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SUMMARY

Lysosomes are the central degradative organelle of mammalian cells and have emerged as major intersec-
tions of cellular metabolite flux. Macromolecules derived from dietary and intracellular sources are delivered
to the acidic lysosomal lumen where they are subjected to degradation by acid hydrolases. Lipids derived
from lipoproteins, autophagy cargo, or autophagosomal membranes themselves constitute major lysosomal
substrates. Dysregulation of lysosomal lipid processing, defective export of lipid catabolites, and lysosomal
membrane permeabilization underly diseases ranging from neurodegeneration to metabolic syndromes and
lysosomal storage disorders. Mammalian cells are equipped with sophisticated homeostatic control mech-
anisms that protect the lysosomal limiting membrane from excessive damage, prevent the spillage of luminal
hydrolases into the cytoplasm, and preserve the lysosomal membrane composition in the face of constant
fusion with heterotypic organelles such as endosomes and autophagosomes. In this review we discuss
the molecular mechanisms that govern lysosomal lipid homeostasis and, thereby, lysosome function in

health and disease.

INTRODUCTION

Lysosomes are single membrane—limited, dynamic organelles
found in all eukaryotic cells that vary considerably in their num-
ber, positioning, morphology, size, pH, and hydrolase content
and play a dual antagonistic role in cell physiology. On one
hand, lysosomes serve as major regulatory hubs involved in
the turnover of a wide range of molecules, from proteins to lipids.
Their hydrolytic activity relies on an acidic pH, maintained by the
action of the VoV1-ATPase, along with more than 60 different hy-
drolases that function optimally at acidic pH."* On the other
hand, it has become clear that lysosomes also play central
anabolic roles as metabolic signaling hubs that are critical for
nutrient sensing and signaling, e.g., via the mechanistic target
of rapamycin complex 1 (mTORCH1), a kinase complex localized
to the cytoplasmic face of the limiting membrane of lysosomes.
When nutrients are scarce, mTORC1 is rendered inactive to sup-
press anabolic signaling, and promote catabolic programs such
as autophagy. Recent data suggest that these janus-faced phys-
iological functions of lysosomes are controlled at least in part by
the lipid content of the lysosomal limiting membrane, for
example to orchestrate the cellular response to altering nutrient
conditions.®*

Lipids are delivered to the lysosomal lumen through several
distinct pathways. Lysosomes acquire exogenous lipids via
the uptake of lipoprotein particles, such as LDL, through the
LDL receptor.>® The majority of lipids in LDL particles are
neutral lipids including triacylglycerol and cholesterol esters.
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Endogenous lipids reach the lysosomal lumen either through
endocytosis from the plasma membrane or via vesicular traf-
ficking of Golgi-derived vesicles to endosomes. These lipids
include all glycerophospholipids, glyceroglycolipids, and
various sphingolipids, such as sphingomyelin and glycosphin-
golipids. Additionally, lipids can enter the lysosomal lumen via
the autophagy pathway, where entire organelles are targeted
to the lysosome. A specific form of autophagy, known as lip-
ophagy, involves the delivery of large quantities of neutral lipids
to the lysosome through the autophagic uptake of lipid droplets
from the cytosol.”"®

Conversely, subsequent to the lysosomal degradation of lipids
and membranous material by acid hydrolases the resulting ca-
tabolites require export from the lysosomal lumen for further pro-
cessing or storage. These catabolites encompass fatty acids,
sphingosine, glycerophosphodiesters, various sterols such as
cholesterol, and the headgroups derived from sphingolipids.
The available evidence suggests that also intermediate digestion
products, such as lysophospholipids or ceramide and even un-
processed glycerophospholipids can be exported from the lyso-
somal lumen. The main lysosomal lipid export pathway involves
lipid transporters (e.g., NPC1) that facilitate egress of the lipid ca-
tabolites across the lysosomal limiting membrane into the
cytosol. At membrane contact sites (MCS) with other organelles,
particularly the ER, lipid transfer proteins are thought to take over
the catabolites from the transport proteins and shuttle them
to their destination.” However, also other mechanisms than
transport across the lysosomal limiting membrane bilayer
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Figure 1. Lipid sources for degradation in
lysosomes
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exist. Luminal lipids may insert into the bilayer and flip to the
cytosol-facing membrane sheath. Moreover, lysosomes can
fuse with the plasma membrane and discharge their content
into the extracellular space.'®""

The loss of lysosomal capacity to degrade or export lipids,
whether due to aging or genetic mutations, leads to the accumu-
lation of lipids and can result in lysosomal storage disorders,
many of which are neurodegenerative. Prominent examples of
lysosomal storage disorders involve the accumulation of sphin-
golipid species, causing conditions, such as Niemann-Pick dis-
eases type A and B, Gaucher disease, Sandhoff disease, and
Fabry disease.'” Likewise defects in lysosomal export of lipids
cause neurodegeneration such as in Niemann-Pick disease
type C1 (NPC1) or neuronal ceroid lipofuscinosis type 3
(NCL3), also referred to as Batten disease. A further example
of lysosomal storage disorders is LAL deficiency '® characterized
by the inability to degrade cholesteryl esters due to mutations in
lysosomal acid lipase (LAL). The accumulation of lipids such as
sphingolipids, cholesterol, and cholesterol esters within lyso-
somes impairs the lysosome’s overall degradative function, dis-
rupting normal physiology and leading to abnormal size,
impaired membrane trafficking (e.g., membrane fission and/or
fusion), and reduced autophagic flux.'*'*'°

We review here the rapidly increasing knowledge regarding
the mechanisms of lysosomal lipid turnover and export and for
the homeostatic control and adaption of the lysosomal limiting
membrane and their roles in health and disease.
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tophagic cargo such as mitochondria, ER, or lipid
droplets, (4) Golgi carriers that also traffick the
acid hydrolases from the Golgi to lysosomes via
mannose 6-phosphate receptor (M6PR), sortilin,
or —in the case of glucocerebrosidase —GBA1
via SCARB2, and (5) intraluminal vesicles
generated by the ESCRT system. Created with
Biorender.
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Lysosomes in lipid turnover
Turnover of glycerophospholipids

