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Abstract

In eukaryotic cells, lysosomes are digestive centers where biological macromolecules are degraded by phagocytosis
and autophagy, thereby maintaining cellular self-renewal capacity and energy supply. Lysosomes also serve as
signaling hubs to monitor the intracellular levels of nutrients and energy by acting as platforms for the assembly of
multiple signaling pathways, such as mammalian target of rapamycin complex 1 (mTORC1) and adenosine 5
monophosphate (AMP)-activated protein kinase (AMPK). The structural integrity and functional balance of lysosomes
are essential for cell function and viability. In fact, lysosomal damage not only disrupts intracellular clearance but also
results in the leakage of multiple contents, which pose great threats to the cell by triggering cell death pathways,
including apoptosis, necroptosis, pyroptosis, and ferroptosis. The collapse of lysosomal homeostasis is reportedly
critical for the pathogenesis and development of various diseases, such as tumors, neurodegenerative diseases,
cardiovascular diseases, and inflammatory diseases. Lysosomal quality control (LQC), comprising lysosomal repair,
lysophagy, and lysosomal regeneration, is rapidly initiated in response to lysosomal damage to maintain lysosomal
structural integrity and functional homeostasis. LQC may be a novel but pivotal target for disease treatment because
of its indispensable role in maintaining intracellular homeostasis and cell fate.

Facts Open questions
* The lysosome functions as the terminal degradation * What are the effects of other nutrients, in addition to
site and a cellular sensor and signaling hub. amino acids and growth factors, on lysosomal
Lysosomal damage is involved in different pathways signaling?
of cell death. Is there a specific anchored receptor involved in
Lysosomal dysfunction is related to various human lysophagy?

diseases.
LQC may be a potential therapeutic target for
human diseases.

Are there other mechanisms of cell death mediated
by lysosomal damage, in addition to the release of
cathepsins and hydrolases?

Introduction

The lysosome was first discovered by de Duve, who
defined it as a monolayer vesicle rich in acidic hydrolases'.
It was previously found to be an extremely important
intracellular degradation site, serving as the terminal des-
tination during phagocytosis and autophagy”. It has been
demonstrated that lysosomes are capable of sensing and
addressing cellular signals and playing essential roles in
coping with stress stimuli’>. For example, lysosomes are
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programmed to monitor the intracellular levels of nutrients
and energy, thus engaging in nutrient sensing, metabolic
regulation, and cellular homeostatic maintenance by pro-
viding an initial platform for the activation of mammalian
target of rapamycin complex 1 (mMTORC1) and adenosine
5'-monophosphate ~ (AMP)-activated  protein  kinase
(AMPK)*. Damage to lysosomes not only disrupts cellular
clearance ability but also results in the leakage of multiple
enzymes, triggering the activation of a series of cell death
pathways®. Lysosomal damage is involved in various forms
of cell death, such as apoptosis®’, necroptosis®’, pyr-
optosis'®!!, and ferroptosis'>'?, hinting that it is of great
significance to the clarification of the potential mechanism
of lysosomal damage and further exploration of efficient
treatments based on lysosomal quality control (LQC).
Indeed, the structural and functional abnormalities of
lysosomes are critical for the pathogenesis and development
of various diseases, including tumors'*'°, neurodegenera-
tive diseases'’ ™%, inflammatory diseases*® %% and cardio-
vascular diseases>>2°, making LQC a novel but pivotal
target for treatments. Endolysosome damage consists of a
series of specific cellular responses to lysosomal damage,
including lysosomal repair, lysophagy, and lysosomal
regeneration®®, which have been identified as being crucial
for maintaining intracellular homeostasis.

The structure and function of lysosomes
Lysosomal structure

Lysosomes are monolayer membrane organelles sur-
rounded by a 7-10-nm-thick lipid membrane. The
membrane vacuolar-type H"-ATPase (V-ATPase) is a
distinct characteristic of lysosomes and can continuously
pump H' into lysosomes to maintain an acidic environ-
ment”’. In addition to V-ATPase, other membrane pro-
teins, such as lysosome-associated membrane proteins
(LAMPs), ion channels, and multiple transporters, are the
molecular bases for lysosomal function®®. For example,
LAMPs account for 80% of lysosomal membrane proteins,
protecting the lysosomal membrane from acidic digestion
through their highly glycosylated intracavitary parts™.
Lysosomal transporters are needed for transporting the
final products into the cytoplasm for further metabolic
utilization®>*!,

The pH value of the lysosomal lumen is maintained within
a range from 3.5 to 5.5, which provides an optimal envir-
onment for the degradation of biological macromolecules®.
To date, more than 60 kinds of acidic hydrolysis enzymes
have been isolated from lysosomes. In addition to hydro-
lases, lysosomes can act as a store for various ions. Ca®* is
important for the function of lysosomes, affecting lysosome
movement, membrane transport and repair, nutrient sen-
sing, and organelle membrane contact®. Other ions, such as
Na®, K*, CI, and Zn*", are required for lysosomal
responses, including transportation, the maintenance of
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membrane potential, and the activation of lysosomal
enzymes™".

