, respectively
(Settembre et al., 2011; Li et al., 2016b; Palmieri et al., 2017; Hsu et al., 2018).
Phosphorylation of TFEB results in its cytosolic sequestration and an inhibition of its ability
to upregulate lysosome related genes (Martina et al.; Roczniak-Ferguson et al., 2012; Vega-
Rubin-de-Celis et al., 2017). Genes that encode for lysosome function contain a coordinated
lysosomal expression and regulation (CLEAR) binding element in their promoter region.
TFEB is dephosphorylated by the phosphatases calcineurin and protein phosphatase 2
(Sardiello et al.; Medina et al., 2015; Chen et al., 2018; Martina and Puertollano, 2018).
Dephosphorylated TFEB translocates to the nucleus where it binds to CLEAR elements and
promotes an increase of lysosomal-, autophagy-, and mitochondrial-gene expression
(Sardiello et al., 2009; Settembre et al., 2011). Recently, a mechanistic study revealed how
TFEB activity is regulated. STIP1 homology and u-box containing protein 1 (STUB1)
increases TFEB activity by clearing ubiquitinated and phosphorylated TFEB for proteasomal
degradation (Sha et al., 2017); mTORC1 phosphorylates TFEB which is proposed to form
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heterodimers with non-phosphorylated TFEB thus sequestering TFEB to the cytosol and
preventing the promotion of lysosome biogenesis (Sha et al., 2017).

Lysosome function:

Lysosomes are single membrane acidic organelles that function to degrade intracellular
cargo (Holtzman, 1989). These organelles are heterogeneous in size (range 0.5 to 1.5 nm),
have intraluminal pH values ranging from 4.5 to 6.0, and contain over 60 different acidic
hydrolase enzymes (Xu and Ren, 2015). The intraluminal pH of lysosomes is maintained by
membrane-resident ion channels and vacuolar-ATPases (Steinberg et al., 2010; Huotari and
Helenius, 2011; Mindell, 2012; Colacurcio and Nixon, 2016). The acidic lumen of
lysosomes provides an environment that is conducive for optimal activity levels of resident
hydrolase enzymes which catalyze the degradation of cargo that is received via endocytic or
autophagic pathways (Kornfeld and Mellman, 1989). Lysosomes also contain readily
releasable stores of biologically important divalent cations including iron and calcium (Xu
and Ren, 2015; Lakpa et al., 2020). Intracellularly, the positioning of endolysosomes is
dynamic and their positioning in the cytoplasm changes markedly according to many factors
including cell type and intraluminal pH; highly acidic endolysosomes are perinuclearly
positioned while de-acidified endolysosomes are re-positioned more towards the periphery
of cells near plasma membranes (Johnson et al., 2016; Pu et al., 2016).

As mentioned above, lysosomes can receive cargo from endocytic or autophagic pathways.
Once cargo enters the endolysosomal system it has two fates, it can either be trafficked
toward lysosomes to be degraded or it can be recycled to the plasma membrane. Along the
maturation path of endosomes to lysosomes, intraluminal vesicles begin to form in
endosomes thus creating MVBs (van Niel et al., 2018). Cargo within MVBs can be
trafficked toward the plasma membrane to release contents into the extracellular space; these
secreted ILVs are termed exosomes; a type of extracellular vesicles. The release of exosomes
can potentially serve as intercellular signals, therapeutic delivery-vesicles, and biomarkers
for various pathologies (Lener et al., 2015; Fais et al., 2016; Torrano et al., 2016; Maia et al.,
2018).

Autophagy is the means by which cytoplasmic material is degraded. There are different
forms of autophagy such as macro-autophagy (which will be referred to as autophagy),
micro-autophagy (selective autophagy), and chaperone-mediated autophagy (Ravikumar et
al., 2010; Galluzzi et al., 2017). Intracellular cargo is engulfed by double membrane vesicles
called autophagosomes; autophagosome formation, elongation, and maturation have been
reviewed elsewhere (Ravikumar et al., 2010). Important to the clearance of damaged
proteins and dysfunctional organelles via autophagy is the fusion of autophagosomes with
lysosomes forming autolysosomes (Ravikumar et al., 2010; Galluzzi et al., 2017; Yim and
Mizushima, 2020). In post-mitotic cells, such as neurons, the autophagic-lysosome system is
important for the maintenance of neuronal health (Kuijpers et al., 2020).

Apart from their degradative roles, lysosomes also participate in intracellular nutrient
sensing (Settembre et al., 2013; Xu and Ren, 2015; Perera and Zoncu, 2016). Lysosomes use
mMTOR and TFEB to sense and regulate intracellular nutrient conditions, and the roles of
mMTOR and TFEB in lysosome nutrient sensing and cellular function were reviewed
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extensively elsewhere (Settembre et al., 2013; Perera and Zoncu, 2016; Rabanal-Ruiz and
Korolchuk, 2018). mTOR is part of a larger protein complex that interacts with lysosome
membranes and senses cytosolic nutrient levels (Rabanal-Ruiz and Korolchuk, 2018).
During high nutrient conditions, mTOR is recruited to lysosome membranes where it is
activated and initiates downstream effectors that promote cell growth and proliferation.
Conversely, during low nutrient conditions mTOR is inactive, disassociates from lysosome
membranes, and is no longer able to phosphorylate TFEB; dephosphorylated TFEB
promotes the production of lysosome genes (Sardiello et al., 2009; Napolitano and Ballabio,
2016; Rabanal-Ruiz and Korolchuk, 2018).