in the lysosome

Glycerophospholipids reach the lyso-
some via the endocytic/multivesicular
body (MVB) pathway or by autophagy
(Figure 1). MVBs are generated when
ubiquitinated proteins destined for
(9 degradation enter the endosome in in-
ward budding vesicles by the action of
the endosomal sorting complexes
required for transport (ESCRT) protein
machinery.'®'” The resulting intraluminal
vesicles (ILVs) also harbor lipids that are
physically separated from the lysosome
limiting membrane that separates the
lysosomal lumen from the cytosol. The membranes of ILVs and
similarly the inner bilayer of double-membraned autophago-
somes must be removed to expose their contents for degrada-
tion within the lysosome. To degrade glycerophospholipids,
the ester bonds at the sn-1 and sn-2 positions of the lipids
have to be hydrolyzed. This process is carried out by phospho-
lipase families A and B (PLA and PLB, Figure 2). PLA1 enzymes
cleave acyl chains from the sn-1 position, while PLA2 enzymes
act on the sn-2 position. PLB enzymes have both PLA1 and
PLA2 activities. The lysosomal PLA is encoded by the
PLA2G15 gene, which was recently identified as a key enzyme
for membrane degradation in the lysosome of C. elegans.'® In
mammalian cells, PLA2G15 exhibits broad specificity for glycer-
ophospholipids. PLA2G15 has been proposed to possess both
PLA1 and PLA2 activities.'® PLA2G15 has also been identified
as a bis(monoacylglycero)phosphate (BMP) lipase.”° BMP
(also known as lysobisphosphatidic acid; LBPA), the lysosomal
marker lipid, is a structural isomer of phosphatidylglycerol, with
acyl chains attached to the sn-2 positions of both glycerol moi-
eties and has been implicated in the control of cholesterol export
from lysosomes and the degradation of complex sphingoli-
pids.?'?° It is synthesized by the Batten disease-related gene
CLNS5 in the lysosomal lumen®®?” and in the extracellular space
by the secreted transacylases.?® In addition, the phospholipases
PLD3 and PLD4 have been reported to synthesize BMP.?° BMP
has been suggested to be hydrolyzed by lysosomal lipases, and
its levels are further controlled by its pH-dependent association
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Figure 2. Lysosomal degradation
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with progranulin.?® The lysosomal phospholipase-like B2 is en-
coded by the PLBD2 gene. PLBD2 shows a preference for hy-
drolyzing inositol-containing glycerophospholipids.*® Although
the gene is not evolutionarily conserved, PLB activity is also de-
tected in the vacuole of S. cerevisiae. In yeast, Atg15 is respon-
sible for degrading glycerophospholipids and is required for
the breakdown of both autophagosomes and MVBs.*'** The
products of both PLA- and PLB-dependent reactions are lyso-
phospholipids, glycerophosphodiesters (GPDs), and free fatty
acids. These degradation products must be exported from the
lysosome for salvage. Recently, spinster protein homolog1
(SPNS1 or hSpin1) was identified as the lysosomal lysophospho-
lipid transporter.®**> The Batten disease-related protein CLN3
was identified as the lysosomal GPD transporter.*® Interestingly,
GPDs inhibit lysosomal glycerophospholipid catabolism.*° The
molecular mechanism for free fatty acid export from lysosomes
has yet to be identified. While mutations in PLA2G15 and
PLBD2 have not been directly linked to disease, their functions
appear to be crucial for maintaining lysosomal homeostasis.
Degradation of neutral lipids in the lysosome

Neutral lipids reach the lysosomal lumen either through the en-
docytic uptake of lipoprotein particles or via the lipophagy
pathway.”® The enzyme solely responsible for the hydrolysis of
cholesteryl esters and triacylglycerols is lysosomal acid lipase
(LAL, Figure 2), which is encoded by the LIPA gene. LAL has a
classic o/ hydrolase fold with a catalytic triad characteristic of
lipases (Ser-Asp-His). It is a glycosylated protein transported
to the lysosome via the mannose-6-phosphate receptor
(MBPR) pathway.®>” LAL hydrolyzes the ester bonds of choles-
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Failure to degrade cholesteryl esters

and triacylglycerols due to mutations
in the LIPA gene, leads to LAL deficiency, which presents in
two clinical forms. Early-onset childhood LAL deficiency
(formerly called Wolman disease”?) occurs when only 1% of
LAL activity remains, while adult-onset LAL deficiency
(formerly cholesteryl ester storage disease, CESD) retains
about 10% of LAL activity.*® LAL deficiency severely disrupts
cellular lipid homeostasis. The accumulation of cholesteryl es-
ters and triacylglycerols in lysosomes results in low intracel-
lular levels of free fatty acids and cholesterol. This drop in
free fatty acids triggers endogenous fatty acid synthesis to
maintain very-low-density lipoprotein (VLDL) secretion. Simi-
larly, the reduced availability of free cholesterol stimulates
de novo cholesterol synthesis and upregulates LDL receptor
(LDLR) expression to compensate for the intracellular choles-
terol deficit.**
Turnover of sphingolipids in the lysosome
Sphingolipids represent the most diverse class of lipids targeted
to and degraded in the lysosome. Glycosphingolipids with sugar
headgroups, such as gangliosides,*® and cerebrosides as well
as sphingomyelin, are all broken down in the lysosome. Each
step of this complex degradation pathway is catalyzed by a spe-
cific lysosomal hydrolase. Mutations in any of these enzymes are
linked to particular lysosomal storage disorders. The most prom-
inent diseases are Tay-Sachs disease, Gaucher disease,
Niemann-Pick diseases type A and B, and Fabry disease. The
enzymes involved in sphingolipid degradation include GM1
B-galactosidase, hexosaminidase A and B, a-galactosidase,
galactocerebrosidase, glucocerebrosidase, acid sphingomyeli-
nase, and acid ceramidase*®°" (Figure 2).
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Figure 3. Export of lipid catabolites from
lysosomes

Lysosomal lipid catabolite export typically requires
lipid transport proteins located in the lysosomal
limiting membrane such as CLN3 for glycer-
ophosphodiesters (GPD), SPNS1 for lysophos-
pholipids (LPL), SCARB2 and NPC1 for cholesterol
(Chol), sphingosine (Sph) and possibly other lipid
species. Fatty acid export proteins are so far
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All lysosomal sphingolipid-degrading enzymes are sorted
either by the M6PRs or by the Vps10-like family of sortilin recep-
tors.°>°® For example, ceramidase is sorted via M6PRs."°
Another key receptor, SCARB2 (also known as LIMP-2), directs
glucocerebrosidase to the lysosome.’* SCARB2 directly binds
to glucocerebrosidase, acting as its receptor, but SCARB?2 itself
is sorted through M6PR.>° Sortilin receptors also sort lysosomal
proteins such as the GM2 ganglioside activator and prosaposin
(the precursor of sphingolipid activator proteins),*® as well as
acid sphingomyelinase.®”

Each enzyme catalyzes a specific step in the degradation of
complex sphingolipids (Figure 2). Mutations in these enzymes
lead to the accumulation of specific sphingolipid intermediates.
In healthy lysosomes, the terminal step of sphingolipid degrada-
tion is the hydrolysis of the amide bond in ceramide which pro-
duces sphingosine and a free fatty acid. Both products of the re-
action are exported from lysosomes. Several proteins have been
shown to interact with and potentially transport sphingosine out
of the lysosome, including SPNS1, SCARB2, and NPC1.%%*°
Failure to export or degrade complex sphingolipids results in
their accumulation within lysosomes, which directly impairs lyso-
somal degradation capacity and homeostasis.'**°

In summary, the ability of lysosomes to break down lipids is
essential for cellular function. The accumulation of lipids and
degradation products compromises this ability which can affect
important processes such as autophagy. Thus, it is not surpris-
ing that the decline in lysosomal capacity is directly linked
to aging.

