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Lysosomes are single membrane bounded group of acidic organelles that can be involved in a process called
lysosomal exocytosis which leads to the extracellular release of their content. Lysosomal exocytosis is required
for plasma membrane repair or remodeling events such as bone resorption, antigen presentation or mitosis, and
for protection against toxic agents such as heavy metals. Recently, it has been showed that to fulfill this pro-
tective role, lysosomal exocytosis needs some autophagic proteins, in an autophagy-independent manner. In

addition to these crucial physiological roles, lysosomal exocytosis plays a major protumoral role in various
cancers. This effect is exerted through tumor microenvironment modifications, including extracellular matrix
remodeling, acidosis, oncogenic and profibrogenic signals. This review provides a comprehensive overview of
the different elements released in the microenvironment during lysosomal exocytosis, i.e. proteases, exosomes,
and protons, and their effects in the context of tumor development and treatment.

Lysosomes were first discovered in the 1950s by C. De Duve et al., a
Belgian biochemist and his team while they were studying glucose-6-
phosphatase and insulin action in the liver [1]. Lysosomes are single
membrane bounded group of acidic organelles, containing two classes of
proteins, necessary for their main digestive and recycling functions:
soluble hydrolases and integral lysosomal membrane proteins [2,3].
Luminal proteins include various hydrolytic enzymes such as proteases,
sulfatases, lipases, phosphatases, nucleases and glycosidases, which
have been the subject of excellent reviews [4,5]. Lysosomes digestion
substrates are taken from the extracellular space through endocytosis or
phagocytosis and from the cytoplasm by autophagy [6]. Lysosomes vary
in shape, size, content and intracellular location, forming a heteroge-
neous organelles group [7]. When located close to the plasma mem-
brane, lysosomes can carry out a process known as lysosomal exocytosis.
Lysosomal exocytosis is a ubiquitous and generalized process first
described in the release of acid hydrolases in the Howship lacuna of
osteoclasts during bone resorption [8]. This mechanism is essential for
various physiological process, such as plasma membrane repair and
remodeling, ATP and H' release, immune response and antigen pre-
sentation [9]. In this review, we focus on molecular mechanisms of
lysosomal exocytosis and the role of this process, with a particular

emphasis in cancer.
1. 1- Lysosomal exocytosis: molecular mechanism

Lysosomal exocytosis is a multi-step process (Fig. 1). Lysosome
transport from the MTOC (microtubule organizing center) in perinuclear
location, to the cell periphery is a prerequisite to exocytosis, and is
mediated by kinesin motors [10]. Kinesins bind microtubules by a
globular motor domain and lysosomes by a tail domain through specific
adaptor or cargos [11]. Several studies showed that lysosomes interact
with different kinesins for this centrifugal transport, but the best char-
acterized are KINESIN-1 [10,12]. The multi-subunit complex BORC
(BLOC one-related complex) is associated with the cytosolic face of ly-
sosomes, and activate the ADP-ribosylation Factor Like GTPase 8B
(ARL8B) and its effector SifA and kinesin-interacting protein (SKIP),
whose recruit Kinesin-1 and -3 to enhance anterograde transport of ly-
sosomes [13-17]. Alternatively, the Rab (Ras-related protein) small
GTPase Rab7 and its effector FYVE and coiled-coil [CC] domain con-
taining 1 (FYCO1) in combination with PI(3)P (phosphatidylinositol 3
phosphate) can recruit Kinesin-1 for centrifuge lysosomal transport
[13]. Lysosomal-Associated Membrane Protein 1 (LAMP1) is a
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lysosomal transmembrane protein which contains a large, glyco-
sylated/sialylated N-terminal luminal domain and a short C-terminal
cytosolic tail [18,19]. LAMP1 could also be involved in lysosome
anterograde traffic through its direct interaction with motor myosin-11
[20]. Indeed, myosins are other components of motors proteins which,
while kinesins move fast along microtubule, move slower on actin fila-
ments. Rab small GTPases have also been involved in this process. A
complex formed by Rab3a, the guanine nucleotide exchange factor for
Rab3a (GRAB) and Rab11, together with synaptotagmin-like protein 4a
(SLP4-a) and non-muscle myosin heavy chain IIA is required, as LAMP1,
for lysosome positioning at the cell periphery and lysosome exocytosis
[21,22]. Other proteins or parameters such as the deubiquitinase
ubiquitin-specific peptidase 17 (USP17) or membrane tension gradients
have recently been involved in lysosome positioning at the cell periph-
ery [23,24]. Now close to the plasma membrane, lysosomes have to dock
and fuse to the plasma membrane. These processes require (i) an
important cytoplasmic Ca®" increase, and (ii) interactions between
several lysosomal and plasma membrane proteins [25,26]. Ca%" release,
from lysosomes or endoplasmic reticulum, is mediated by nuclear
translocation of Transcription Factor EB (TFEB), which promotes the
transcription of Transient Receptor Potential Mucolipin 1 (TRPML1)
[25,26]. Indeed, TRPML1 is a non-selective lysosomal membrane
channel, permeable to various cations and playing a positive role in
lysosomal exocytosis process by supplying Ca?" for membrane fusion
[27,28]. In addition, TRPML1 activation on lysosomes triggers Ca’"
release endoplasmic reticulum [25]. The silencing of TRPMLI inhibits
lysosomal exocytosis, and human mutations in TRPML1 result in type IV
mucolipidosis (ML-IV), a childhood neurodegenerative lysosomal stor-
age disorder [29,30]. Synaptotagmin VII (SYT VII) is a lysosomal
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membrane protein with a single transmembrane domain and a cytosolic
main part. SYT VII plays a key role in lysosomal exocytosis and mem-
brane fusion as a Ca?" sensor. TRPML1-mediated Ca®" efflux or Ca?*
influx following plasma membrane wounds leads to SYT VII conforma-
tional change. This promotes its interaction with the V-SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor) protein
VAMP7, at the surface of the lysosome and with the T-SNAR-
E-phospholipid interacting complex formed by SYNTAXIN-4 and
SNAP23, (synaptosome-associated protein of 23 kDa) at the plasma
membrane [31]. This complex molecular mechanism leads to docking of
lysosomes to the plasma membrane (Fig. 1), lysosomal and plasma
membrane fusion , extracellular release of lysosomal luminal content
and exposure of LAMP] at the plasma membrane , which is commonly
used as a marker of lysosomal exocytosis [32].