Lysosomal function

Lysosomes are the main digestive centers of eukaryotes
and can effectively degrade biological macromolecules to
maintain self-renewal capacity and meet energy needs’.
Extracellular materials, such as pathogens and toxins, can be
transported to lysosomes for degradation through phago-
cytosis®®, while intracellular cytoplasmic macromolecules,
unfolded or misfolded proteins, and even whole organelles
are captured and transported to lysosomes, mainly through
autophagy®>*°. Recent studies have indicated that lysosomes
are the primary centers of metabolic signaling pathways,
have critical involvement in nutrient sensing, and are cap-
able of monitoring the cellular metabolic state and further
facilitate adaption to nutrient deprivation by activating
mTORC1 and AMPK*~* (Fig. 1).

Phagocytosis and autophagy

Phagocytosis is programmed to eliminate invading
pathogens and apoptotic cells®®, making it crucial for
maintaining intracellular homeostasis*"**. Cells undergo
irreversible injury, and foreign stimuli, such as that from
pathogens and associated toxins, are efficient in initiating
phagocytosis*®. Phagocytosis is completed by the follow-
ing processes: the plasma membrane is reshaped by actin
polymerization and local exocytosis, closing at the distal
end to form early phagosomes*; then, to promote further
digestion, phagosomes gradually fuse with lysosomes,
which involves membrane remodeling, acidification of
phagocytes, and the formation of oxidizing and degrading
environments™*,

Autophagy is characterized by vesicles swallowing cyto-
plasmic proteins or organelles and further fusing with
lysosomes for content degradation, which is essential for
intracellular metabolic homeostasis and the renewal of cer-
tain organelles®. Generally, autophagy is divided into mac-
roautophagy, microautophagy, and chaperone-mediated
autophagy (CMA)™. In contrast to macroautophagy, which
is termed generalized autophagy, autophagosomes are not
formed during microautophagy; instead, the lysosome
directly swallows lysosomes through the indentation, pro-
tuberance or separation of the lysosomal membranes™.
CMA is completed when a chaperone binds and transports a
target protein to lysosomes for degradation*’. Heat shock
protein (Hsp) 70, the molecular chaperone that plays a cri-
tical role in CMA, is capable of recognizing and binding
substrates for lysosomal degradation®®. In addition, Hsp70
promotes the multimerization of LAMP type 2a, the lyso-
somal receptor involved in CMA, to form a translocation
complex®®°, in which a translocation channel is further
formed® through which only unfolded substrates are per-
mitted to pass®>. Similarly, other molecular chaperones are
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Fig. 1 Lysosomal function. Lysosomes function as terminal sites of phagocytosis and autophagy and as cellular sensors and signaling hubs. Cargos
are transported to lysosomes for degradation by the phagosome formed by the closure of reshaped plasma membrane during phagocytosis or the
autophagosome formed by the closure of the phagophore in macroautophagy, directly swallowing into lysosomes through membrane indentation,
protuberance, or the separation of the lysosomal membrane in microautophagy, and chaperone binding mainly through LAMP2A in CMA.
Lysosomes also function as mTORC1 and AMPK signaling hubs. Under conditions of nutrient enrichment, Rag GTPases, heterodimers formed by
RagA/B and RagC/D, are activated and tethered to the lysosomal membrane, further recruiting mTORC1. Rag GTPases can be activated by Ragulator
and inhibited by the GATOR1 complex. Ragulator is activated by SLC38A and lysosomal V-ATPase, which stimulated by arginine and leucine in the
lysosomal lumen, respectively, while the GATOR1 complex is inhibited by GATOR2, which is stimulated by amino acids in the cytoplasm. Then,
mTORC1 is activated by Rheb GTPases stimulated by GF through the inhibition of TSC. Upon glucose deficiency, Axin causes the dissociation and
inactivation of mTORC1 through the inhibition of Ragulator. In addition, Axin recruits AMPK by interacting with LKB1 and induces AMPK activation by
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required in CMA, including Hsp90, which regulates the
stabilization of the translocation complex, Hsp40, Hsp70-
interacting protein (Hip), and Hsp70-Hsp90-organizing
protein (Hop), which facilitates the translocation process™
Selective autophagy is programmed to degrade aggregates of
proteins, invading pathogens, and damaged organelles, such
as peroxisomes, mitochondria, lysosomes, nuclei, and
endoplasmic reticula (ER)***®. The ubiquitin-dependent
sensor system is critical for targeting and degrading dis-
tinct substrates®®. Autophagy-specific receptors further
tether the ubiquitinated cargo to autophagosomes that carry
microtubule-associated protein 1 light chain 3 (LC3)/
GABAA receptor-associated protein (GABARAP) and
integrate with lysosomes for degradation®”®,