Export of lipids from the lysosome

Traversing the lysosomal limiting membrane

Transport of lipids and their catabolites across the lysosomal
limiting membrane is a heavily disease-laden process and
believed to be the predominant mode of lysosomal lipid export

fusion with the plasma membrane which
discharges lipid catabolites into the extracellular
space. Created with Biorender.

(Figure 3). Recent progress in the field

has been greatly facilitated by methodo-

logical advancements such as the enrich-
ment of intact lysosomes by lysosomal immunoprecipitation
(Lyso-IP) or using paramagnetic beads for lipidomic character-
ization®®%" and the use of cross-linkable lipids for the lipid client
identification of lipid transfer and transport proteins.*®

(1) NPC1/2.

The namesake protein of the lysosomal storage disorder
Niemann-Pick disease, type C1 (NPC1) is the best studied
among the proteins governing lysosomal lipid export. NPC1
functions in an overlapping pathway with the lysosomal luminal
protein NPC2°?, both of which underlie the same disease when
defective. Loss-of-function mutations in NPC1 and NPC2 can
lead to early childhood dementia and premature death between
10 and 25 years of age.®>®* NPC1 is a member of the resistance-
nodulation-division (RND) family of prokaryotic permeases® and
is a transmembrane protein that forms a tunnel connecting
lumen and cytosol. Early structural evidence demonstrated the
roles for NPC1°® and NPC2°%" in cholesterol transfer and
in vitro and structural studies support a model, in which the
luminal NPC2 hands over cholesterol to NPC1.5¢ NPC2-depen-
dent cholesterol handling is enhanced by low pH®® and the pres-
ence of BMP.”%""

NPC1 was initially regarded a dedicated cholesterol transport
protein. However, loss-of-function leads to accumulation of
cholesterol as well as all other detectable lipid classes in the
lysosomal lumen.®’ These findings could be explained by
NPC1 acting as a promiscuous bottleneck for lysosomal lipid
export or by luminal cholesterol accumulation leading to
impaired lipid degradation. Recent evidence suggests that
both models apply. In line with the bottleneck idea, recent struc-
tural and biochemical analysis demonstrated that yeast NPC1
(NCR1) binds to phosphatidylinositol, phosphatidylcholine,
phosphatidylserine, sphingosine, and ceramide’® and human
NPC1 was shown to bind to sphingosine in cells.*® Sphingosine
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is toxic to lysosomes as it can aggregate in the acidic environ-
ment of the lumen and may inhibit acid lipases and thus lipid
breakdown.”® The activity of acid lipases is critically dependent
on the presence of BMP.?” Strikingly, increasing BMP levels via
drug treatment,”* exogenous supplementation’® or via manipu-
lation of the phospholipase PLA2G15 is sufficient to reverse
cholesterol accumulation in lysosomes of NPC1 loss-of-function
cells and to ameliorate NPC1 pathologic phenotypes in
mice.”>’® These findings support a model in which the lipid
“traffic jam” induced by NPC1 dysfunction leads to inhibition
of acid lipases and helps to explain the accumulation of all lipid
species in lysosomes of NPC1 loss-of-function cells. Together,
these findings indicate that NPC1 is a promiscuous lipid trans-
port protein and that NPC1 deficiency leads to a catastrophic cy-
cle of lipid accumulation and lysosomal lipase inhibition giving
rise to lipofuscin deposits and lysosome dysfunction.

NPC1-deficiency not only leads to luminal lipid accumulation
but profoundly affects the entire cellular lipid landscape,’” high-
lighting the vital role of lysosomes as cellular lipid logistics cen-
ters. Next to its role in lipid transport, NPC1 was also found to
organize membrane contact sites (MCS) with the ER,”® possibly
via regulation of phosphoinositide 4-phosphate kinases,'® sug-
gesting that NPC1 also fulfills scaffolding functions. Interestingly,
NPC2 was shown to have NPC1-independent roles in choles-
terol transfer from lysosomes to mitochondria’® and NPC1-defi-
cient cells show increased MCS between lysosomes and mito-
chondria’® as well as increased mitochondrial cholesterol.®°
These findings suggest that multiple pathways exist that trans-
port cholesterol across the lysosomal limiting membrane.

(2) SCARB2.

SCARB?2 is a second bona fide lysosomal lipid export protein.
It is a member of the CD36 superfamily of scavenger receptors
and a lysosomal/late endosomal membrane resident protein
with a lipid-binding cavity.?’ SCARB2 was shown to export
cholesterol but at a slower rate than NPC1,%? explaining why it
can only partially compensate for the loss of NPC1. SCARB2
may also act on glycerophospholipids and recently was shown
to export sphingosine.*® Apart from its role in lysosomal lipid
export SCARB2 regulates lysosomal trafficking of the Gaucher
disease protein glycocerebrosidase® and therefore controls
lysosomal lipid homeostasis on multiple levels. SCARB2 loss-
of-function is associated with kidney failure and demyelination
in mice®® and leads to epilepsy and demyelination in humans.®
Furthermore, SCARB?2 variants are associated with Parkinson’s
disease.®® These findings substantiate the critical role of lyso-
somal lipid export for neuronal health.

(3) CLNS3.

The end products of phospholipid degradation in lysosomes
are fatty acids and glycerophosphodiesters (GPDs). Metaboliza-
tion of GPDs proceeds in the cytoplasm by a family of glycero-
phosphodiesterases. Lysosomal luminal glycerophosphodies-
terases are unknown, suggesting that these catabolites require
export from the lysosomal lumen into the cytoplasm for further
metabolization. Recently, Lyso-IP was performed on tissues
from LysoTag genome engineered mice coupled to metabolo-
mics. This has led to the identification of a putative lysosomal
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GPD transport protein and the de-orphanization of the NCL3
Batten disease gene CLN3.°° CLN3 mutations underlie the
most common form of neuronal ceroid lipofuscinosis character-
ized by vision loss, seizures, progressive dementia, motor func-
tion loss, and premature death in children.®®

CLN83 is a protein of the major facilitator superfamily of trans-
port proteins and localizes to the lysosomal limiting membrane,
suggesting involvement in lysosomal catabolite transport.
CLN83 loss-of-function in cultured cells as well as in patients
leads to the massive accumulation of GPDs in the lysosomal
lumen.*®%” These changes are accompanied by increases in
luminal glycerophospholipids, cholesterol, and glycosphingoli-
pids.??*®%8 Indeed, GPD accumulation leads to a similar lipid
“traffic jam” as in NPC1-deficient lysosomes with downstream
inhibition of luminal lipases.*° Accordingly, CLN3 and NPC1-
deficient patients show similar clinical presentations with child-
hood-onset neurodegeneration.’® CLN3 deficiency affects the
global cellular lipid landscape with multilayered perturbations
of lysosomal and cell physiology, such as in lysosomal ion ho-
meostasis, endocytosis, or cytoskeleton regulation,®® and
more recent studies found CLN3 implications in autophagic
reformation,” stress granule dynamics,®’ as well as nuclear
membrane composition and transcriptional regulation.