Although the role of luminal enzymes in the onset and regulation of
lysosomal exocytosis remains to be elucidated, neuraminidase 1 (NEU1)
has been identified as a negative regulator of lysosomal exocytosis.
Lysosomal exocytosis regulation is complex and ensured by numerous
players that will not be described here. However, NEU1 inactivation
results in excessive lysosomal exocytosis and represents a useful model
to analyze this process [9,20,33]. NEU1 is the most abundant of the 4
mammalian sialidases and is ubiquitously expressed. During lysosomal
exocytosis, NEU1 can perform a hydrolytic removal of the sialic acids on
LAMP1, thus limiting the number of lysosomes that dock to the plasma
membrane, and thereby lysosomal exocytosis [34,35]. NEU1 activity
requires the cathepsin A protein and together with beta-galactosidase,
these 3 hydrolases composed the megadalton-sized lysosomal multi-
complex enzyme [36]. A inherited genetic defect in one of these com-
ponents leads to lysosomal storage diseases resulting from NEU1 or
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Fig. 1. Schematic representation of the molecular mechanisms leading to lysosomal exocytosis (Adapted from Machado et al., 2021).

The main steps of the process and the major actors are represented. First perinuclear lysosomes traffic to plasma membrane along the microtubule system. Second,
LAMP1 mediates lysosomal docking and fusion of lysosome to the plasma membrane. The required Ca?" efflux induces SYT VII conformational change and its
interaction with V-SNARE and T-SNARE complex. Exocytosis results in the extracellular release of lysosomal luminal content and exposure of LAMP1 at the plasma
membrane. The process can be downregulated by NEU1, which removes sialic acids on LAMP1 and thus limits the docking step.
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beta-galactosidase activity defect and called sialidosis galactosialidosis
[37].

2. 2- Lysosomal exocytosis: non-cancer roles

Lysosomal exocytosis exerts several critical functions such as plasma
membrane repair, plasma membrane remodeling, cell protection against
toxic products or cytotoxicity at the immunological synapse (Fig. 2).

2.1. Plasma membrane repair

Damage to the plasma membrane results from various insults and its
repair is an emergency response required for cell survival. The
involvement of lysosomal exocytosis in plasma membrane repair (PMR)
was first shown by Reddy and al. in NRK cells following scratch-
wounding and by analyzing the presence of LAMP1 at the cell surface
or by blocking the process using SYT VII and LAMP1 inhibitors [27].
Afterwards, several authors confirmed and extended the role of lyso-
somal exocytosis in PMR after membrane disruption due to various
stresses such as pathogens or pore-forming proteins in different cell
types [38-40]. Interestingly, lysosomal exocytosis plays also an impor-
tant role in PMR through the extracellular release of its content as it has
been shown with the acid sphingomyelinase (ASM) [41]. Indeed, ASM is
a luminal lysosomal hydrolase secreted in the extracellular compart-
ment during lysosomal exocytosis. Experimentally, purified ASM pro-
motes endocytosis and wound removal when added extracellularly and
rescues the PMR defect of ASM-deficient cells [41]. Similarly, lysosomal
cysteine proteases cathepsin B and L which are quickly secreted in the
case of membrane injury, are needed for wound repair [42]. In addition
to its role in PMR, lysosomal exocytosis can also be involved in plasma
membrane remodeling.
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2.2. Plasma membrane/extracellular microenvironment remodeling

Several cellular crucial processes involve membrane remodeling/
rearrangement. Bone resorption, antigen presentation and mitosis are
presented hereafter as examples of the lysosomal exocytosis involve-
ment in these processes.