Lysosome dysfunction:

Central to lysosome dysfunction appears to be an increase in intraluminal pH - lysosome
deacidification. Lysosome de-acidification causes many changes to the biology of cells
including endolysosome positioning in the cytoplasm, endolysosome sizes and volumes,
intraluminal and cytosolic levels of divalent cations, expression levels and activity levels of
acid hydrolases, and the aggregation of various proteins. And, as we will expand on later,
these changes are also central to the concept of LSR.

The intracellular distribution (positioning) of endolysosomes in the cytoplasm is affected by
endolysosome de-acidification; an increase in endolysosome pH causes redistribution of
lysosomes away from the nucleus and more toward plasma membranes (Heuser, 1989;
Parton et al., 1991; Johnson et al., 2016). The cytosolic pH which is influenced by H* ions
originating from endolysosomes also affects endolysosome positioning (Gottschling and
Nystrom, 2017); cytosolic acidification promotes the localization of lysosomes towards
plasma membranes and cytosolic alkalinization leads to perinuclear localization of
lysosomes (Heuser, 1989; Parton et al., 1991; Halcrow et al., 2019). Although the biological
significance of the pH-dependent re-positioning of endolysosomes in cells is unclear, some
have shown that the location of endolysosomes dictates their pH and not that their pH
dictates the location (Johnson et al., 2016). Microtubules and motor proteins also contribute
to the translocation and clustering of endolysosomes (Matteoni and Kreis, 1987; Cabukusta
and Neefjes, 2018).

Morphologically, endolysosome de-acidification leads to increased endolysosome size and
an accumulation of undigested intracellular cargo (Ohkuma and Poole, 1981; Myers et al.,
1991; Yoshimori et al., 1991). Endolysosome de-acidification also leads to impaired fusion
between autophagosomes and lysosomes, and such changes have been implicated in cell
death (Doherty and Baehrecke, 2018; Mauthe et al., 2018).

Endolysosomes contain readily releasable stores of biologically important divalent cations
including calcium, iron, copper and zinc. De-acidification of endolysosomes induces the
efflux of calcium and iron (Christensen et al., 2002; Kiselyov et al., 2011; Kurz et al., 2011,
Hui et al., 2015; Lee et al., 2015; Xu and Ren, 2015; Ferndndez et al., 2016) such that
accumulations are measurable in cytosol, mitochondria, and ER. As a result of decreased
levels of cations in endolysosomes, downstream events can occur including ER stress as well
as mitochondrial redox catastrophe and bioenergetic crisis (Uchiyama et al., 2008; Baixauli
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et al., 2015; Martina et al., 2016; Lv and Shang, 2018; Wang et al., 2018; Nakashima et al.,
2019).

Lysosome dysfunction in neurodegenerative diseases:

Dysfunctional lysosomes have been implicated in several neurodegenerative disorders
including lysosomal storage diseases (LSD), Alzheimer’s disease (AD), Parkinson’s disease
(PD), and Huntington’s disease (HD) (Martini-Stoica et al., 2016; Audano et al., 2018;
Bonam et al., 2019; Nguyen et al., 2019; Wallings et al., 2019). Neurological complications
are observed in people living with LSD, which are characterized by intra-lysosomal
aggregation of substrates due to mutations in lysosome hydrolases (Platt, 2018; Sun, 2018).
The inhibition of autophagosome-lysosome fusion and/or the accumulation of
autophagosomes in LSDs could be a potential mechanism underlying the neuropathogenesis
of LSDs (Tanaka et al., 2000; Koike et al., 2005; Cao et al., 2006; Fukuda et al., 2006;
Settembre et al.). Further observed in LSD are impaired autophagy of damage mitochondria
(mitophagy), increased production of reactive oxygen species, and bioenergetic crisis.

Amyloid plagues and hyperphosphorylated tau are hallmarks of AD and in AD there is
lysosome dysfunction and an impairment of autophagic flux. Endolysosomes are the sites
where amyloidogenic processing of amyloid precursor protein occurs; the result is
accumulation of amyloid beta (AR) proteins AR40 and AR42 (Oikawa and Walter, 2019).
Neurofibrillary tangles are made from hyperphosphorylated tau protein and lysosomal
enzymes (cathepsin B, D, and E) generate and digest both AR and tau (Siman et al., 1993).
Lysosome dysfunction leads to an accumulation of AR42 in neurons, inhibition of lysosomal
cathepsins B and E, increases expression of cathepsin D, increases lysosomal pH, impairs
autophagy, and changes permeability of lysosomal membranes (Cataldo et al., 1991; Cataldo
et al., 1995; Bi et al., 2000; Wolfe et al., 2013). Furthermore, defective autophagy and
mitophagy are present in AD (Reddy and Oliver, 2019).

The hallmark of PD are Lewy bodies which are made up of alpha-synuclein aggregates in
neurons. Genetic mutations in GBA1 (encoding for lysosomal hydrolase
glucocerebrosidase), which is the most common genetic factor of PD is linked to Lewy body
formation (Wallings et al., 2019). Extracellular alpha-synuclein can be internalized into
endolysosomes via clathrin-mediated endocytosis leading to changes in lysosome
morphology, decreased cathepsin D activity, increased lysosome pH, and impaired fusion
with autophagosomes (Winslow et al., 2010; Hoffmann et al., 2019).

HD is a rare autosomal-dominant neurodegenerative disease that is caused by a mutation in
the HTT gene leading to HTT mutants (mHTT) prone to aggregation. mHTT localizes in
lysosomes, impairs autophagy, inhibits trafficking of non-mutant HTT to lysosomes, and
changes cathepsin activity (Ravikumar et al., 2002; Ravikumar et al., 2004; Rubinsztein,
2006; del Toro et al., 2009; Liang et al., 2011; Ratovitski et al., 2011; Trajkovic et al., 2017;
Wallings et al., 2019). Interestingly, one study shows that mHTT induces perinuclear
localization of lysosomes, reduces lysosome mobility, and promotes premature fusion of
lysosomes with autophagosomes (Erie et al., 2015).