Together, CLN3 loss-of-function highlights the paramount
importance of lysosomal lipid export to sustain cell and organ-
ismal physiology, particularly for the nervous system.

(4) SPNST.

The exclusive club of lysosomal lipid export proteins recently
welcomed a new member known as SPNS1, a major facilitator
superfamily protein. Using Lyso-IP coupled to lipidomics,
SPNS1 loss-of-function was found to cause accumulation of
luminal lysophospholipids.®**>°® Thus, under limiting glycero-
phospholipid and choline nutrient conditions SPNS1 is a critical
mediator of a glycerophospholipid and choline salvage
pathway.*"*° SPNS1 is a close homolog of the plasma mem-
brane sphingosine transporter SPNS2 and SPNS1-deficiency
was also found to cause sphingosine accumulation in lyso-
somes,®® raising the possibility that SPNS1 could also transport
sphingosine and, possibly, other lipid catabolites. However,
direct evidence that SPNS1 transports sphingosine is currently
lacking. This notion is in line with the observation that SPNS1
overexpression can partially rescue NPC1 knockout phenotypes
in cells.>* Consistent with its important role in lysosomal lipid
efflux, SPNS1-deficiency leads to severe neurological defects
in humans.®*

Non-lipid transfer-mediated mechanisms of lysosomal
catabolite clearance
The predominant mode of lysosomal lipid catabolite clearance
seems to be efflux via dedicated lipid transport proteins, such
as NPC1, SCARB2, CLN3, or SPNS1. This is evidenced by the
dramatic accumulation of lipid catabolites in loss-of-function
models and the severe human pathologies caused by their defi-
ciencies. However, other modes of lysosomal lipid catabolite
clearance exist.

In addition to lysosomal exocytosis and lysophagy, dividing
cells are able to divide lipofuscin or clogged and dysfunctional ly-
sosomes among daughter cells, although the exact contribution



Cell Chemical Biology

of these mechanisms to lysosomal catabolite clearance remains
unknown. Daughter cells then form new functional lysosomes
via lysosome biogenesis pathways. Non-dividing cells such
as neurons necessarily accumulate lipofuscin and dysfunctional
lysosomes and it is believed that this process contributes to
aging and neurodegeneration.®® Intriguingly, enhancing lysosome
biogenesis via activation of the transcription factor TFEB was
shown to ameliorate disease phenotypes in NPC1°°” and several
other neurodegenerative diseases.®

Lysosomes may clear their luminal contents via fusion with the
plasma membrane and dedicated protein machineries for such
pathways have been discovered.”® Major facilitators of lyso-
somal exocytosis are TFEB and calcium, specifically lysosomal
luminal calcium which is regulated by the lysosomal calcium
channel TRPML1. Activation of TRPML1 leads to calcium efflux
from lysosomes into the cytoplasm and myriads of downstream
effects,'°*'°" among them dephosphorylation and activation of
TFEB and lysosomal exocytosis. Triggered lysosome exocytosis
by TRPML1 agonists ameliorates CLN3 disease phenotypes
such as globotriaosylceramide accumulation in lysosomes'®?
and partially rescues cholesterol accumulation in NPC1-defi-
cient lysosomes.'%° Together, these findings highlight the poten-
tial of lysosomal exocytosis in the clearance of lysosomal lipid
catabolites.

Another possible mechanism for lipid catabolites to traverse
the lysosomal limiting membrane is insertion into the luminal
leaflet and flipping to the outer limiting membrane. Such a mech-
anism has been proposed for sphingosine, which is converted to
sphingosine 1-phosphate (S1P) by the enzyme sphingosine ki-
nase (SPHK) at the cytosolic membrane leaflet for further pro-
cessing.'”* The lysosomal structural proteins LAMP1 and
LAMP2 were shown to facility cholesterol egress and it was sug-
gested that this is mediated by insertion of cholesterol into the
limiting membrane."%>'°° However, whether flipping of choles-
terol downstream of that process would occur or other export
mechanisms are involved is unknown.

Cytosolic processing of lysosomal lipid catabolites

Subsequent to traversing the lysosomal limiting membrane, hy-
drophobic lipid catabolites require further attention from lipid
transfer proteins to shuttle them to a membranous destination.
Lysosomal lipid transfer is thought to occur mostly at MCS
with the ER. Indeed, many lipid transfer proteins were discov-
ered to localize to these MCS in different conditions, among
those are VPS13C, PDZD8, several members of the oxysterol-
binding protein-related protein (ORP) family of proteins,
Gramd1b, STARD3, Tex2, and ATG2.”%1°"~13 However, most
of these seem to transfer lipids from the ER to lysosomes (see
also below). For instance, OSPB and the closely related but func-
tionally only partially overlapping ORP4''* shuttle cholesterol
from the ER to lysosomes''® analogous to the role of OSBP at
ER Golgi MCS.""® ORP family members 9, 10, 11, and ORP1L
as well as ATG2 and VPS13C""" transfer lipids to lysosomes at
least in response to lysosomal damage."'"'"® Downstream of
NPC1, Gramd1b, and STARD3 have been suggested to transfer
cholesterol from lysosomes to the ER,’® from where cholesterol
regulates LDLR expression. STARD3 was also shown to transfer
sphingosine in the same direction''® and to shuttle cholesterol
from lysosomes to mitochondria in absence of NPC1.%° How-
ever, another study suggested that STARD3 can also transfer
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cholesterol from the ER to the endolysosomal system, thus
suggesting bi-directional cholesterol transport capability.'’?
ORP5-deficient cells accumulate cholesterol in lysosomes,'*°
suggesting a function of this protein in cholesterol handling
downstream of NPC1 or SCARB2.

Taken together, although many lipid transfer proteins func-
tioning at lysosomal MCS were identified, evidence is scarce
as to which proteins regulate lipid catabolite egress downstream
of NPC1, SCARB2, or SPNS1. It remains unclear whether lyso-
somal cholesterol transporters incorporate cholesterol into the
cytosolic leaflet of the lysosomal membrane or if there is direct
handover to cytosolic cholesterol transfer protein.

The major clinical presentation of NPC1 and CLN3-deficient
patients is neurodegeneration and childhood dementia, respec-
tively. NPC1 and NCL3 are characterized by the accumulation of
autofluorescent lipid-containing deposits in lysosomes, also
known as lipofuscin. Lipofuscin accumulation is also a hallmark
of age-related neurodegenerative diseases such as Parkinson’s
or Alzheimer’s disease, of metabolic syndromes, and is a marker
for aging. Interestingly, NPC1 mutations were recently found to
predispose for familial Alzheimer’s disease.'?' Therefore, manip-
ulation of lysosomal lipid export pathways could be a fruitful ther-
apeutic avenue far beyond lysosomal storage disorders.