2.2.1. Bone resorption

Bone homeostasis requires a balance between bone formation by
osteoblasts and bone resorption by osteoclasts [43]. Osteoclastic
resorption involves osteoclast adhesion to the bone matrix, formation of
an actin ring to seal the specific zone of resorption and generation of a
specialized membrane called the “ruffled boarder” due to the fusion of
lysosomes at the apical site of the plasma membrane. This process leads
to the formation of a resorption lacunae in which the matrix is dissolved
according to the following steps: (a) acidification of the lacunae, notably
via the lysosomal V-ATPase activity, leading to dissolution of the min-
eral phase; (b) degradation of the protein matrix by collagenases and
lysosomal enzymes. Thus, the constant secretion of protons and lyso-
somal proteases in the lacunae is required for bone resorption [44,45].
As previously mentioned, lysosomal exocytosis and lysosomal enzyme
release were first described for their key role in osteoclasts during bone
resorption [8]. Later, it has been observed that lysosomal enzymes such
as cathepsin C and fp-glucuronidase were localized along the osteoclast
ruffled boarder and in the extracellular bone-resorbing compartment, in
particular between the finger-like projections of the ruffled boarder
[46]. Then, it has been shown in vitro that SYT VII is associated with
lysosomes in osteoclasts, and the absence of SYT VII inhibits cathepsin K
secretion and the formation of the ruffled border, suggesting a major
role of lysosomal exocytosis in bone resorption [47]. These data
emphasize the intimate story of bone resorption and lysosomal
exocytosis.

| PM remodeling |

| PM damage |

| Cell protection |

Host protection

Bone resorption PM repair

Fig. 2. Non-cancer roles of lysosomal exocytosis.

Toxic product excretion

Target cell

Infected cell/tumor cell killing

LAMP1 {6} Toxic heavy metals

ag V-ATPase JAggregdted proteins

 Perforin
H+ Protons
Granzyme
@ Proteases * :
[

#

ﬂ Antigen/MHC | qq receptors

Lysosomal exocytosis can be involved in plasma membrane (PM) remodeling represented here by ruffled border formation in the case of bone resorption by oste-
oclasts. Lysosomal exocytosis is also crucial for plasma membrane repair. Lysosomal membrane is used for plasma membrane resealing and some lysosomal proteins
such as acid sphingomyelinase (ASM) and cathepsins B and L are involved in wound repair. Lysosomal exocytosis is also involved in cellular clearance of toxic
products such as heavy metals or aggregated proteins. Finally, lysosomal exocytosis plays a crucial role in the immunological synapse by releasing several proteins

such as perforin and granzyme to kill the target cell.
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2.2.2. Antigen presentation

In addition to its role in the degradation of pathogens or harmful cells
by phagocytes [48], lysosomal exocytosis was shown to be involved in
antigen presentation [49,50]. B lymphocytes induce antibody responses
that neutralize pathogens. Antigen encountered by B cells is often
associated with the surface of pathogens and/or antigen-presenting
cells. B-cells are able to extract and internalize these
surface-associated antigens [51]. This requires antigen-B cell receptor
(BCR) interaction leading to antigen internalization, followed by an
intracellular processing and surface presentation to T cells.
BCR-mediated recognition of surface-associated antigen induces local-
ized plasma membrane permeabilization, which triggers plasma mem-
brane repair/remodeling involving lysosomal exocytosis. Lysosomal
exocytosis results in the releasing of hydrolases that can cleave antigen
from surfaces, facilitating internalization and presentation to T-cells
[49,50].

2.2.3. Mitosis

Mitosis involves extensive cell membrane remodeling activities
including an increase of cell surface area. This process involves a
“membrane donor” which is not well defined. In their study, Nugues
et al. demonstrate that pharmacological or genetic inhibition of lyso-
somal exocytosis induces mitotic failure, suggesting that lysosomal
exocytosis is required for mitosis progression [52].

2.3. Cell protection against toxic products

2.3.1. Heavy metal protection

Lysosomal exocytosis is also involved in heavy metal protection.
Indeed, iron overload-associated cytotoxicity can be reverted through
TFEB expression and associated lysosomal exocytosis, which is depen-
dent on a TRPML1-mediated increase in cytosolic calcium levels [53].
Similarly, copper increase over a threshold value induces lysosomal
exocytosis and copper excretion from the cells [54,55]. Moreover, cells
exhibiting high lysosomal exocytosis showed a decreased Zinc intra-
cellular content leading to transcriptional reprogramming [56]. Finally,
in the uranium-exposed nephrotoxicity mice model, a specific TRPML1
agonist significantly decreases uranium accumulation in the kidney by
increasing apical lysosomal exocytosis in renal proximal tubular
epithelial cells [57]. All these data indicate that lysosomal exocytosis
exerts a protective function by releasing toxic heavy metals in the
extracellular space.