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lakpa et al.

Page 7

Impairment of the autophagic-lysosomal pathway can also promote the release of toxic
intracellular protein aggregates in exosomes; such observations have been made for AD, PD,
and HD (Danzer et al., 2012; Perez-Gonzalez et al., 2012; Trajkovic et al., 2017; Miranda et
al., 2018; Sardar Sinha et al., 2018; Guix, 2020). An increase in the release of undigested
substrates and stored material also occurs in LSDs (Tancini et al., 2019)

ER AND MITOCHONDRAL STRESS RESPONSES

Stress is a holistic concept that affects organisms at every conceivable level; minor stressors
can promote resilience while major stressors can induce cell death (Figure 3). Cellular
stressors include, but are not limited to, hypoxia, heat shock, nutrient depletion, and genetic
defects (Deus et al., 2020). Thus, organelles have developed stress responses to counter the
potential detrimental effects of stress. It happens with ER, it happens with mitochondria,
and, as we will later describe, it happens with lysosomes where stress responses attempt to
maintain and/or restore organellar function. In order to contextualize the concept of LSR, we
will first discuss ER and mitochondria stress responses.

ER stress response:

ER helps to maintain calcium homeostasis and lipid metabolism, and are sites for synthesis
and proper folding of secretory and transmembrane proteins. Molecular chaperones in ER
bind newly synthesized proteins and facilitate the acquisition of three-dimensional
structures. Proteins are then delivered to Golgi apparatus where they undergo post-
translational modifications. In the case of misfolded proteins, proteins are released from ER
into the cytosol where they are targeted for proteasomal degradation; ER associated
degradation (ERAD) (Yanagawa et al.; Ruggiano et al., 2014). When levels of misfolded
proteins exceed ERAD capacity, ER stress is triggered and accumulation of misfolded
and/or unfolded proteins occurs in the lumen of ER (Bravo et al., 2013; Mori, 2015). In
response to ER stress, the unfolded protein response (UPR) is activated, and this results in
halting the translation of and increasing gene expression of ER folding proteins (Kohno et
al., 1993; Partaledis and Berlin, 1993; Bravo et al., 2013; Mori, 2015). UPR was first
discovered in 1988 for glucose deprivation initiating the accumulation of misfolded proteins
within the ER lumen, which then leads to a subsequent transcriptional response to increase
ER-resident molecular chaperones (Kozutsumi et al., 1988; Mori, 2015).

ER uses three resident transmembrane proteins as sensors of ER stress and initiators of the
UPR signaling pathways; inositol requiring protein 1 alpha (IRE1a), activating transcription
factor 6 (ATF6), and protein kinase RNA-like ER kinase (PERK) (Hetz, 2012; Sasaki and
Yoshida, 2015). IREla senses ER stress luminally, is activated via oligomerization and
phosphorylation of its cytosolic domain, and once activated splices immature X box protein
1 (XBP1) mRNA into mature XBP1 mRNA. After protein translation, XBP1 is translocated
into the nucleus where it acts as a transcription factor to promote the expression of ERAD
genes (Lee et al., 2003; Yoshida et al., 2003). PERK is an ER transmembrane protein
(Harding et al., 1999; Harding et al., 2000a) and similar to IRE1a, PERK is activated by
oligomerization and phosphorylation when it senses ER stress luminally (Harding et al.,
2000b; Harding et al., 2000a). Once activated, PERK phosphorylates eukaryotic
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translational initiation factor 2 alpha (elF2a), which reduces protein translation and
increases translation of activating transcription factor 4 (ATF4); ATF4 is a transcription
factor that increases gene expression of anti-oxidation and pro-apoptotic genes (Harding et
al., 2000a; Harding et al., 2003). The ER transmembrane protein ATF6 senses ER stress and
once translocated to Golgi apparatus, it is cleaved by proteases (Shen et al., 2002). Then, the
cytosolic domain of ATF®6 is translocated to the nucleus to increase the expression of ER
chaperone genes (Ye et al., 2000).

Mitochondrial stress response:

Mitochondria produce energy in the form of adenosine triphosphate (ATP) via oxidative
phosphorylation, serve as sinks for cations such as calcium and iron, and help maintain
redox balance. Although mitochondria contain their own genome, the majority of
mitochondrial proteins are nuclear-encoded and those proteins are translated in the
cytoplasm (Sasaki and Yoshida, 2015). Unfolded proteins are transported from the
cytoplasm into mitochondria via heat shock protein 70 (HSP70); a molecular chaperone
(Ryan and Hoogenraad, 2007). Once translocated into the inner membrane space of
mitochondria, the proper folding of proteins is assisted by mitochondrial HSP70 (mtHSP70)
and mtHSP60 (Endo et al., 2011; Sasaki and Yoshida, 2015).

Mitochondrial stress is characterized by redox catastrophe and bioenergetic crisis caused by
dysfunctional oxidative phosphorylation, increased levels of ROS, and/or accumulation of
misfolded proteins (Hill et al., 2018). Mitochondrial UPR (UPRMT) was first described in
2004 (Yoneda et al., 2004); it helps restore mitochondrial function (Martinus et al., 1996;
Zhao et al., 2002; Manoli et al., 2007; Huang et al., 2019) via transcriptional signaling
pathways (Sasaki and Yoshida, 2015) and removing the mitochondrial genome or mutating
matrix proteins (Martinus et al., 1996; Zhao et al., 2002).