How exactly loss-of-function of these proteins leads to cell
death in neurons is debated. However, recent evidence sug-
gests that cell autonomous mechanisms in microglia, the macro-
phages of the brain, give rise to neuronal cell death.'?>~'%* In
both, NPC1 and NCL3 diseases, as well as in age-related neuro-
degenerative diseases microglia activation can lead to excessive
neuroinflammation.'?® The pro-inflammatory state of microglia is
mediated by the inflammosome complex, deactivation of which
requires autophagy and lysosome-dependent degradation. A
persuasive hypothesis states that due to defective lysosome
function inflammosome deactivation in microglia is perturbed
leading to chronic neuroinflammation, recruitment of peripheral
immune cells and the demise of neuronal cells.®®

Homeostasis of the lysosomal limiting membrane
Accumulating evidence suggests that the physiological function,
ultrastructure, and molecular composition of lysosomes de-
pends on and is controlled by the lipid content of the lysosomal
limiting membrane, for example to orchestrate the cellular
response to altering nutrient conditions.®* Conversely, recent
studies have uncovered a plethora of pathways for the mainte-
nance and repair of the lysosomal limiting membrane that are
controlled by lipid signaling mechanisms.

Control of lysosome dynamics and nutrient signaling by
limiting membrane lipids

The lysosomal limiting membrane comprises a distinct set of mem-
brane proteins such as LAMP1 and LAMP2 that are highly glycosy-
lated, a property that confers on them protection against the pro-
teolytic activity of lysosomal hydrolases. Compared to the plasma
membrane the limiting membrane of lysosomes contains lower
levels of cholesterol and therefore is more flexible and fluid."?® In
contrast, the inner lysosomal membrane (intraluminal vesicles)
has a different composition and is highly enriched with sphingo-
myelin and BMP, a negatively charged glycerophospholipid that
extends the flexibility of the inner lysosomal membranes.?” Lyso-
somal cholesterol homeostasis critically affects cell physiology
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Figure 4. Physiological roles of lysosomal limiting membrane phosphoinositide lipids

(A) Lysosomal limiting membrane lipids regulate mTORC1 signaling and lysosome positioning: Basal cholesterol levels, PI(3,5)P,, and PI(3)P are activators of
mTORCH1. PI(3,5)P is solely required for the mTORC1 non-canonical substrate TFEB while PI(3)P regulates mTORC1 canonical substrates such as S6K and 4E-BP as
well as lysosome positioning via KIF16b and FYCO1. MTMRs, PI4K2A, and PIBKC2B mediate the starvation response by producing PI(4)P and PI(3,4)P,, mTORC1
inhibition, perinuclear clustering of lysosomes, and increased cholesterol transfer. In contrast, VPS34 and Sac1 are driving feeding responses. Sac1 is a ER resident
proteins and relies on ORP proteins to transfer PI(4)P to the ER where Sac1 can dephosphorylate PI(4)P in cis. Phosphoinositide transfer proteins (PITPs) shuttle Pl
from the ER to endolysosomes. Feedback mechanisms in this regulatory network are mTORC1-mediated inhibition of PI4K2A, VPS34 activation by mTORC1, and
PI(4)P-dependent recruitment of MTMRs. Which 3’ and 4’ phosphoinositide phosphatases metabolize PI(3,5)P, and PI(3,4)P, on lysosomes is currently unclear.
(B) Lysosomal limiting membrane phosphoinositides mediate membrane contact site formation with the ER and the response to lysosomal membrane per-
meabilization (LMP): Lysosomal phosphoinositides directly recruit membrane contact site bridging proteins such as VAPA/B-anchored ORP family proteins or
protrudin and thereby may not only facilitate lipid flux but also formation of contact sites. In response to LMP several parallel repair pathways are operating
including ESCRT, lysophagy, phosphoinositide-initiated membrane tethering (PITT), and Ca®*-induced sphingomyelin scrambling via TMEM16F. During PITT
PI4K2A is rapidly recruited to damaged lysosomes to generate PI(4)P. PI(4)P facilitates lipid transfer through proteins such as ORP family members, ATG2,
VPS13C, or BLTP3 which shuttle cholesterol and phospholipids to the damage sites. Whether other phosphoinositides than PI(4)P, e.g., PI(3)P with its known

roles in autophagy and ESCRT recruitment, play a role in the response to LMP is currently unclear. Likewise, sphingomyelin (SM) effectors downstream of Ca®*-

induced lipid scambling are currently unknown. Created with Biorender.

and its dysregulation is implicated in lysosomal storage disorders,
most notably Niemann-Pick disease type C (as discussed previ-
ously).”?” For example, lysosomal cholesterol depletion has a pro-
found effect on the maintenance of lysosomal membrane integrity
and on nutrient signaling via mTORC1'?® (Figure 4A). The near
complete depletion of cholesterol using methyl--cyclodextrin
sensitizes lysosomes to osmotic stress leading to membrane
destabilization and permeability to potassium ions and pro-
tons.'*"%%  Furthermore, cholesterol loss impairs mMTORCH
signaling via a mechanism that involves cholesterol sensing by
LYCHOS (GPOR155),'*" a multi-spanning membrane protein
that structurally resembles a hybrid between a G protein-coupled
receptor (GPCR) and a plant-like auxin transporter. When choles-
terol levels are sufficient to support cell growth, LYCHOS binds
cholesterol and interacts with the RagA GTPase-activating protein
(GAP) GATOR1 by means of an elongated cytoplasm-facing loop.
By sequestering GATOR1, LYCHOS promotes the recruitment of
mTORCH to the lysosome to drive cell growth. ' Recent structural
data® show that cholesterol binds at an interface between the
transporter and GPCR domains of LYCHOS, thereby enabling ly-
sosomes to integrate lysosomal cholesterol levels with mTORC1
signaling to coordinate cell metabolism and growth.