2.3.2. Release of aggregated proteins

Most neurodegenerative diseases are characterized by the aggrega-
tion of misfolded proteins such as TAU in Alzheimer’s disease or
a-SYNUCLEIN in Parkinson disease. These pathogenic aggregates are
released in the extracellular space and this release is proposed to initiate
the neuron-to-neuron transmission leading to pathology propagation.
The work of Xie et al. demonstrates that pathogenic a-SYNUCLEIN
species are released from primary neurons through SNARE-dependent
lysosomal exocytosis [58]. Similarly, it has been shown that TFEB reg-
ulates the exocytosis of mutant tau and this process is dependent on the
lysosomal calcium channel TRPML1 [59,60]. Therefore, these data
suggest that, while protecting cells through the releasing of toxic ag-
gregates, lysosomal exocytosis plays a central role in neurodegenerative
pathogenesis.

2.4. Cytotoxicity at the imnmunological synapse

Cytotoxic T lymphocytes (CTL) and Natural Killer cells (NK) are
cytolytic effector cells of the immune system. Upon recognition and
conjugation with target cells, which can be infected or tumor cells, lytic
granules fuse at the plasma membrane to the site of cell-cell-contact,
thus forming the cytotoxic immunological synapse. Although these
granules were identified as secretory lysosomes due to their low pH and
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the expression of lysosomal proteins such as LAMP1, LAMP2 and CD63
[61], these secretory lysosomes, also called “lysosome-related effector
vesicles” (LREV), specifically contain proteins involved in target cell
lysis (granzymes, perforin, FasL) and immunomodulation (MHC class I
and II, costimulatory molecules, cytokines) (for review, [62,63]). After
LREV release, the pore-forming perforin then facilitates the entry of the
granzymes into the target cell cytoplasm, where they cleave a variety of
targets, such as caspases, resulting in cell death. More recently, two
different LREV populations were identified, based on their proteome and
their release-triggering signals. The first one, light vesicles containing
FasL, are released in a PKC-dependent manner while dense vesicles,
including perforin and granzymes, are released in a Ca®*-dependent way
reminiscent of the “classical” lysosomal exocytosis [62,64-66].

3. 3- Lysosomal exocytosis and autophagy proteins: cooperation
to protect cells

Macroautophagy (hereafter referred as autophagy), is a major cata-
bolic process which eliminates and recycles damaged proteins and or-
ganelles for homeostasis and cell survival under stress conditions. The
process is initiated into the cytoplasm by the formation of a double
membrane called the phagophore, through the interaction of autophagy
proteins named “ATG proteins”. Briefly, the phagophore closes around
the damaged material leading to an autophagosome, this autophago-
some then fuses with the lysosome and the material is degraded and
recycled [67].

Autophagy and lysosome pathway are two interconnected degrada-
tion processes. As organelles, lysosomes and autophagosomes (after
fusion with lysosomes) are indeed primarily involved in degradation.
Then, both organelles can also be involved in secretion. This the case for
lysosomes with lysosomal exocytosis, and it is now established that
autophagosomes can be diverted from the degradation pathway to the
secretion pathway under specific circumstances [68,69]. The connection
between autophagy and lysosomal exocytosis is also illustrated by
common key regulatory genes such as TFEB, which is a master tran-
scription regulator of both processes [70]. In addition, recent results
summarized hereafter suggest that these two pathways are more intri-
cated than previously expected (Table 1).

First, in the case of plasma membrane damage/remodeling, various
ATG proteins are required for lysosomal exocytosis [71-73]. The
ATG5-ATG12-ATG16L1 complex is necessary for autophagosome for-
mation and expansion by catalyzing microtubule-associated protein 1
light chain 3 B (LC3-I) lipidation into LC3-II [67]. In the case of plasma
membrane damage due to pathogen infection, ATG16L1 and its binding
partners ATG5 and ATG12 have been shown to be required for PMR in
response to bacterial pore-forming toxins, through an
autophagy-independent pathway [71,74]. Moreover, one of these
studies also showed that that ATG16L1 is required for lysosomal
exocytosis as its inactivation leads to cholesterol accumulation in lyso-
somes [74] and an excess of cholesterol paralyzes lysosomal traffic and

Table 1

Involvement of ATG proteins in lysosomal exocytosis. In the case of PM damage/
remodeling, some ATG proteins are required for lysosomal exocytosis.
Conversely, inactivation of some ATG proteins can lead to increased lysosomal
exocytosis. PM: Plasma membrane.

PM damage/ ATG protein Lysosomal Reference

remodeling exocytosis

Candida albicans ATG5, ATG16L1 + Lapaquette

2022

Listeria ATGS5, ATG16L1, + Tan 2018
monocytogenes ATG12

Ruffled boarder ATG5, ATG7, + DeSelm 2011
formation ATG4B, LC3

No ATGS inactivation 4 Wang 2023

No LC3C inactivation 4 Verma 2023
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exocytosis [75]. More recently, Lapaquette et al. demonstrated that
ATG5 and ATG16L1 contribute to lysosomal exocytosis at damaged
plasma membranes during C. albicans infection in epithelial cells [73].
Similarly, in the context of bone resorption where an extensive plasma
membrane remodeling occurs, DeSelm et al. demonstrate that the
autophagy proteins LC3, ATG5, ATG7, ATG4/B are involved in the
targeting of lysosomes to the plasma membrane of osteoclast, thereby
participating to ruffled border formation and function [73]. In both
cases, ATG proteins orchestrate the release of lysosomal material in the
extracellular compartment.