Cellular sensor and signaling hub

Lysosomes are key hubs for integrating signals in response
to nutrients and energy®”*’. mTORCI and AMPK, both of
which are important metabolic regulators, assemble their
signal centers on the surface of lysosomes to form a switch
for anabolic and catabolic processes®”*>°,

mTORCI is an important regulatory molecule of cell
proliferation and metabolism because it senses intracel-
lular signals, such as those from amino acids and growth
factors, further triggering certain pathways to promote
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cell growth®. Intracellular signals can activate mTORC1
mainly through Rag GTPases and Ras homolog enriched
in brain (Rheb) GTPases at the surface of lysosomes sti-
mulated by amino acids and growth factors, respec-
tively®'. Rag GTPases are heterodimers formed by the
combination of RagA/B and RagC/D, which can be teth-
ered to the lysosomal membrane by Ragulator®. Under
enrich nutrition conditions, the activation of Ragulator by
amino acid signals enables Rag GTPases to bind and
recruit mTORC1®". The changes in amino acids in the
lysosomal lumen and cytoplasm are sensed by different
mechanisms. In the lysosomal lumen, arginine and leu-
cine facilitate the activation of Ragulator by stimulating
SLC38A, a sodium-coupled amino acid transporter and
lysosomal V-ATPase on the lysosomal membrane,
thereby promoting the binding of Rag GTPases and
mTORC1%*™®*, In the cytoplasm, amino acids, such as
arginine and leucine, can lead to the activation of the
GATOR2 complex, which further enhances the binding
capacity of Rag GTPases and mTORC1 by inhibiting the
hydrolysis of the GATOR1 complex by Rag GTPases®>.

In the GTP-bound form, Rheb reportedly contributes to
the activation of mTORC]1 on the surface of lysosomes,
and this process is disturbed by the activation of tuberous
sclerosis complex (TSC)®’. When the inhibitory status of
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TSC is induced by growth factors, the activation of
mTORC1 augments cellular anabolism by stimulating the
biosynthesis and inhibiting autophagy®®®®. It was found
that mTORC1 induces ribosomal biogenesis by phos-
phorylating and promoting the translation of S6 kinases®.
The inhibitory effect of mTORC1 on autophagy is
induced by phosphorylating and suppressing the nuclear
translocation of transcription factor EB (TFEB)”°.

AMPK is essential for the regulation of cellular meta-
bolism. Upon glucose deficiency, Axin, a scaffolding
protein that is capable of inhibiting the activity of Ragu-
lator, triggers the dissociation and inactivation of
mTORC1 on the lysosomal membrane’’. In addition,
Axin recruits AMPK by interacting with liver kinase Bl
(LKB1) and induces AMPK activation by forming com-
plexes with V-ATPase and Ragulator®. This activation of
AMPK signaling reportedly enhances cellular energy
storage processes by increasing glucose uptake, promot-
ing autophagy, and inhibiting catabolism through the
disruption to mTORCI activation”?.

Lysosomal quality control

Lysosomal membrane permeabilization (LMP) or lyso-
somal complete rupture is the common form of lysosomal
damage, and it is a potential hazard to cell fate and
function’®. Maintaining lysosomal structural integrity and
functional homeostasis through LQC favors the physio-
logical functions of cells. Under normal conditions,
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glycosylation of lysosomal membrane proteins can effec-
tively maintain membrane stability by preventing the
lysosomal membrane from being destroyed by lumen
proteolytic enzymes®®. However, LMP with the loss of
membrane integrity and increased permeability occur
after persistent exposure to oxygen radicals, optical
damage, and other factors’*’>, thereby resulting in the
release of cathepsins and hydrolases into the cyto-
plasm’®”?. When the LMP is not repaired, persistent
lysosomal rupture may lead to the massive release of
lysosomal contents, cascade hydrolysis of cytoplasmic
contents, and extensive cytoplasmic acidification, thus
contributing to irreversible cell damage’®. In response to
various stimuli, endolysosome damage leads to the for-
mation of specific cellular elements via efficient LQC,
which includes lysosomal repair, lysophagy, and lysosomal
regeneration’® (Fig. 2).

Lysosomal repair

When LMP occurs, endogenous protective mechanisms
are initiated to repair membrane damage, and prevent the
release of lumenal hydrolases” . Previous studies docu-
mented the protective effects of Hsp70 for maintaining
lysosomal integrity, showing that it can stabilize lysosomal
membrane by binding to lipid bisphosphonates and
enhancing the activity of acidic sphingolipase’®’®. Recent
studies showed that endosomal sorting complexes
required for transport (ESCRT) was critical for the repair

Repair

Lysophagy
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Fig. 2 Lysosomal quality control. Lysosomal quality control includes lysosomal repair, lysophagy, and lysosomal regeneration. The damaged
lysosomal membrane can be repaired by Hsp70 and ESCRT. In lysophagy, damaged lysosomes are ultimately transported to normal lysosomes for
degradation through phagosomes formed by phagophores. Two pathways for damaged lysosomes have been identified: Gals and SCF™®©?7_ After
binding with TRIM16, Gal3 accumulates at damaged lysosomes and recruits ULK1, Beclin 1, and ATG16L1. Then, Gal3 is modified by the K63 ubiquitin
chain and binds to LC3 on the phagophore via p62. Gal8 accumulates at damaged lysosomes and binds to LC3 on the phagophore via NDP52.
SCF™©?7 s recruited to damaged lysosomes and ubiquitinates LAMP2, thereby binding to LC3 on the phagophore via p62. In addition, the
inhibition of MTORC1 by the loss of lysosomes can enable TFEB to bind with CLEAR and promote lysosomal generation.
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of damaged lysosomal membranes®*~*, ESCRT is a highly
conserved transport system commonly found in yeast and
other eukaryotic cells, and it is programmed to transport
ubiquitinated proteins into lysosomes®’. ESCRTs can
repair small perforations in the lysosomal membrane at an
early stage of lysosomal damage, which are reportedly
recruited in only a few minutes®. Further study revealed
that the Ca®" efflux from damaged lysosomes enhanced
the lipid-binding activity of apoptosis-linked gene-2-
interacting protein X (ALIX), a component of the
ESCRT complex, for efficient binding to the lysosomal
membrane. Moreover, Tsgl01, another component of the
ESCRT complex, was shown to be indispensable, as
deficiency of ALIX or Tsgl01 led to the inability to repair
damaged lysosomes and irreversible cell death®. Cur-
rently, the precise mechanism by which ESCRT repairs
lysosomal membranes is not clear, but it might be
involved in inducing the formation of filamentous helices
on the membrane surface and the contraction of pores in
the lipid bilayer®”.