LYSOSOME STRESS RESPONSE (LSR)

Lysosome stress:

The term “lysosomal stress” appears to have been first mentioned in 1968 in the context of a
freeze-thaw method used to rupture lysosomes (Persellin, 1969). However, it appeared to
take another 50 years before “lysosome stress” was described as “any disturbance in
lysosomal membrane integrity, enzyme function, or internal pH that leads to cell damage or
even diseases” (Lin et al., 2016). We posit that in addition to membrane integrity, enzyme
function and pH, more recent reports from others and us strongly suggests that additional
criteria be added including size, efflux of cations, organelle repositioning within cells,
protein aggregation, LDL cholesterol accumulation, and increases in reactive oxygen species
(Hui et al., 2012a; Hui et al., 2012b; Bae et al., 2014; Gowrishankar et al., 2015; Lin et al.,
2016; Papadopoulos et al., 2017; Yogalingam et al., 2017; He et al., 2018; Li et al., 2019;
Pan et al., 2019). These criteria are consistent with findings from the study of LSDs;
mutations in lysosomal acid hydrolases lead to aggregation of substrates, elevated luminal
pH, altered morphology and subcellular distribution patterns, and lowered luminal
concentrations of biologically important metal ions (Holopainen et al., 2001; Fossale et al.,
2004; Raben et al., 2007; Yanagawa et al., 2007; Lloyd-Evans et al., 2008; Ballabio and
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Gieselmann, 2009; Lee et al., 2011; Zigdon et al., 2017; Platt, 2018; Sun, 2018; Marques
and Saftig, 2019).

Characterization of lysosome stress response (LSR):

In this section we provide a framework for characterizing LSR. The greater lysosomal
system is complex and so too is the nomenclature used to describe lysosome function,
dysfunction and stress. Although there is likely overlap between the concepts of lysosome
stress, LSR and lysosome dysfunction, there are also differences. Lysosome dysfunction is
the progressive accumulation of undegraded substrates within lysosomes (Settembre and
Ballabio, 2014) and we posit that lysosome stress is a state that lysosomes enter into due to
internal or external stimuli; the lysosome responses to those stimuli characterize LSR.
Currently, we propose nine criteria with which to characterize LSR; (1) increased
intralysosomal pH, (2) increased lysosome size, (3) membrane permeabilization, (4) cationic
efflux, (5) repositioning intracellularly, (6) misfolded protein aggregation, (7) LDL
cholesterol accumulation, (8) redox catastrophe, and (9) bioenergetic crisis (see Figure 2).
Principal among these 9 criteria might be lysosome de-acidification because lysosome de-
acidification can trigger each of the other 8 criteria involved in LSR. LSR might be distinct
from lysosome dysfunction because LSR is the means by which lysosomes attempt to adapt
to environmental cues. The concept of LSR is built on the foundation of lysosome
adaptation, which is the ability of lysosomes to respond to metabolic changes (Settembre
and Ballabio, 2014). Here, we are broadening the idea of lysosome adaptation; LSR is
lysosomal adaptation to stimuli such as pathogens, drugs, molecules or other material that
could affect the greater endolysosome system. LSR utilizes selective autophagy and
transcriptional response machinery in an attempt to restore lysosome function. Thus, the
term — LSR.

For both ER and mitochondrial stress, selective autophagy works to remove damaged
organelles (Kubli and Gustafsson, 2012; Galluzzi et al., 2017; Chino and Mizushima, 2020;
Liang et al., 2020). When lysosomes are damaged, they are cleared through selective
autophagy; lysophagy (Galluzzi et al., 2017; Yu et al., 2018). Lysophagy detects and clears
membrane-permeabilized endolysosomes (Papadopoulos and Meyer, 2017).
Permeabilization of lysosome membranes leads to the binding of galectins to sugars on the
inner leaflet of lysosome membranes; this initiates ubiquitination and autophagy of damaged
endolysosomes (Papadopoulos et al., 2017; Papadopoulos and Meyer, 2017; Koerver et al.,
2019). Relatedly, the term “endo-lysosomal damage response” was used to describe
autophagic clearance of damaged lysosomes via p97 and other cofactors (Papadopoulos et
al., 2017). Lysophagy may also help with homeostatically-regulated responses.

Although, ER and mitochondrial stress responses have defined sensors of stress the sensors
for LSR are unclear. It is possible that an increase in lysosome pH can trigger a host of
changes, described above, that can act as stress signals. For example, lysosome biogenesis
can be promoted by the release of cations from endolysosomes. Endolysosomes contain
levels of calcium approaching those found in ER (Feng and Yang, 2016) and when de-
acidified, readily releasable pools of calcium are released from endolysosomes and initiate
transcriptional responses to increase lysosome biogenesis via TFEB (Christensen et al.,
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2002; Settembre et al., 2013; Hoglinger et al., 2015; Medina et al., 2015; Lu et al., 2017).
One potential LSR stress sensor could be the endolysosome resident transient receptor
mucolipin 1 channel (TRPML1). TRPML1 is a divalent cation efflux channel and is
implicated in sensing elevated reactive oxygen species (Zhang et al., 2016). Upon activation,
TRPMLL1 can release calcium, and this calcium can activate calcineurin and lead to TFEB
dephosphorylation (Medina et al., 2015) (Figure 1).

The status of TFEB during LSR might depend on the magnitude and duration of the stressor.
Under minor stress conditions, which might occur physiologically, TFEB is phosphorylated
by mTORCL1 or other kinases, and localized in the cytosol bound to the phospho-binding
14-3-3 protein (Settembre et al., 2013; Medina et al., 2015). Under major stress conditions,
which might occur pathologically, TFEB is dephosphorylated and translocates into the
nucleus, activates the CLEAR gene network and leads to an up-regulation of genes involved
in lysosome functioning (Martini-Stoica et al., 2016; Lu et al., 2017). These responses
mirror those of the unfolded protein response (UPR) in the ER, and those in mitochondria
(Bravo et al., 2013; Sasaki and Yoshida, 2015) (Figure 3). Although speculative, such
responses may play important roles in LSR. Therefore, LSR can be posited to be a
homeostatic control mechanism that functions to protect against and/or rescue stressed
lysosomes.