Conversely, loss of some ATG proteins has recently been shown to
promote lysosomal exocytosis, in particular in the case of lysosomal
damage [56,76]. Indeed, Deretic’s group has recently demonstrated in
several human cell lines that Atg5 inactivation leads to an increase in
lysosomal exocytosis due to a defective repair of lysosomal damage.
Thus, in WT cells, lysosomal damage is repaired by the intervention of
the ALIX protein and endosomal sorting complex required for transport
(ESCRT). In Atg5 KO cells, ALIX is sequestered in the cytoplasm by a
neo-complex composed of ATG12 and ATG3, and therefore is no more
able to interact with ESCRT, leading to the persistence of lysosomal
damage. This persistent lysosomal damage leads to an increase of lyso-
somal exocytosis, without any PM damage. This effect appears to be
specific to Atg5 inactivation, as Atg7 disruption does not give rise to the
same results [76]. Similarly, loss of LC3C also stimulates lysosomal
exocytosis [56]. LC3C is a paralog of LC3B and LC3A only presents in
higher primates including humans. Lipidated LC3C is inserted into the
autophagosome membrane during the expansion process and binds
cargo receptors to the autophagosome membrane. In renal clear carci-
noma cell lines expressing high level of LC3C, Verma et al. showed that
loss of LC3C leads to peripheral positioning and exocytosis of the lyso-
somes. These results indicate that both lysosome localization and
exocytosis are dependent of LC3C in an autophagy-independent way
[56].

Therefore, in the case of plasma membrane damage due to pathogen
infection or plasma membrane remodeling due to ruffled border for-
mation in osteoclasts, various ATG proteins are needed for lysosomal
exocytosis [72-74]. Conversely, loss of some ATG proteins such as ATG5
and LC3C triggers lysosomal exocytosis [56,76], which is related to the
presence of damaged lysosomes, at least in the case of ATG5 [76]. These
data suggest that in both situations, ATG proteins exert a protective role,
either to promote PMR or to avoid lysosomal disrepair. Taken together,
these results indicate that a subset of ATG proteins are involved in
lysosomal exocytosis, likely through non-canonical autophagy-related
processes. Further studies will be required to decipher the precise
mechanism(s) by which these autophagy proteins modulate this process
according to the context i.e. PM damage/remodeling or lysosome
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damage.

4. 4- Lysosomal exocytosis in cancer cells

Table 2 presents a synthesis of main available data about the current
knowledge of lysosomal exocytosis in cancer. Lysosomal exocytosis
plays a key role in various cancers, and its activation is correlated to
several protumoral aspects: drug resistance, increased proliferation,
invasion and migration [20,77-85]. The different elements released
during lysosomal exocytosis are involved in various protumoral mech-
anisms summarized below (Fig. 3).

4.1. Proton release: tumor microenvironment acidification

As lysosomes are major intracellular proton repositories, lysosomal
exocytosis results in local extracellular acidosis [86] which has been
evidenced in specialized compartments like the resorption lacunae in
bone [87], the “lysosomal synapse” of macrophages for extracellular
degradation of aggregated low-density lipoproteins [88], or the B-cell
synapse to promote the extraction of the immobilized Ag [89]. This
acidosis can modify cancer cell expression to promote tumor growth and
immune escape. For example, an acidic pH medium stimulates vascular
endothelial growth factor (VEGF) production in human glioblastoma
cells [90]. Similarly, low pH significantly increases IFN-y-induced pro-
grammed death-ligand 1 (PD-L1) expression in cancer cells, which can
result in T cell exhaustion and immune escape [91]. Acidic stress was
also shown to select the emergence of aggressive pancreatic cancer
clones through genetic reprogramming that promotes proliferation,
migration, invasion, autophagy and epithelial-to-mesenchymal transi-
tion and results in cancer cells with enhanced metastatic potential [92].
This was also observed in vivo with acid-adapted breast cancer cells
exhibiting an enhanced tumor growth compared to their WT counterpart
[93]. In addition to its action on cancer cells, acidosis can also regulate
both innate and adaptive immune responses [94]. Dendritic cells (DCs)
are specialized antigen-presenting cells with a unique ability to prime
naive T cells to induce an adaptive immune response. Extracellular
acidosis was shown to trigger the phenotypic maturation of human DCs
[95,96] and to improve uptake of antigens and MHC class I-restricted
presentation in mouse DCs [97]. Conversely, extracellular acidosis was
shown to alter macrophage activation in vitro and to induce a
tumor-promoting phenotype [98]. Lowering the environmental pH to
values that characterize tumors (pH 6-6.5) induces an anergy in human
and mouse tumor-specific CD8" T cells, with an impairment of cytotoxic
activity, an inhibition of cytokine secretion and a reduced activation of
proteins involved in signal transduction following T-cell receptor acti-
vation [99]. Low pH also markedly inhibits the cytotoxic response of NK