Lysophagy

When lysosomal membrane damage cannot be
reversed, selective autophagy of lysosomes is initiated to
ensure the effective clearance of damaged lysosomes, a
process named lysophagy”®. Similar to selective autop-
hagy, the ubiquitination of impaired lysosomes is the
major factor driving and modulating lysophagy®®. Two
ubiquitination pathways regulate lysophagy, and they
involve galectins (Gals) and SCFEBXO27 2683-85 3]s are
clearly crucial for lysophagy because they recognize gly-
coproteins in the lysosomal membrane after lysosomal
rupture’>*>**, Gal3 is able to sense damaged lysosomes,
where they accumulate to induce further lysophagy by
recruiting autophagy regulatory factors, including
uncoordinated-51-like kinase 1 (ULK1), Beclin 1, and
autophagy-related protein 16L1 (ATG16L1) after binding
with E3 ubiquitin ligase-tripartite domain containing
protein 16 (TRIM16)®°. Then, Gal3 is modified with a K63
ubiquitin chain and binds to LC3 on the phagophore
through autophagy receptor p62, and the phagophore is
encapsulated, forming an autophagosome for subsequent
degradation%. Other galectins, such as Gal8 and Gal9, can
also be recruited to damaged lysosomes and induce
lysophagy via different pathways®***®. For example, Gal8
directly binds to LC3 on the phagophore through
autophagy receptor NDP52, in turn driving damaged
lysosomes toward an autophagy pathway®*. In addition to
galectins, other molecules can be ubiquitinated on the
damaged lysosomes®”. Skp1/CUL1/F-box (SCF) is a ligase
complex, and F-box protein is the receptor of the sub-
strate of the SCF ubiquitin-ligase complex. When lyso-
somes were disrupted by LLOME treatment, SCF**°%/
was rapidly recruited to the broken lysosomes and
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ubiquitinated LAMP-2 to activate lysophagy®”. Given that
lysophagy is a normal lysosome-dependent pathway that
eliminates damaged lysosomes, the timely reestablishment
of lysosomal numbers is crucial for the maintenance of
lysosomal function.

Lysosomal regeneration

Lysosomal biogenesis requires the integration of both
cellular endocytosis and protein biosynthesis, which is
realized through the formation of the membrane structure
of lysosomes and the provision of lysosomal proteins,
respectively>®’™®°, The lysosomal membrane is con-
stituted by both the primary lysosomes secreted by the
Golgi and vesicles from the plasma membrane and the
endocytic pathway®. Newly synthesized proteins targeted
to lysosomes can be transported either directly into the
lysosome through the trans-Golgi network depending on
receptors, including mannose-6-phosphate receptor, sor-
tilin, and lysosomal integral membrane protein type 2°”%%,
or indirectly ingested into the lumen by endocytosis®’.

Under physiological conditions, the number of lyso-
somes is continuously maintained by dynamic home-
ostasis balanced between formation and degradation®.
Lysosomal regeneration is initiated when lysosomes are
lost®®. Bioinformatics and functional genome analysis
have revealed that the promoter regions of many lysoso-
mal genes contain one or more repeats of the 10-base pair
motif (GTCACGTGAC), known for coordinating lysoso-
mal expression and regulation (CLEAR) elements”®",
TFEB, a member of the MiT/TFE family, has been found
to directly bind with the CLEAR element and further
promote lysosomal renewal®. Further study confirmed
that TFEB contributed to the expression levels of a large
number of genes involved in lysosomal function, includ-
ing exocytosis, phagocytosis, endocytosis, and autop-
hagygo. For example, the inhibition of mTOR enabled
TFEB dephosphorylation and translocation the later
increased the expression of genes encoding lysosomal
proteins, such as V-ATPases, lysosomal transmembrane
proteins, and hydrolases®.

In general, endolysosome damage is initiated rapidly in
response to lysosomal damage, and multiple processes are
involved in the repair of damaged lysosomes and cell
survival. Thus, it is of great significance to identify the
molecular mechanisms of LQC, and its relationship with
the occurrence and development of clinical diseases.