In addition to cholesterol and other glycerophospholipids, ly-
sosomes harbor a diverse complement of phosphoinositides
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within their limiting membrane (Figure 4A). PI(3)P is found from
early endosomal structures to lysosomes and thus in the entire
endo-lysosomal pathway. Lysosomes have been shown to addi-
tionally contain or be regulated by phosphatidylinositol 3,5-
bisphosphate [PI(3,5)P,] and, possibly phosphatidylinositol
5-phosphate [PI(5)P], signaling lipids thought to be specific to ly-
sosomes, late endosomes, and other lysosome-related organ-
elles.'®?3% A subset of lysosomes has been found to contain
phosphatidylinositol 4-phosphate (PI1(4)P) and phosphatidylino-
sitol 4,5-bisphosphate [PI(4,5) P,],"**"'%° signaling lipids most
highly enriched at the Golgi complex and at the plasma mem-
brane in mammalian cells at steady-state, respectively.'®*%?
Moreover, a local late endosomal/lysosomal pool of the rare
signaling lipid phosphatidylinositol 3,4-bisphosphate [PI(3,4)P2]
has been shown to repress nutrient signaling via mTORC1 in
the absence of growth factors in cultured cells and in the
brain.”**"*” Recent work demonstrates that lysosomes marked
by different phosphoinositide signaling lipids, e.g., PI3)P vs.
PI(4)P, represent morphologically and functionally distinct lyso-
some pools. Optical probes combined with live correlative light
and electron microscopy (liveCLEM) and proximity proteomics
revealed that lysosome morphology and function are reversibly
controlled by a nutrient-regulated switch between PI(3)P and
PI(4)P that triggers the conversion between peripheral motile
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mTORC1 signaling-active and static mTORC1-inactive degrada-
tive lysosomes clustered at the cell center.”'* This mechanism is
based on the starvation-induced relocalization of the Pl(4)P-syn-
thesizing enzyme phosphatidylinositol 4-kinase type lla. (PI4K2A)
to the lysosome limiting membrane, and the concomitant recruit-
ment of PI(3)P phosphatases (e.g., myotubularin-related pro-
teins, MTMRs) to erase PI(3)P, a mark for motile signaling-active
lysosomes abundantly found in fed cells at steady state. Interest-
ingly, active mTORC1-S6K1 signaling represses PI4K2A recruit-
ment to lysosomes, suggesting a model according to which
active mTORC1 and lysosomal PI(3)P synthesis are nested into
a positive feedforward loop, while, concomitantly, local forma-
tion of PI4)P via PI4K2A is repressed.'’ The suppression of
mTORC1/pS6K1 signaling at the onset of starvation then en-
ables Pl4K2A-mediated lysosomal PI(4)P synthesis and,
thereby, the accumulation of proteolytically-active lysosomes,
resulting in the complete inhibition of MTORC1 activity. This
PI(3)P-to-PI(4)P lipid switch mechanism that facilitates lyso-
somal proteolysis in response to acute nutrient starvation likely
precedes and synergizes with the long-term adaptation of lyso-
some number and active protease content via the transcription
factor EB (TFEB)/transcription factor E3 (TFE3)-mediated gene
regulatory CLEAR network that is activated by long-term starva-
tion, membrane damage (see in the following text), exercise and
other kinds of stress.'®®*° Consistently, it has been found that
enzymatic modules similar to those employed to mount the lyso-
somal response to starvation (e.g., PI4K2A and ORPs) contribute
to the repair of artificially damaged lysosomal membranes
caused by lysosomotropic agents via ATG2-mediated lipid
transfer from the ER at MCS''"""8.140:141 a5 discussed in detail
further. It is thus possible, if not likely, that specific sets of
phosphoinositide species underlie the structural and functional
diversity of lysosomes (e.g., terminal storage lysosomes, endoly-
sosomes, autolysosomes [i.e., autophagosomes fused with ly-
sosomes], and proto-lysosomes [i.e., newly formed lysosomes]
pinched off from autolysosome tubules) and are required to
execute their manifold functions in eukaryotic cells.

The signaling lipid composition of the lysosomal limiting mem-
brane has been implicated in the control of lysosome dynamics
and in the regulation of nutrient signaling via mTORC1
(Figure 4A). PI(3)P synthesized by VPS34, the sole class Ill PI
3-kinase found in mammals, has been shown to promote
mTORC1 activity in a variety of models via a so far unknown
mechanism."'*"%2 A key role for PI(3)P in mTORC1 signaling at
lysosomes is consistent with the observations that (1) VPS34 ac-
tivity is stimulated by insulin, a key driver of the PI3K-Akt-
mTORC1 signaling axis and by mTOR itself,'**7'%° (2) PI(3)P-
containing motile lysosomes accumulate in the periphery of cells
under nutrient-rich conditions, '** and (3) local depletion or eleva-
tion of lysosomal PI(3)P levels scales with canonical (i.e., S6K1,
4E-BP1 substrate phosphorylation) mTORC1 signaling activ-
ity.”'* PI(3)P also promotes the dispersion of lysosomes to the
cell periphery by triggering the formation of MCS between lyso-
somes and the peripheral ER."*? In this mechanism, amino acid
stimulation triggers the recruitment of the PI(3)P-binding protein
FYVE and coiled-coiled domain-containing protein 1 (FYCO1) to
lysosomes, which in turn promotes MCS formation via the ER-
localized PI(3)P effector protein Protrudin to link lysosomes to ki-
nesin-based microtubule motor proteins.'*® Dispersion of PI(3)
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P-containing lysosomes to the cell periphery is further facilitated
by their association with the kinesin KIF16B, which directly asso-
ciates with PI@3)P via its PX domain,''* and by active Arl8A/
B-GTP, a small GTPase that serves as a direct and indirect
recruiter of kinesins KIF1A and of KIF5, respectively.'*’

Conversely, it has been found that PI(3,4)P> generated by
the class Il phosphatidylinositol 3-kinase PIBKC2B plays an
opposing role in the regulation of lysosome dynamics and
mTORC1 signaling (Figure 4A). In growth factor-deprived condi-
tions, PIBKC28 is recruited to the mTORC1 subunit Raptor on ly-
sosomes and phosphorylates PI(4)P to generate PI(3,4)P,, re-
sulting in the inactivation of MTORC1 and the coalescence of
lysosomes in the perinuclear area.'*® Furthermore, PI(3,4)P, fa-
cilitates cholesterol transport from lysosomes to the ER via the
activation of the sterol transporter ORP1L."“° How lysosome po-
sition and dynamics are mechanistically linked to mTORCH1
signaling and which exact role phosphoinositide lipids play in
this mechanism remains enigmatic.

Finally, PI(3,5)P,, the product of the PIP 5-kinase PIKfyve com-
plex (comprising PIKfyve kinase, the scaffold Vac14, and the pu-
tative phosphatase Fig4), constitutes a lysosomal signature lipid
as interference with its metabolism has grave consequences for
multiple aspects of lysosomal function.'* Inhibition of PIKfyve
activity induces the nuclear translocation and activation of
TFEB/TFES3 via a pathway that depends on Ca2* and the phos-
phatase PP2A'%% 151152 (Figure 4A).

These findings illustrate the key role of limiting membrane
lipids in the control of lysosome dynamics and nutrient signaling.
Regulation of membrane contact sites between
lysosomes and other organelles by limiting membrane
lipids
The ER directly contacts endo-lysosomal organelles and regu-
lates a number of processes that occur on endo-lysosomal
membranes.''® In fact, studies have shown that >90% of late en-
dosomes or lysosomes are in direct contact with the ER."®®
These highly abundant, molecularly diverse MCSs generate mi-
crodomains between endosomes or lysosomes and the ER that
exclude ribosomes and are typically associated with microtu-
bules. Furthermore, as endosomes or lysosomes are trafficked
along microtubules via molecular motors,''*'617 they pull ER
tubules'>*'>° with them so that the two organelles remain
attached, indicating that the organelles are tightly associated.
MCS between lysosomes and the ER likely are mediated by a
variety of tethering complexes comprising distinct protein-pro-
tein and/or protein-lipid interactions, for example via PI(3)P/
FYCO1/Protrudin’“® or PI(4)P/ORP4 and other ORPs''* together
with unknown factors on ER membranes.