Table 2
Effect of lysosomal exocytosis observed in different types of cancer.
Type of cancer Model Drug Invasion Mechanism References
resistance Migration
Renal cell carcinoma Sunitinib-resistant cell line with basal + + Sunitinib efflux and cathepsin release Li et al., 2021
high level of LE
Hepatocarcinoma (HCC) HCC cells with high level of LE ND + TRPML1-dependent Lyu et al., 2020
Melanoma Primary melanoma, UVA induced LE ND + Cathepsin-dependent Eding et al., 2015
Neuroblastoma Chemotherapy-resistant neuroblastoma + ND Sensitization to doxorubicin by LE Ridinger et al.,
cell line inhibition 2018
Non-small cell lung cancer Gefitinib-resistant non-small cell lung + ND TRMPL3-dependent Kim et al., 2022
cancer cell line with high LE level
Pleomorph Neul*/~/Arf~/~ mouse model and + ND Chemoresistance reversed by chemical Machado et al.,
rhabdomyosarcoma/ primary cells with high level of LE or genetical LE inhibition 2015 & 2022
Sarcomas
Oral squamous carcinoma Gefitinib-resistant cell line —+ ND ABCA2-dependent Kim et al., 2023
Glioma Glioma cell lines ND + Rab27A-dependent Liu et al., 2012
Cathepsin D-dependent
Ovarian Ovarian cancer cells —+ ND Cisplatin resistance TRPML1-dependant ~ Kim et al., 2024

ND: not described. LE: lysosomal exocytosis.
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All the elements released during lysosomal exocytosis (exosomes, protons and proteases) are involved in tumor progression by facilitating migration/invasion.
Acidosis generated by protons secretion blunts cytotoxic immune responses. Proteases and exosomes are involved in extracellular matrix (ECM) remodeling and favor
the creation of a fibrotic microenvironment. Protease release is also involved in radioresistance. Lysomotropic chemotherapeutic drugs are released during lysosomal

exocytosis, inducing treatment resistance.

cells against tumor cells through the reduction of
perforin/granzyme-containing granule release and cytokine secretion
[100]. Taken together, these data indicate extracellular acidosis pro-
motes tumor development, metastatic potential of cancer cells and in-
hibits immune responses.

4.2. Protease release

4.2.1. Migration/invasion associated with extracellular matrix degradation

Among the lysosomal proteases, cathepsins play a major role in
extracellular matrix degradation and tumor cell invasion. These en-
zymes remain functionally active outside of the lysosome and are
divided in three protease families: serine proteases (cathepsins A and G),
aspartic proteases (cathepsin D and E) and cysteine cathepsins (ca-
thepsins B, C, F, H, K, L, O, S, V, X, and W) [101]. Accumulation of
anticancer drugs in lysosomes leads to fusion of lysosomes with the
plasma membrane and this drug-induced lysosomal exocytosis results in
the secretion of lysosomal proteases such as cathepsin D [102].
Cathepsin D was shown to stimulate proliferation, survival, motility,
invasion and angiogenesis in epithelial breast cancer cell lines [103]. In
addition, a decreased migration capacity can be obtained in glioma cell
lines, by inhibiting either cathepsin D or lysosomal exocytosis [84]. Role

of cysteine cathepsins released in the microenvironment have also been
demonstrated in tumor growth, migration, invasion, angiogenesis and
metastasis, through their downregulation or inactivation in cell lines
and in human cancer models in transgenic mice [104]. In particular,
upregulated secretion of cathepsin L is observed in a wide range of
human cancers and plays a major role in cancer cell dissemination
through extracellular matrix degradation [105]. The gene TMEM106B,
which has been identified as a driver of lung cancer metastasis, induces
lysosomal exocytosis and thereby the release of cysteine cathepsins that
are required for the TMEM106B-mediated metastatic spread of cancer
cells [106]. The protumoral roles of extracellular cathepsins are at least
in part mediated through extracellular matrix degradation which in turn
facilitates tumor dissemination, shedding of membrane proteins poten-
tially interfering with protumoral transduction pathways [101].

4.2.2. Radioresistance

With chemoresistance, cancer radioresistance is topic of interest to
improve patient care. Several experimental arguments suggest a po-
tential relationship between protease release through lysosomal exocy-
tosis and radioresistance. Indeed, radiation can induce cathepsin
protease production and cathepsins have been shown to play a role in
radiation resistance in glioma and breast cancer cells [107,108].
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Similarly, TFEB is upregulated after radiation, and knockdown of TFEB
enhances radiosensitivity [109]. Finally, the direct role of lysosomal
exocytosis in radiation resistance was recently demonstrated by Wu
et al. [110]. These authors showed that lysosomal exocytosis was
increased in human breast adenocarcinoma cells surviving to ionizing
radiation (IR). Lysosomal exocytosis was due to enhanced activation of
ARLSB, a key regulator of lysosome positioning to the cell periphery.
ARLS8B-dependent lysosomal exocytosis was shown to play a major role
in the enhanced invasiveness of cells that survive IR through an
increased degradation of the extracellular matrix. Finally, ARL8B was
shown to be essential for the increased tumor growth and metastasis of
the invasive cancer cells surviving IR [110].