Lysosomal damage and cell fate

Persistent lysosomal damage poses a serious threat to cell
fate. Lysosomal injury-associated cell death was first identi-
fied by de Duve, who defined the lysosome as a “suicide
bag”*. In fact, the degree of lysosomal damage is the
determinant of the type of cell death. Early studies suggested
that moderate lysosomal damage can induce cell apoptosis,



Zhu et al. Cell Death and Disease (2020)11:817

Page 6 of 13

BID

tBID

I

— — Bcl-2
= _cathepsins

N
AN . 1"
@é@ @@\%@ ;aspase 8 —| {
e® ‘

—_—

Apoptosis

| Necroptosis

—_—

— pro-IL-1B

Pyroptosis

Ferroptosis

from damaged lysosomes.

Fig. 3 Lysosomal damage and cell fate. Apoptosis appears to be triggered by lysosomal damage in a mitochondria-dependent manner.
Cathepsins are released from damaged lysosomes and cleave BID into tBid, in turn promoting the oligomorphism of BAX, which can be further
enhanced by cathepsin-induced degradation of Bcl-2. Then, BAX is transferred to the mitochondrial outer membrane, causing excessive formation of
the MPTP. Through the MPTP, cyto C is released into the cytoplasm and promotes the formation of apoptosomes, further inducing apoptosis.
Necroptosis is stimulated by the inhibition of lysosomal function, resulting in significant accumulation of necrosome components (RIPKT and RIPK3)
and hydrolyzed caspase-8 by the release of cathepsin D. Necroptosis executor (MLKL) is phosphorylated by necrosomes and translocated to the cell
membrane or organelle membrane, thereby leading to necroptosis. Pyroptosis is induced by damaged lysosomes through the cleavage of GSDMD
into GSDMD-N by the release of cathepsin G, and activating NLRP3 and caspase-1 by the release of cathepsin B. Subsequently, pyroptosis leads to cell
perforation and the massive release of IL-18 and IL-18. Additionally, ferroptosis can be exacerbated by the release of ROS produced by Fe?™ and H,0,

while extensive damage resulted in a substantial number of
cells undergoing irreversible necrosis. Accumulating evi-
dence has indicated that lysosomal damage is closely related
to the development of apoptosis®”’, necroptosis®'’, pyr-
optosis*’, and ferroptosis'>*® (Fig. 3).

Apoptosis

Apoptosis is defined as programmed cell death. Cur-
rently, two main pathways are widely accepted as med-
iating apoptosis, namely exogenous apoptosis via cell
surface death receptors, and intrinsic apoptosis dependent
on mitochondria involvement”. Intrinsic apoptosis is
initiated under exposure to internal stimuli, such as
growth factor deprivation, hypoxia, DNA damage, oxida-
tive stress, and calcium overload®®. In this pathway,
apoptosis is trigger by the release of cytochrome C (cyto
C) from mitochondria, which further induces the activa-
tion of caspase cascades”. Lysosomal damage triggers
apoptosis through the endogenous pathway. When LMP
or lysosomal rupture occurs, cathepsins are released from
lysosomes and cleave BH3-interacting domain death
agonist (BID) into tBid fragments, which promote the
oligomorphism of B-cell lymphoma-2 (Bcl-2)-associated
X protein®. Then, the oligomorphic complex is transferred
to the outer mitochondrial membrane, causing the
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excessive formation of the mitochondrial permeability
transition pore (MPTP)®. Cyto C is released through the
MPTP into the cytoplasm, where it augments the for-
mation of apoptosomes®’. In summary, the leakage of
lysosomal enzymes from damaged lysosomes is critical for
apoptosis in the mitochondrial-dependent pathway.
Interestingly, the release of H,O, from damaged mito-
chondria also accounts for the fragmentation of lysosomal
membranes'®. In addition, cathepsins are capable of
degrading Bcl-2, thereby leading to exacerbated cellular
apoptosis®. Timely recognition and prompt interference
of lysosomal damage are efficient measures for preventing
cellular apoptosis. For example, the apoptosis of HepG2
cells can be significantly inhibited by specific cathepsin B
inhibitors®>'%!, The inhibition of cathepsin B and cathe-
psin L by interfering with the mitochondrial pathway

markedly protected astrocytes from apoptosis'®>.

Necroptosis

The traditional view suggests that necrosis is a non-
programmed or “accidental” cell death. However, it has been
demonstrated that necrosis can be driven and regulated by
certain molecular mechanisms, similar to apoptosis, in a
process called necroptosis'®. The morphological char-
acteristics of necroptosis are similar to those of necrosis, but
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its initiation is noncaspase-dependent'**'*, The currently
accepted concept suggests that necroptosis is mediated by
receptor-interacting protein kinase (RIPK) and mixed-
lineage kinase domain-like protein (MLKL). Pasparakis
et al.l% found that tumor necrosis factor (TNF)-a was
capable of activating RIPK1, promoting the phosphorylation
of RIPK3, and thus forming RIPK1-RIPK3 complex, named
a necrosome. MLKL was then phosphorylated by the
necrosome and translocated to the cell membrane or orga-
nelle membrane, thus leading to necroptosis'®”. It was
recently revealed that the inhibition of lysosomal function
after traumatic spinal cord injury led to the significant
accumulation of RIPK1, RIPK3, and MLKL in neurons,
which was alleviated by the increased activation of
autophagy-lysosome pathways®. Caspase-8 is a major nega-
tive regulator of necroptosis by interfering with RIPK acti-
vation and preventing the formation of necrosomes’. The
release of cathepsin D induced necroptosis through the
proteolysis of caspase-8 and promotion of RIPK1 activation,
implying that lysosomal dysfunction might be crucially
involved in the onset of necroptosis’.