In the context of therapeutics, it seems that targeting components of the mTOR-TFEB
signaling pathway restores cellular functions in /n vitroand in vivo models of LSD. For
example, TFEB nuclear translocation has been suggested as a potential therapeutic target
against LSDs. In Gaucher disease (GD), the most prevalent LSD, TFEB overexpression and
the restoration of glucocerebrosidase (GCase) restored lysosome function, at least in GD-
derived pluripotent stem cells (Awad et al., 2015). Similarly, in a drosophila model of GD,
mTOR inhibitor rapamycin is able to partly recover the oxidative stress, locomotor,
starvation and stress phenotypes (Kinghorn et al., 2016). In another study, increased
expression levels of TFEB rescued GCase activity as well as the activity of -
hexosaminidase, both of which are proteins mutated in Tay-Sachs disease (Song et al.,
2013). Moreover, TFEB overexpression in in vitro and in vivo models of Pompe disease
caused a decrease in lysosome size, a reduction of aggregated glycogen, and an increase in
autophagy (Spampanato et al., 2013). Re-acidification of damaged lysosomes is another
potential therapeutic target for LSDs; lysosomal de-acidification could be a central
mechanism to target in various LSDs and re-acidification of lysosomes could be a
therapeutic target (Folts et al., 2016). Furthermore, re-acidification of lysosomes was found
to have clinical benefits including motor improvement, weight gain, and prolonged survival
(Folts et al., 2016).

INDUCERS OF LSR

In this section, we have selected to highlight 5 inducers of LSR based on the literature as
well as the work we have completed in our laboratory. We acknowledge that these are not
the only LSR inducers, but they are examples of how different molecules induce LSR.
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Chloroquine and hydroxychloroquine:

Weak-base compounds following protonation accumulate and are trapped in lysosomes
(Maclintyre and Cutler, 1988; Zhitomirsky and Assaraf, 2015); such actions may initiate
LSR. Chloroquine (CQ) and hydroxychlorogquine (HCQ) are both weak base FDA-approved
drugs that appear to induce LSR. However, many other commonly used lysosomotropic
agents may also promote LSR (Yoshimori et al., 1991; Chen et al., 2011; Settembre et al.,
2012; Redmann et al., 2017; Jia et al., 2018; Zhitomirsky et al., 2018). CQ increases
lysosome pH, lysosome size and lysosome membrane permeabilization, as well as inhibits
protein degradation (Wibo and Poole, 1974; Lu et al., 2017; Redmann et al., 2017; Khan et
al., 2019b; Khan et al., 2020b). CQ impairment of autophagosome and lysosome fusion
results in bioenergetic dysfunction (Redmann et al., 2017). Further, CQ and HCQ inhibit
autophagosome-lysosome fusion and increase lysosome size (Mauthe et al., 2018). In an /in
vivo model for age-related macular degeneration, CQ induced lysosome dysfunction;
lysosomes size increased and lipid accumulation was observed (Chen et al., 2011).
Moreover, CQ and other lysosomotropic drugs activate TFEB translocation to the nucleus
through the inhibition of mTOR (Settembre et al., 2012; Lu et al., 2017; Zhitomirsky et al.,
2018).

HIV-1 proteins:

The HIV-1 proteins, transactivator of transcription (Tat) and glycoprotein 120 (gp120) affect
endolysosomes and appear to induce LSR. Tat and gp120 de-acidify endolysosomes, alter
their positioning intracellularly, increase lysosome permeabilization, and promote
vacuolation (Pietrella et al., 1998; Hui et al., 2012b; Bae et al., 2014; Datta et al., 2019);
those effects help explain findings that Tat and gp120 increase the release of divalent cations
including calcium and iron from endolysosomes (Nath et al., 1995; Nath et al., 2000; Khan
et al., 2020a; Khan et al., 2020b). In the context of LSR, the damaging effects of HIV-1
proteins may be due at least in part to lysosome de-acidification, and the subsequent release
of divalent cations from endolysosomes because acidification of lysosomes via activation of
endolysosome-resident transient receptor mucolipin 1 (TRPML1) channel protected against
gp120-induced changes to lysosomes (Bae et al., 2014). TRPML1 is also a reactive oxygen
species (ROS)-sensor and calcium efflux channel, which promotes TFEB translocation (Bae
etal., 2014; Zhang et al., 2016). In the context of HIV-1 replication, we studied the escape of
HIV-1 Tat from endolysosomes and showed that HIV-1 Tat increases LTR activation only in
the presence of CQ (Khan et al., 2018). These findings were interpreted as evidence that
CQ-induced de-acidification and lysosome membrane permeabilization precipitated the
escape of HIV-1 Tat from lysosomes (Khan et al., 2018; Khan et al., 2020b). The conclusion
that lysosome pH was centrally involved in that response was supported by findings that
lysosome acidification reduced HIV-1 Tat-induced LTR activation (Khan et al., 2019b).

In addition to HIV-1 proteins, antiretroviral therapeutic (ART) agents used to treat people
living with HIV-1 can also affect endolysosomes. Antiretrovirals are a class of drugs that
inhibit different stages of HIV-1 infection (Pau and George, 2014) and ARTS have been
shown to affect endolysosomes (Festa et al., 2019; Hui et al., 2019). Weak-base ARTSs de-
acidified endolysosomes and promoted amyloidogenesis (Hui et al., 2019). These effects
might contribute to the pathogenesis of HIV-1 associated neurocognitive disorder and
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Alzheimer’s disease-like pathology in people living with HIV-1 (Festa et al., 2019; Hui et
al., 2019; Khan et al., 2019a; Afghah et al., 2020).