4.3. Release of lysomotropic chemotherapeutics: treatment resistance

Drug resistance represents an important clinical challenge in cancer
treatment and lysosomes contribute to this phenomenon. Indeed, it is
known that some hydrophobic weak base chemotherapeutics and tyro-
sine kinase inhibitors such as doxorubicine and sunitinib respectively,
accumulate in lysosomes [111]. This drug accumulation is by itself a
sufficient signal to trigger lysosomal exocytosis [102,111]. Although
sunitinib is an effective treatment in renal cell carcinoma, most patients
develop resistance to this tyrosine kinase inhibitor. Using a model of
sunitinib-resistant cell line, Li et al. have shown that once the resistance
is acquired, sunitinib promotes resistance via lysosomal exocytosis.
Indeed, they observed that sunitinib enhances the interaction between
the endoplasmic reticulum (ER) protein E-SYT 1 and the lysosomal
protein SYT VIL This interaction promotes ER fragmentation and cal-
cium release, stimulating lysosomal exocytosis and reinforcing sunitinib
resistance by pumping it out from the cytoplasm [77]. Similarly, it has
been shown that lysosomal exocytosis is higher in the gefitinib-resistant
non-small cell lung cancer cell line than in the gefitinib-sensitive cell line
in a TRMPL3 dependent way [81]. Soft tissue sarcomas are some of the
most aggressive and untreatable tumors. Machado et al. explored the
role of lysosomal exocytosis in the development and the aggressiveness
of these tumors using a mouse model of Neul haploinsufficiency
(Neul™~/Arf /") with increased lysosomal exocytosis. In this model,
the authors showed that primary sarcoma cells exhibit increased lyso-
somal exocytosis, which promotes the efflux of lysosomal doxorubicin,
providing a mechanism for chemoresistance. They confirmed that
lysosomal exocytosis was the key mechanism responsible of this che-
moresistance demonstrating that its chemical (verapamil) or genetical
(shLampl and/or shMyh11) inhibition reversed invasiveness and che-
moresistance. Thus, excessive lysosomal exocytosis subsequent to low
NEU1 levels may be a major process leading sarcomas to acquire resis-
tance to lysosomotropic chemotherapeutics in vivo [20]. These data
suggest that resistance to treatment is promoted by the efflux of lyso-
somotropic drugs, which together with hydrolase secretion, promotes
survival, invasion and dissemination of cancer cells [102].

4.4. Tumor exosome release: propagation of oncogenic/profibrotic signals

Exosomes are extracellular vesicles originating from late endosomes
called multivesicular bodies (MVBs) by inward budding of the mem-
brane. MVBs can fuse with the plasma membrane to release exosomes
but can also fuse with lysosomes where exosomes can be either
degraded, or protected from degradation and released by lysosomal
exocytosis [20,112]. Exosomes contain macromolecules such as pro-
teins, lipids, RNAs or even DNA, which are responsible for their func-
tions. It is currently unknown whether lysosomal exocytosis facilitates
docking of MVBs at the plasma membrane or if fusion of plasma
membrane-docked lysosomes with MVBs occurs before lysosomal
exocytosis [33]. Whatever the mechanism, lysosomal exocytosis and
exosome release appear to be frequently associated, not only in cancer
situations. This is for example the case in preeclamptic placentae where
ceramide accumulation was shown to be responsible for both increased
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TFEB-induced lysosomal exocytosis and exosome release [113]. This
was also shown during adipogenesis, where adipogenic stimuli triggers
TRPML1-regulated exosomal release by mediating lysosomal exocytosis
[112]. Finally, it was recently demonstrated that Neul ~/~ fibroblasts,
which exhibit excessive lysosomal exocytosis, have features of myofi-
broblasts and exocytose large amount of exosomes [33]. Therefore,
upregulation of genes stimulating lysosomal exocytosis (TFEB, TRPML1)
or inactivation of lysosomal exocytosis negative regulator (Neul) in-
crease exosome release although the precise mechanism is still to be
defined. In the case of Neul ™~ fibroblasts, exosomes which are loaded
with TGF-p and wingless-related integration site (WNT)/B-catenin
signaling molecules, are able to propagate profibrotic signals to neigh-
boring cells and educate them to acquire myofibroblasts properties [33].
Similarly, Neul™~ rhabdomyosarcoma, which presents increased
lysosomal exocytosis, promotes a fibrotic microenvironment [82].
Finally, in the context of liver fibrogenesis, the highly expressed P2X4
purinergic receptor has been implicated in the profibrogenic properties
of hepatic myofibroblasts. This effect appears to be, at least in part,
related to the P2X4-dependent regulation of lysosomal exocytosis [114].
In addition to the propagation of profibrotic signals, exosomes released
by lysosomal exocytosis may condition neighboring cells to become
migratory. This was demonstrated by migration stimulation of a sar-
coma cell line with WT NEU1 activity in the presence of exosomes from a
sarcoma cell line with low NEU1 activity [20]. Finally, autophagy ma-
chinery is also connected to exosome release/degradation [115], sug-
gesting another potential cooperation between lysosomal exocytosis and
ATG proteins in this context. Taken together, these data indicate that
lysosomal exocytosis can participate to the propagation of oncogenic
and/or profibrotic signals through exosome release, thereby contrib-
uting to microenvironment modification. For further details on exo-
somes and tumoral microenvironment, see reviews [116,117].