Pyroptosis

Pyroptosis is characterized by both induction of a
proinflammatory response and programmed cell death,
which is realized mainly through the activation of
caspase-1 and the proteolysis of GSDMD, accompanied
by cell perforation and excessive release of IL-1f and IL-
18'%, The cathepsins released from damaged lysosomes
play important roles in the process of pyroptosis. It has
been shown that cathepsin G effectively induces the
development of pyroptosis by cleaving GSDMD into
GSDMD-N'. The activation of caspase-1 primarily
depends on NOD-like receptors that recruit caspase-1
and further induce caspase-1 activation by binding with
NOD-like receptor protein (NLRP)3 inflammasomes'%.
In addition, released cathepsin B can activates NLRP3 and
caspase-1 by binding to the leucine-rich repeat domain of
NLRP3, hinting to the critical involvement of lysosomal
damage in cellular pyroptosis'".

Ferroptosis

Ferroptosis is a form of regulated cell death characterized
by excessive intracellular accumulation of iron-dependent
lipid hydroperoxides''°. Either the overproduction of the
Fe?" that is involved in the formation of lipid hydroper-
oxides through the Fenton reaction''! or the inactivation of
glutathione peroxidase 4, which is programmed to degrade
lipid hydroperoxides, leads to intracellular lipid hydroper-
oxide accumulation to a lethal level, ultimately triggering
ferroptosis''>. An imbalance between intracellular reactive
oxygen species (ROS) production and clearance is among
the major causes of cellular ferroptosis''. The lysosome is
one of the main storage sites for iron and essential for
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maintaining the levels of intracellular ROS and iron. Upon
exposure to H,O,, the free iron in lysosomes increases the
production of ROS, which can then be released through an
unstable lysosomal membrane to trigger the activation of
cell death pathways'>. Most of the iron is in the form
suitable for binding with ferritin in the cytoplasm, which
can be degraded by autophagy-lysosome pathway, causing
the release of active iron''>. The inhibition of the
autophagy—lysosome pathway was reportedly capable of
slowing drug-induced ferroptosis, indicating that the
autophagy-lysosome pathway appeared to be associated
with the occurrence of ferroptosis'>. However, ferroptosis
can also be restricted by inhibiting lysosomal function
through the downregulation of cathepsin or V-ATPase
activity”.

Lysosomes and various diseases

A growing body of evidence indicates that the structural
and functional stability of lysosomes are essential for
maintaining cellular homeostasis®’. Lysosomal dysfunc-
tion might play an important role in the development of
various diseases, including tumors'*™'®, neurodegenera-
tive diseases'’™'?, inflammatory diseases®*~*%, and cardi-
ovascular diseases?>2° (Table 1).

Tumors

Catabolic hyperactivity is one of the main characteristics
of tumor cells, and it is the major reason for tumor pro-
gression and metastasis'*. The rapid proliferation of tumor
cells is guaranteed by high synthesis rates, which largely
depend on the degradation and recycling of cellular com-
ponents®®, The autophagy-lysosome system is fully acti-
vated to meet the metabolic needs of tumor cells*®. For
example, TFEB was found to maintain high levels of
autophagic activity by upregulating lysosomal function in
pancreatic ductal adenocarcinoma (PDA)'®. The knockout
of autophagy-related gene (ATG) 5 or ATG7 and the
inhibition of lysosomal function significantly diminished
the invasion and progression of PDA, suggesting that
downregulation of lysosomal function is associated with
inhibited tumor progression''*. A number of clinical trials
have been conducted to treat tumors by targeting lyso-
somes, such as through the anti-breast-cancer effects of
saponin D, which blocks autophagosome-lysosome
fusion''”. Therefore, disturbing the autophagy-lysosome
function is efficient for delaying the occurrence and
development of tumors, and it is gradually becoming a
promising target for tumor treatment.

In addition, cathepsin B is considered to be involved in
proteolytic cascade destruction of the extracellular matrix,
which further remodels the tumor environment by
enabling angiogenesis, tumor migration, invasion, and
even metastasis'®. The overexpression of cathepsin B
promoted the invasiveness and progression of breast
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cancer cells''®'"”, while downregulation of cathepsin B

function by shRNA significantly reduced bone metastasis
in mice breast cancer models''®. The abnormal distribu-
tion of lysosomes is critically involved in carcinogenesis.
Under normal conditions, lysosomes are mainly located in
the peripheral and perinuclear regions of eukaryocytes''”.
During the process of carcinogenesis, lysosomes sig-
nificantly transfer from the perinuclear region to the
peripheral cytoplasm, which led to enhanced lysosomal
exocytosis®®. Furthermore, lysosomal exocytosis of
hydrolytic enzymes promoted the invasion of tumor cells
and degradation of the extracellular matrix, thereby
contributing to cancer progression'*°. Thus, the regula-
tion of lysosomal distribution should be taken seriously in
anticancer therapy.