Apart from their impact on ER shape and on lysosome dy-
namics (e.g., via the PI(3)P-binding proteins Protrudin and
FYCO1'%%), a main function of ER-lysosome MCS is the non-ve-
sicular transport of sterols and glycerophospholipids from lyso-
somes to the ER, and - for example during lysosomal membrane
permeabilization (LMP; see further) - from the ER to lyso-
somes. %" Cholesterol is an important constituent of cellular
membranes, regulating membrane fluidity, signaling, and vesicle
trafficking. LDL-cholesterol that reaches the lysosome via the
endocytic pathway is hydrolyzed in the lysosomal lumen to
generate free cholesterol. Cholesterol is transported across the
limiting membrane of lysosomes via NPC1 or SCARB2. From
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the lysosome donor membrane, ORP proteins transfer choles-
terol to acceptor organelles in a phosphoinositide-dependent
manner (Figure 4B). The Rab7-binding lipid transfer protein
ORP1L acts as a transporter for cholesterol from the lysosome
to the ER."®%'57 Cholesterol transport by ORP1L depends on
MCS formation via ER-localized VAMP-associated protein A/B
(VAP-A/B) and is stimulated by PI(3,4)P, and/or PI4,5)P».
Knockout of ORP1L impairs the removal of cholesterol from lyso-
somes and this defect is phenocopied by depletion of PI3KC28,
a lipid kinase that locally produces PI(3,4)P, at lysosomes under
conditions of starvation.’*® Multiple other proteins involved in
lysosomal lipid transfer appear to be regulated by phosphoinosi-
tides as well: for example, on the lysosomal surface ORP1L inter-
acts with oxysterol-binding protein-related protein 2 (ORP2), a
lipid transfer protein that facilitates the delivery of cholesterol
to the plasma membrane in exchange for PI(4,5)P». This function
depends on the ability of ORP2 to associate with phosphoinosi-
tides.'*® Likewise, the ER-localized ORP5'? interacts with lyso-
somal NPC1 and directly or indirectly (e.g., via its activity on
plasma membrane PI(4)P and phosphatidylserine) promotes
cholesterol transport from lysosomes to the ER."'?°

A number of factors other than ORPs have been shown to
be involved in MCS between the ER and lysosomes, including
several bridge-like lipid transfer proteins (BLTPs)''® (Figure
4B). For example, VPS13C, a large beta-barrel BLTP'®° linked
to autosomal recessive forms of Parkinson’s disease, localizes
to ER-lysosome MCS'®® and its activity is required to coun-
teract aberrant mitochondrial DNA-dependent cGAS-STING
signaling.'® Lipid flow at MCS between the ER and lysosomes
is further regulated by the SMP domain-containing ER mem-
brane protein PDZD8, an interactor of late endosomal/lysosomal
Rab7,'% and by TEX2, another SMP domain ER membrane pro-
tein that associates with the lysosomal membrane protein
TMEMS55, a PI(4,5)P, phosphatase, in a manner that is regulated
by Pl 4-kinase signaling.’®” Finally, STARD3 transfers sphingo-
sine from lysosomes to the ER''® while Gramd1b is involved in
cholesterol shuttling downstream of NPC1.”®

Recent observations suggest that distinct types of MCS be-
tween lysosomes and the ER may be induced upon nutrient star-
vation of cells. Live-CLEM revealed that starved cells accumu-
late static degradative lysosomes marked by PI(4)P in the
perinuclear area, where they are ensheathed by ER membranes.
These degradative perinuclear lysosomes are further enriched
with PI(4)P-binding ORP-family proteins including OSBP,
ORP4 (OSBP2), ORP8, ORP9, and ORP11,""* akin to the accu-
mulation of ORPs induced by lysosomal membrane permeabili-
zation (LMP; explained in more detail in the next paragraph). The
molecular composition and function (for example in lipid transfer)
of the starvation-induced MCS between lysosomes and the ER
remain elusive so far.

Collectively, these studies suggest a role for lysosomal phos-
phoinositides in the MCS-dependent transfer of cholesterol and,
possibly, other lipids between lysosomes and the ER.
Maintenance and repair of the lysosomal limiting
membrane
A hallmark of lysosomal-related diseases is LMP, which results in
the rapid translocation of Galectin 3/LGALS3 from the cytosol to
the lysosomal lumen,'®' making it a valuable marker of LMP.
Multiple endogenous and exogenous stimuli can destabilize
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the lysosomal membrane and, thereby, induce LMP. For
example, lysosomotropic drugs (chloroquine, Lys05, LLOMe),
agents that have the ability to change the lipid composition of
the lysosome (sphingosine), excessive phagocytic uptake of ma-
terial such as sphingomyelin during neuroinflammation or of
wear material in arthrosis, cellular uptake of silica or oxalate crys-
tals, and some pathogens all can promote LMP.'#%:141.162 o
number of these permeabilizing agents act as detergents or sur-
factants that integrate into the lipid bilayer, resulting in increased
permeability, initially to water and protons and, eventually, to
ions. Such leakage causes an increase in lysosome pH and a
loss of membrane potential. With increasing concentrations, sur-
factants can also aggregate in the bilayer and dynamically form
aqueous toroidal pores permeable to ions including calcium.
Finally, permeabilizing agents may be osmotically active. For
example, weakly basic molecules such as methylated amino
acids can passively pass the lysosomal membrane and are
then protonated and trapped in the acidic environment of the
lumen, which eventually leads to altered osmotic pressure and
swelling or even osmotic burst of lysosomes. An example of
such lysosomotropic methylated peptides is L-leucyl-L-leucine
methyl ester (LLOMe). This compound reaches the lysosome
passively by diffusion, gets trapped by protonation, and then
condenses to polyleucine via the action of cathepsin C.

Given the detrimental consequences of impaired lysosomal
integrity and the high frequency of LMP in diseases and normal
aging, animal cells must have evolved essential mechanisms to
rapidly repair damaged lysosomes (Figure 4B). Several distinct
lysosomal quality control pathways have been reported. These
include (1) the TFEB/TFE3 pathway that upregulates lysosomal
biogenesis in response to lysosomal damage within hours, %
(2) a specialized form of autophagic lysosome reformation
(ALR) mediated by the LC3/GABARAP-associated GTPase-acti-
vating protein TBC1D15,'%43) lysophagy, which removes
damaged lysosomes through a selective form of autophagy
that depends on ubiquitylation'®"®""® induced by glycan
exposure'®' and/or the sensing of lipid-packing defects (e.g.,
via SPG20),'®® (4) a TECPR1 mediated non-canonical lysophagy
pathway triggered by sphingomyelin exposure,'®”~'%? (5) mem-
brane resealing and repair processes including microlysoph-
agy'’® mediated by the endosomal sorting complex required
for transport (ESCRT),"”"'"? and (6) a phosphoinositide-initiated
membrane tethering (termed PITT) pathway for rapid lysosomal
membrane repair via the transfer of lipids including cholesterol
and phosphatidylserine via ORPs and the lipid-transfer protein
ATG2 from the ER to the limiting membrane.”'""''® How these
various pathways are orchestrated in space and time remains
enigmatic. It is, however, tempting to speculate that their coordi-
nation is instructed by spatiotemporally controlled phosphoino-
sitide conversions.