Low density lipoprotein (LDL) cholesterol:

Cells internalize exogenous cholesterol through receptor-mediated-endocytosis and this
cholesterol traffics through the endolysosome system. For example, low-density lipoprotein
receptor-related protein 1 (LRP1), part of the low-density lipoprotein receptor family,
mediates endocytosis of LDL cholesterol (Lillis et al., 2015). Knockdown of LRP1 in mice
increases LDL serum levels and increases cholesterol levels in isolated macrophages.
Additionally, LRP1 is linked to amyloid beta clearance and is shown to be involved in
multiple pathways that are associated with AD (reviewed by Kanekiyo and Bu, 2014). In the
context of LSR, de-acidification of lysosomes promoted amyloidogenesis (Chen et al., 2013;
Hui et al., 2019). An interesting question would be to determine the surface levels of LRP1
in in vitroand in vivo models of AD. Moreover, it might be the case that LRP1 surface level
expression is reduced resulting in the extracellular accumulation of senile plaques. Although
unexplored, a better understanding of LSR might reveal novel mechanisms underlying AD
pathogenesis.

Late endosomes and lysosomes can export cholesterol through lysosomal membrane
localized export channels; Niemann Pick C1 and 2 (NPC1/2) (Davies and loannou, 2000;
Friedland et al., 2003). Endolysosome enlargement and reduction in luminal lysosome
calcium levels are evident in Niemann Pick-type C disease, a LSD, where lysosomes are
unable to export cholesterol resulting in an accumulation of cholesterol (Jin et al., 2004;
Liao et al., 2007; Lloyd-Evans et al., 2008). LDL cholesterol treatment can induce LSR-type
responses both /n vitro and in vivo; lysosomes were enlarged in skeletal muscles of rabbits
fed a cholesterol-rich diet (Chen et al., 2008). Further, endolysosomes in primary cortical
neurons treated with apolipoprotein B-containing LDL were enlarged, de-acidified, and
contained increased levels of cholesterol and amyloid beta (Hui et al., 2012a).
Mechanistically, inactivating mTOR and increasing lysosome activity can reduce cholesterol
aggregation in NPC cells (Wang et al., 2015).

Nanomaterials:

Nanomaterials can traffic into cells via endocytosis (Oh and Park, 2014) and affect the
morphology and function of endolysosomes (Jia et al., 2018; Manshian et al., 2018; Ye et
al., 2019). While some nanomaterials have been found to be harmful others have protective
properties. Silica nanoparticles de-acidified endolysosomes, increased amyloid-beta peptide
secretion, and reduced levels of calcium in endolysosomes (Ye et al., 2019). They have also
been found to inhibit mTOR activity and increase nuclear TFEB localization (Jia et al.,
2018). Silica nanoparticles also increased lysosome activity and degraded more readily
compared to gold nanoparticles (Manshian et al., 2018). Gold nanoparticles also seem to
cause dysfunction of endolysosomes; they promoted lysosome enlargement and
alkalinization, inactivated mTOR, and inhibited fusion of lysosomes with autophagosomes
(Maetal., 2011). Conversely, beneficial effects of acidic nanoparticles on endolysosome
function have been observed; carboxyl-modified polystyrene nanoparticles activated the
TFEB-mTOR pathway and inhibited ferroptosis (Li et al., 2019). Poly (DL-lactide-co-
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glycolide) (PLGA) acidic nanoparticles (aNP) were found to accumulate in endolysosomes,
re-acidify endolysosomes, and restore lysosome functionality (Baltazar et al., 2012). In
models of Parkinson’s disease, PGLA-aNP re-acidified endolysosomes, decreased lysosome
membrane permeabilization, and protected against PD-related neuronal degeneration
(Bourdenx et al., 2016). Similarly, in presenilin 1 knock out cells, PGLA-aNP attenuated de-
acidification, lysosomal calcium efflux, and autophagy (Lee et al., 2015).

Drugs of abuse (morphine and methamphetamine):

Several drugs of abuse including opioids and amphetamines may cause LSR; they are up-
taken into endolysosomes, increase luminal pH, cause vacuolization, permeabilize
membranes, and disrupt iron homeostasis (Liesse et al., 1976; Cubells et al., 1994; Patierno
et al., 2011; Funakoshi-Hirose et al., 2013; Xu et al., 2018; Nash et al., 2019).
Methamphetamine increased lysosome size, inhibited autophagosome-lysosome fusion
(Nara et al., 2012; Funakoshi-Hirose et al., 2013), de-acidified lysosomes, impaired
phagocytosis, inhibited antigen presentation, and inhibited macrophage functions during
immune responses (Talloczy et al., 2008). Similarly, the opioid morphine damaged
lysosomes; morphine alone and in combination with HIV-1 increased lysosome pH, and
inhibited fusion between autophagosomes and lysosomes (El-Hage et al., 2015), induced
iron efflux from endolysosomes (Nash et al., 2019), and increased lysosome pH through mu-
opioid receptor-mediated mechanisms (Nash et al., 2019).