Neurodegenerative diseases

Neurons cannot dilute damaged organelles and cellular
waste through cell division, implying the great need for an
efficient intracellular clearance system'*"'*, Strikingly,
lysosomes are essential for the functional maintenance and
survival of neurons. An increasing number of studies have
documented that failed lysosomal function is closely rela-
ted to the occurrence and development of neurodegen-
erative diseases, including Gaucher disease, hereditary
spastic paraplegias, and Alzheimer’s disease (AD)'®'*7'%,
Gaucher disease is a rare autosomal recessive genetic dis-
ease that is caused by the excessive accumulation of glu-
cose neuraminidase in macrophages because of the
dysfunction and abnormal lysosomal transport of gluco-
saminidase’*®, The clinical manifestations of neurological
Gaucher disease vary by subtype and manifest different
symptoms'*’, Enzyme replacement therapy has achieved
remarkable curative effects by enhancing the decomposi-
tion of glycosphingolipids in lysosomes, relieving the
pressure on lysosomes, and improving lysosomal func-
tion'*’, Hereditary spastic paraplegias is a highly hetero-
geneous autosomal recessive hereditary disease most
commonly caused by mutations in SPG11 and SPG15'**,
Lack of these two proteins can prevent lysosomal biogen-
esis and autophagosome maturity, leading to the ganglio-
side accumulation and neuronal death'**, A recent study
showed that alleviating ganglioside accumulation can sig-
nificantly reduce the number of neuron deaths and thus
improve the disease phenotype in zebrafish models with
the SPG11 mutation'**, Thus, alleviating the degradation
pressure on lysosomes and improving lysosomal function
are effective strategies for the management of neurode-
generative diseases. Additionally, lysosomal acidification is
a major factor in the activity of most lysosomal hydrolytic
enzymes and the regulation of lysosomal signals'®. For
example, the mutant presenilin 1, one of the main causes of
familial AD, was found to cause a dysfunction in lysosomal

acidification, leading to elevated lysosomal pH values'*,

Official journal of the Cell Death Differentiation Association

Page 9 of 13

lysosomal proteolysis injury, and AD-like pathologic
alterations'*®. Similarly, two subtypes of early-onset Par-
kinson’s disease (PD), XPDS and Kufor-Rakeb syndrome,
are both related to disorders of lysosomal acidifica-
tion'*”'8, indicating that lysosomal deacidification accel-
erates the development of PD-like neuropathology. Some
nerve agents that aggravate PD and PD-like symptoms
have been shown to disturb pH values in lysosomes'*>'%,

Inflammatory diseases

Inflammation, deemed a protective response to patho-
gens, irritation, and injury'®', can effectively remove
invading pathogens and maintain tissue integrity by
releasing inflammatory mediators, inducing inflammatory
cell migration and aggregation'®>. However, excessive or
sustained inflammation results in the destruction of tis-
sues, followed by the development of inflammatory dis-
eases. It has been generally accepted that lysosomes are
critical to the initiation and recession of inflammatory
responses”’. In hyperuricemia, uric acid is supersaturated
in urine and forms uric acid crystals, which are trans-
ported to lysosomes by the endocytosis of renal tubular
epithelial cells, destroying the lysosomal membrane and
causing lysosomal rupture, in turn, resulting in renal
inflammation?. It was found that renal tubular epithelial
cells with the Atg5 gene knocked out failed to isolate the
damaged lysosomes, which caused irreversible cell
damage in mouse models of acute hyperuricemic
nephritis®>. Similarly, the coexistence of lysosomes and
digestive enzymes in pancreatic acinar cells is considered
an early event in acute pancreatitis®'. Activation of trypsin
induces the leakage of lysosomes and the release of
cathepsin B into the cytoplasm, which activates the cell
death pathway and finally causes pancreatic injury mainly
in the forms of cellular apoptosis and necrosis*'. Taken
together, these studies show that maintaining the integrity
of the lysosomal structure and function or inhibiting the
activity of cathepsin B, may be promising therapeutic
targets for acute pancreatitis.

In the context of sepsis, stimulation of autophagy can lead
not only to the removal of damaged organelles and redun-
dant proteins, but also to the removal of invading pathogenic
microorganisms, a process that has become a potential
target for improving the survival and prognosis of septic
complications'®, The activity of autophagy increases sig-
nificantly at the early stage of sepsis, which shows obvious
advantages by promoting pathogen clearance, attenuating
cell apoptosis, and modulating inflammation'>*, However,
autophagy is remarkably inhibited during persistent expo-
sure to septic challenge, and enhancing autophagic activity
can significantly reduce the immunosuppression and organ
dysfunction secondary to severe sepsis'>>'*. It was recently
reported that a variety of drugs used to reverse sepsis-
induced immunosuppression were related to induced
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autophagy activation'*'””. In addition, mRNA expression
of key genes in lysosomes, including acid hydrolases (such as
cathepsin A/D), LAMP-1 and LAMP-2, was significantly
upregulated following sepsis, hinting that overloaded lyso-
somal function might be an early marker for poor outcomes
for patients with sepsis®.