4.5. Cell reprogramming

Some studies also described that lysosomal exocytosis or its conse-
quence, i.e. acidosis, can be associated with transcriptional and meta-
bolic reprogramming. The work of Verma et al. recently compared renal
cancer cells exhibiting high and low lysosomal exocytosis at the tran-
scriptomic and metabolomic levels [56]. Renal cancer cells with high
lysosomal exocytosis activity exhibit an altered expression of Zinc
(Zn)-related genes such as Zn finger transcription factors and leads to
Zn-dependent epigenetic reprogramming [56]. In addition, the authors
showed that lysosomal exocytosis activation results in metabolic
reprogramming with a significant decrease in most amino acids. Finally,
these renal cancer cells with high lysosomal exocytosis activity showed
increased tumor-initiating properties and form aggressive tumors in vivo
[56]. Transcriptome rewiring was also observed for pancreatic cancer
cells submitted to prolonged acidosis with a genetic reprogramming
promoting proliferation, migration, invasion, autophagy and
epithelial-to-mesenchymal transition. This pro-metastatic phenotype
was conserved following the restoration of a physiological external pH,
suggesting the selection of aggressive cancer clones [92].

Taken together, these data indicate that lysosomal exocytosis could
have more profound effects on cell fate and behavior than previously
expected.

5. 5- Conclusions and perspectives

The main function of lysosomes is degradation. However, in some
circumstances which begin to be elucidated, lysosomal content is
released extracellularly. Lysosomal exocytosis exerts crucial roles in
various normal physiological processes such as bone resorption or an-
tigen presentation in which protons and/or proteases participate to the
function. Interestingly, the cells also appear to use lysosomal exocytosis
as an emergency response to repair plasma membrane damage, to pro-
mote clearance of toxic products such as heavy metals or pathogenic
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aggregates, or to release extracellularly lysosomal content in the case of
lysosomal membrane disrepair.

From a mechanistic point of view, TFEB and TRPML1 are key regu-
lators of this complex cascade of events involving numerous actors
which discovery is probably not yet completed. For instance, some
proteins from the autophagic machinery were first shown to contribute
to lysosomal exocytosis in the case of bone resorption [54] and these
findings were recently extended to the infection process by pathogens
such as Candida albicans and Listeria monocytogenes [56,57]. Further
studies will be required to determine in which situations ATG proteins
are involved in this process and what are the signals which trigger this
participation.

In the context of cancer, lysosomal exocytosis is receiving an
increasing interest as the different elements released in the tumor
microenvironment i.e. proteases, exosomes, and protons, are able to
stimulate the metastatic behavior of cancer cells. This stimulation in-
cludes enhancement of tumor cell migration and invasion through
extracellular matrix remodeling, promotion of a fibrotic protumoral soil,
selection of aggressive cancer clones and inhibition of the anti-tumor
immune responses. Finally, lysosomal exocytosis contributes to treat-
ment resistance through lysosomotropic drug efflux and protease
secretion. These data suggest that lysosomal exocytosis is indeed an
early therapeutic target in cancer. In this context, the inhibition of
TRPMLI1 function appears to be an attractive approach, at the crossroads
between autophagy modulation and lysosomal exocytosis inhibition
[118]. TRPMLI inhibition has been performed in myocardial ischemia
and in some cancers such as melanoma or hepatocarcinoma, where it
decreases tumor metastatic potential [78,118,119]. Other strategies
have been explored to inhibit the effect of some lysosomal proteins
released during exocytosis. Due to its major role in cancer cells
dissemination, cathepsin L appears as a particularly attractive target
[120]. In this context, KGP94, a cathepsin L inhibitor, has been shown to
decrease metastatic potential in breast and cancer cell lines under
normal or acidic/hypoxic microenvironment [105]. Although these re-
sults are encouraging, none of these molecules have still achieved the
expected clinical results. Another promising possibility is to act up-
stream, before the engagement of the lysosomal exocytosis process, by
inducing major and non-repairable lysosomal membrane damages to
trigger lysosomal-dependent cancer cell death [9,121].

In conclusion, studies to date show that lysosomal exocytosis is a
cellular process involved in many physiological functions and that it can
be used in emergency situations to protect the cell. This process can also
be hijacked by tumor cells to their own advantage. Because of this dual
role, a better understanding of the actors involved in this mechanism
will be necessary in order to develop effective anti-tumoral strategies
based on its inhibition.
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