Many clinically used drugs share the physicochemical property of being weakly or strongly
basic. As such and similar to what has been demonstrated for opioids and
methamphetamine, these basic drugs accumulate in acidic endolysosomes where they would
become increasingly charged and where they would be expected to de-acidify
endolysosomes. And recent evidence supports that some of the following drugs may induce
lysosome stress and illicit what we would characterize as LSR. Commonly used basic drugs
(listed in alphabetical order) include; antipyrine (analgesic), barbiturates (sedative/
hypnotics), bupivacaine (local anesthetic), chlorpromazine and olanzapine (antipsychotics),
diazepam (anxiolytic), pentazocine (opioid agonist/antagonist), phenylbutazone (NSAID),
propranolol (beta blocker), pyrimethamine (anti-parasitic), quinidine (antiarrhythmic),
sildenafil citrate (erective dysfunction), telmisartan (anti-hypertensive), tolbutamide
(sulfonylurea), valproic acid and phenytoin (anticonvulsants), warfarin (anticoagulant)
(Staneva-Stoicheva et al., 1977; Cramb, 1986; Pourahmad et al., 2012; Hamaguchi et al.,
2014; Jang et al., 2016; Kozako et al., 2016; Boz et al., 2020).

Thus, the possibility exists that any drug, pathogen, or material that enters into the greater
endolysosomal system may induce, to varying degrees, lysosome stress and LSR (Figure 2).
Of course, the definition of LSR will likely change as new knowledge is added and specific
therapeutics are developed, and it is unclear the extent to which LSR might be protective or
destructive. Likely, LSR occurs in combination with other intracellular stress responses
including those mediated through ER and mitochondria.
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INTER-ORGANELLAR SIGNALING

In this era of modern cell biology, there is ever-growing appreciation of the complexities of
inter-organellar signaling in health and disease (Gottschling and Nystrom, 2017; Khan et al.,
2019a; Afghah et al., 2020). Organelles are highly mobile in cells and dynamically form
contacts between organelles; as such extensive communications between organelles exists
(Soto-Heredero et al., 2017; Deus et al., 2020). Inter-organellar signaling helps maintain
cellular functions (Gottschling and Nystrom, 2017; Deus et al., 2020).

Cell stress can cause disrupted crosstalk between organelles (Soto-Heredero et al., 2017;
Torres et al., 2017; Guerra et al., 2019; Deus et al., 2020). For example, mitochondria, ER,
and endolysosome dysfunction are implicated in multiple diseases and disorders (Demers-
Lamarche et al., 2016; Plotegher and Duchen, 2017; Soto-Heredero et al., 2017; Torres et
al., 2017; Annunziata et al., 2018; Audano et al., 2018). Cellular stress signals converge on
one common adaptive pathway, termed the integrated stress response (ISR) (Pakos-Zebrucka
et al., 2016). The integration point of stress stimuli occurs at the phosphorylation of
eukaryotic translation initiation factor 2 alpha (elF2a) and subsequent synthesis of
activating transcription factor 4 (ATF4), which is a transcription factor that upregulates
genes that promote cellular survival and recovery (Pakos-Zebrucka et al., 2016). ISR can
stimulate autophagy pathways and is suggested to promote regulation of cellular fate
(Kroemer et al., 2010; Humeau et al., 2020). The type and duration of a stressor plays an
important factor in the outcomes of the ISR. Stress signals from both ER and mitochondrial
participate in ISR, although, it remains unclear the degree to which LSR contributes to ISR.

LSR observed in ER- and mitochondrial-stress responses:

Endolysosomes dynamically interact physically and chemically with the nucleus, ER and
mitochondria (Settembre et al., 2013; Deus et al., 2020; Lee and Blackstone, 2020) and such
inter-organellar signaling might affect organellar stress responses. Indeed, ER and
mitochondrial stress can induce LSR (Table 1). ER stress de-acidifies lysosomes, increases
lysosome size, induces lysosome membrane permeabilization, and leads to lysosome
repositioning (Elfrink et al., 2013; Kim and Cunningham, 2015; Dauer et al., 2017; Bae et
al., 2019; Nakashima et al., 2019). Moreover, it inhibits autophagic flux (Nakashima et al.,
2019). Pharmacological induction of ER stress with tunicamycin causes nuclear
translocation of the transcription factors TFEB and TFE3 (Martina et al., 2016). Further, the
lysosome resident protein mTOR contributes to ER stress, and cell life and death by
regulating expression levels of ER stress response genes (Appenzeller-Herzog and Hall,
2012; Dong et al., 2015). However, there is evidence of mTOR-independent nuclear
translocation of TFEB/3 (Martina et al., 2016).

Similar to ER, LSR is observed in mitochondrial stress such as lysosome membrane
permeabilization, de-acidification, changes in morphology, LDL cholesterol accumulation,
and misfolded protein aggregation (Butler and Bahr, 2006; Hwang et al., 2008; Schieber and
Chandel, 2014; Baixauli et al., 2015; Demers-Lamarche et al., 2016; Zhang et al., 2016).
De-acidification of endolysosomes promotes efflux of redox active iron into the cytosol
which can then generate ROS through the Fenton reaction in the cytosol and within
mitochondria (Uchiyama et al., 2008; Yambire et al., 2019). H,O»-induced oxidative stress

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lakpa et al.

Page 15

suppressed TFEB nuclear translocation and promoted apoptosis (Su et al., 2018) and TFEB-

overexpression was protective; it reduced glucose-mediated oxidative stress by increasing

the expression of antioxidant enzymes and mitochondrial biogenesis genes (Kang et al.,

2019), and increased autophagy (Li et al., 2016a).