The earliest (e.g., within minutes) response of cells to lyso-
some damage appears to be the recruitment of the ESCRT ma-
chinery that occurs even before that of galectin 3 and the induc-
tion of lysophagy.'”" This lysosomal repair mechanism depends
on the canonical ESCRT machinery involving Tsg101 (ESCRT-I),
ESCRT-Il, ESCRT-III (i.e., CHMP4B) as well as the ESCRT-I/IlI
bridging factor ALIX and serves to protect cells from LMP-
induced death. A variation of this pathway termed microlysoph-
agy involves the non-canonical lipidation of GABARAPs, which
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then promotes ESCRT assembly via ALIX and lysosomal mem-
brane repair.’”® Given the established role of PI(3)P in ESCRT
recruitment and function it is likely that ESCRT-mediated mem-
brane resealing depends on lysosomal PI(3)P synthesis.

A further comparably rapid response to LMP is the induction of
lysophagy by glycan exposure'®' that depends on protein ubig-
uitylation via E3 ligases, ubiquitin-binding autophagy receptors
such as NDP52, optineurin, p62, and TAXBP1,'”® and the auto-
phagy machinery. Recent work has further identified a role for
the lipid-packing sensor protein SPG20 and the E3 ligase ITCH
in the initial steps of lysophagy. '® Lysophagy akin to other forms
of autophagy is facilitated by PI(3)P, for example via recruitment
of PI(3)P binding proteins such as WIPIs.

Prolonged lysosomal membrane damage can also activate a
specialized pathway for autophagic lysosome reformation. In
this mechanism, lysosomal damage induces the recruitment of
the Rab7 GTPase activating protein TBC1D15 to the damaged
membrane via its association with LC3/GABARAP proteins
bound to lysosomal membrane proteins such as SCARB2.
Rab7-GTP hydrolysis triggered by TBC1D15 then aids autopha-
gic lysosome reformation by recruiting machinery (e.g., Clathrin)
to promote the formation of lysosomal tubules and subsequent
membrane scission by Dynamin.

In addition to the activation and recruitment of ESCRTS, lyso-
some damage is counteracted by calcium-activated scram-
blases, sphingomyelin, and neutral sphingomyelinases.'”*
These factors are core components of a membrane restoration
pathway by which cells preserve the functional integrity of lyso-
somes, even when ESCRT function is compromised. The down-
stream effectors of sphingomyelin in this process remain to be
determined.

Finally, parallel proteomic and ultrastructural studies have
identified a further pathway to counteract LMP via lipid transfer
from the ER to damaged lysosomes mediated by MCS."'"''8
This so-called PITT pathway (Figure 4B) is initiated by the rapid
lysosomal recruitment and activation of PI4K2A to enable PI(4)
P synthesis on damaged lysosomes. PI(4)P was shown to drive
the formation of extensive ER-lysosomal MCS and the recruit-
ment of multiple ORPs including ORP1L, OSBP, ORP9,
ORP10, and ORP11. ORP9, ORP10, and ORP11 form hetero-
dimers and mediate the counter transport of phosphatidylserine
vs. PI(4)P at MCS, whereas OSBP and ORP1L mediate choles-
terol delivery.''"""® In addition, the accumulation of phosphati-
dylserine on the limiting membrane activates the lipid transfer
protein autophagy protein 2 (ATG2), a protein known to catalyze
lipid transport in autophagy, to enable lipid flow from ER mem-
branes to lysosomes and thereby direct lysosomal repair. The
precise molecular composition of the MCS between lysosomes
and the ER remains to be determined but likely involves a num-
ber of lipid transfer proteins (e.g., VPS13C)' %% "% 160 that may act
in parallel to ORPs and ATG2. How directionality of lipid transfer
in proteins such as ATG2, VPS13, or BLTPS3 is regulated is
entirely unknown and it is unclear whether transfer is energy
consuming akin to the “phosphoinositide-motif force” in
OSBP-dependent cholesterol transfer''® or whether these are
passive processes.

Interestingly, the PI(4)P response to LMP bears resemblance
to the molecular and ultrastructural changes to lysosomes eli-
cited by starvation. It is therefore tempting to speculate that
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ESCRT-mediated repair, lysophagy, and the PITT pathway are
controlled in space and time by a phosphoinositide lipid switch
mechanism similar to the one that controls the nutrient-induced
remodeling of lysosomes.''* Exploring the role of phosphoinosi-
tide dynamics in orchestrating the various repair and remove
pathways during LMP clearly is a fruitful area for future studies.

Moreover, the key role of lysosomal PI(4)P in the control of
lysosome function and repair suggests that pharmacological
manipulation of its synthesis and turnover may be of biomedical
relevance for the treatment of human diseases related to lyso-
some dysfunction ranging from neurodegeneration to aging,
and viral infection.

Outlook and perspectives

The past decade has witnessed enormous progress in our un-
derstanding of the mechanisms that control lysosomal lipid ho-
meostasis in health and disease. In particular, a number of hith-
erto mysterious lysosomal storage disorders linked to defective
lipid metabolism have been de-orphanized. Equally impressive is
the progress in our understanding of the identity and function of
lipid transport proteins and their partners at MCS of lysosomes
with other organelles, in particular the ER. While much is to be
learned regarding the homeostatic control of lysosomal lipids
and how they may impact lysosome function, our gain in under-
standing of the mechanisms underlying human diseases associ-
ated with lysosome dysfunction, ranging from monogenetic dis-
orders to neurodegeneration, paves the way for novel therapies
to combat such diseases and to develop strategies for healthy
aging, e.g., to counteract neurodegeneration and/or to maintain
tissue function.

With new tools at hand—including the development of sys-
tems omics technologies at the protein and protein complexes,
RNA/DNA, and lipid levels—we will be able to embark on a sys-
tems level analysis of the consequences of defective lysosomal
lipid homeostasis in experimental models and in human disease
that reach far beyond the level of a single organelle (e.g., the
lysosome).

Lastly, our understanding of the different functions of lyso-
somal lipid storage and homeostasis in distinct types of cells
and tissues remains incomplete. Dissecting the consequences
of defective lysosomal lipid homeostasis in defined cell and an-
imal models is expected to reveal new insights into basic cell
biology and provide causal explanations for the tissue bias of hu-
man diseases related to altered lysosome function.
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