Cardiovascular diseases

Given the critical involvement of autophagy in cardio-
vascular diseases, such as myocardial ischemic and
reperfusion injury, cardiomyopathy, myocardial infarc-
tion, and heart failure'**'*?, the roles of lysosomes as the
terminal sites of the autophagic process are indispensable.
In myocardial ischemia and reperfusion injury, cardio-
myocyte death can be caused by lysosomal consumption,
which manifests as a decrease in the number of lysosomes
and the downregulated expression of LAMP-1"*°. Both
the enhancement of lysosomal function and promotion of
autophagy were reportedly beneficial by alleviating car-
diomyocyte death after myocardial ischemia and reper-
fusion injury’*'**, In proteotoxic cardiomyopathy,
cardiomyocytes showed impaired autophagic flux and
reduced lysosome abundance; however, adeno-associated
virus-TFEB transduction was sufficient to reverse cardi-
omyopathy pathology in a preclinical study'**. Both dys-
functional lysosomes and impaired autophagic processes
might contribute to the development of myocardial
infarction and heart failure, which may be improved by
enhancing autophagic activity'*>'*!, Lysosomes are criti-
cally involved in the development and progression of
cardiovascular diseases in autophagy-independent ways.

Atherosclerosis refers to lipid deposition (mainly cho-
lesterol and cholesteryl ester) in the intima and subintima
of arteries. Lipids induce the dysfunction of lysosomes in
mice macrophages, as shown by an increase in lysosomal
pH, decrease in proteolytic ability, and destruction of
membrane integrity>*. Lysosomal acid lipase is the main
enzyme that hydrolyzes low-density lipoproteins and the
modified forms of low-density lipoproteins, playing a
pivotal role in lipid decomposition and prevention of
excessive lipid accumulation***, Upon the development of
atherosclerosis, excessive accumulation of free cholesterol
leads to the suppression of lysosomal acid lipase activity
and the accumulation of cholesterol esters in lyso-
somes'**. In addition, deficiency of primary LAMP-2 is
associated with the occurrence of Danon disease®, as
evidenced by the pathological characteristics of massive
autophagosome deposition in cardiomyocytes and skeletal
muscle cells*4¢147, Similarly, mice with LAMP-2 knocked
out show impaired autophagy and autophagosomes
aggregation in cardiomyocytes, resulting in cardiac
defects*®, Taken together, studies show the critical
involvement of lysosomes in the occurrence and devel-
opment of cardiovascular diseases, which has been
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confirmed by their decreased number and significant
dysfunction, as well as an impaired autophagic process,
leading to aberrant cellular responses and even cell death.
While upregulation of the autophagy-lysosome pathway
or reduction in lysosomal stress may alleviate the pro-
gression of cardiomyocyte damage and prevent cell death,
providing novel insights into disease therapy.

Conclusions and perspectives

In-depth understanding of lysosomes has shown that
they are not simple “digestive centers” but are main
metabolic centers and signal hubs. The degradation
function of lysosomes has been adequately studied for
decades, but studies on the roles of lysosomes as cellular
sensors and signal hubs are in an initial state. Although
the mechanism of amino acid sensing has been clarified,
the impacts of other nutrients on lysosomal signaling are
largely unclear. As LQC is critically involved in main-
taining cell viability and function, the general aspects of
LQC have been gradually emphasized and revealed;
nevertheless, some details remain unclear. For example,
the interaction between components of the ESCRT
complex and their precise mechanisms in lysosomal
repair are largely unknown. Based on the current evi-
dence, the selective degradation process of lysosomes via
lysophagy is thought to be facilitated by the recognition of
lysosomal proteins exposed to cytoplasm after rupture.
Therefore, similar to its significance in organelle-specific
autophagy, the importance of discovering specific
lysosome-anchored receptors is self-evident. The critical
involvement of lysosomal damage in different pathways of
cell death has been widely studied, but the current focus is
placed on the release of cathepsin-based contents caused
by structural damage. Few studies have addressed cell
death induced by the release of ions, other proteases, and/
or the dysfunction of the degradation or signal sensing
roles of lysosomes.

Lysosomes play key roles in the development and pro-
gression of various human diseases, mainly through the
alteration of their degradation capacity and the release of
their contents, resulting in catabolic hyperactivity in
tumors, accumulation of abnormal substances that causes
neurodegenerative and cardiovascular diseases, and
excessive inflammatory responses in inflammatory dis-
eases. Therapies targeting lysosomes might exert bene-
ficial effects for disease remission. For example, the
inhibition of lysosomal function in cancer cells can
restrain tumor metabolism, thereby alleviating tumor
progression. In addition, the enhancement of lysosomal
function and lysosomal enzyme replacement can accel-
erate the clearance of accumulated pathogenesis-related
proteins in neurodegenerative and cardiovascular dis-
eases. Similarly, the protection of lysosomes from struc-
tural damage and functional impairment can remarkably
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alleviate the progression of inflammatory diseases. In view
of the indispensable role of LQC in lysosomal structure
and function maintenance, LQC might also serve as a
potential therapeutic target for treating human diseases.
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