BROADER IMPLICATIONS

In comparison to ER and mitochondrial stress responses, relatively little is known about
LSR. PubMed and Google Scholar searches for the keywords “ER stress”, “unfolded protein
response”, “mitochondrial stress”, “mitochondrial redox catastrophe”, and “mitochondrial
bioenergetic crisis” generate citations to thousands of manuscripts. Conversely, a search for
the keywords “lysosomal stress” or “lysosome stress response” yields less than one dozen
manuscript citations; only a few attempted to define lysosome stress. Similar to ER and
mitochondria, when presented with excess cargo, lysosomes can undergo stress responses
implicated in multiple pathologies (Reuser and Drost, 2006; Davidson and Vander Heiden,
2017; Lie and Nixon, 2019). Thus, establishing a framework for defining LSR is of
physiological and pathological importance. Central to the criteria described above for LSR
are lysosome de-acidification and lysosome membrane permeabilization. Any drug, protein,
virus or insult that affects the endocytic or autophagic pathways may cause lysosome stress
and trigger LSR.

CONCLUSIONS

Funding:

Lysosomes are integral to the dynamic endolysosome system and are important for
maintaining cellular homeostasis through intracellular degradation of cargo, cytosolic
nutrient sensing, and cation homeostasis. Under stressful conditions all organelles including
lysosomes, ER and mitochondria exhibit stress responses as they attempt to restore
organellar function or promote cell death pathways when stress responses are too great. Few
have provided characterizations of LSR and here a framework is presented upon which we
can build on the physiological roles and pathological implications for LSR. Through a better
understanding of LSR, new and potentially impactful therapeutic interventions might be
discovered. In the meantime, LSR might find its place in the vernacular of modern cell
biology and might lead to a wave of investigations focused on inter-organellar signaling
(Figure 4).
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Fig 1.

Ingolvement of mMTOR-TFEB in mediating lysosomal stress responses (LSR). Under
unstressed conditions, mammalian target of rapamycin complex 1 (mTORC1) is localized on
lysosome membranes and phosphorylates transcription factor EB (TFEB), which is a master
regulator of lysosome biogenesis. Phosphorylated TFEB is bound by 14-3-3 protein
promoting the sequestration of TFEB in the cytoplasm. Under stressful conditions, which
can be caused by any drug, pathogen, or material that enters the endolysosome system
(termed LSR inducers), lysosomes undergo lysosomal stress responses (labeled 1-9). We
posit that during LSR, stressed lysosomes can use various signals, one of which being
mTOR-TFEB signaling pathway to promote lysosome biogenesis. When lysosomes are
stressed, mTORCL1 is released from lysosome membranes, calcium is released through
calcium permeable channels (depicted by blue cylinder) into the cytosol where it activates
the cytosolic phosphatase calcineurin. Activated calcineurin dephosphorylates TFEB
allowing it to translocate into the nucleus where it binds at the coordinated lysosomal
expression and regulation (CLEAR) element of lysosome biogenesis genes. Subsequently,
there is an increase of lysosome-related genes that lead to the possible restoration of stressed
lysosomes. Thus, LSR may use lysosome biogenesis as one of the pathways to restore
lysosome function.
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Fig. 2.
Lysosome stress response characteristics and examples of stimuli that cause LSR.

Lysosomal stress responses can be characterized by (1) increased lysosome pH, (2)
increased lysosome size, (3) lysosomal membrane permeabilization, (4) cationic efflux, (5)
intracellular repositioning, (6) intraluminal protein aggregation, (7) intraluminal
accumulation of LDL cholesterol, (8) redox catastrophe, and (9) bioenergetic crisis.
Endogenous and exogenous stimuli such as the HIV-1 proteins Tat and gp120, drugs of
abuse including methamphetamine and opioids, nanoparticles, LDL cholesterol, and
chloroquine (CQ) and hydroxychloroquine (HCQ) can induce lysosome stress
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Fig. 3.
Flow diagram depicting responses and outcomes resulting from lysosomal stress. High

levels of lysosomal stress (major) can lead to transcriptional/translational changes including
increases in lysosome biogenesis. Lower levels of lysosomal stress (minor) can lead to
selective autophagy and/or lysophagy. In either case, outcomes can include cell life or death
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Fig. 4.
Organellar stress responses. Resulting from acute and chronic stimuli and stressors,

lysosomes can exhibit lysosome stress responses (LSR). LSR as characterized in the text and
in Figure 2 is characterized by perinuclear to peripheral repositioning of lysosomes,
increases in lysosome size, reduction in intralysosomal proton concentrations and decreases
in cytosolic and extracellular pH, intraluminal accumulation of LDL cholesterol, increased
misfolded protein aggregation, lysosomal membrane permeabilization, and efflux of calcium
and iron from lysosomes. Endoplasmic reticulum (ER) and mitochondria exhibit their own
stress responses, and these might be triggered by LSR. Mitochondria in response to
increases in cytosolic iron and calcium act as cation sinks; when excessive results include
increases in reactive oxygen species (ROS) leading to redox catastrophe and decreases in
adenosine triphosphate (ATP) promoting bioenergetic crisis. A vicious cycle can result from
LSR including (1) increases in ROS can cause further lysosome stress, (2) increases in
cytosolic calcium can trigger calcium-induced calcium release from ER, and (3) increases in
lipid accumulation and protein aggregation in ER can lead to ER stress. Therefore, LSR
might be an early and upstream event that participates in inter-organellar stress responses.
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Comparison of lysosome, mitochondria and ER stress responses.

Comparison of Organellar Stress Responses

Lysosome stress responses
Increased intralysosomal pH
Increased lysosome size

Membrane per meabilization

Cationic efflux
Repositioning intracellularly

Misfolded protein
aggregation

LDL cholesterol
accumulation

Redox catastrophe

Bioenergetic crisis

Mitochondria

Endoplasmic
reticulum stress

+
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This table highlights the absence or presence of evidence for the observation of LSR in mitochondrial- and ER-stress responses. (+) indicate
evidence for LSR, while (=) indicate a lack of evidence for LSR.
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