
This article is available online at http://www.jlr.org Journal of Lipid Research Volume 55, 2014 995

Copyright © 2014 by the American Society for Biochemistry and Molecular Biology, Inc.

respective smaller building-block molecules: amino acids, 
monosaccharides, free fatty acids, or nucleotides ( 1–4 ). 
Hence, since their discovery by Christian De Duve in 1955, 
lysosomes have been viewed as the cell’s degradation cen-
ter ( 3, 5 ). Lysosomes, several hundreds of them in each 
mammalian cell, are heterogeneous in size (100–1,000 nm) 
and morphology, and collectively constitute  � 5% of the 
cell volume ( 6 ). Lysosomes are filled with more than 
50 different types of hydrolases: sulphatases, phosphatases, 
lipases, proteases, carbohydrases, and glycosidases, which 
effectively catabolize proteins and complex lipids into 
their building-block molecules ( 1, 4 ). The functions of 
most lysosomal hydrolytic enzymes require an acidic lu-
men, which is established and maintained by the vacuolar-
ATPase (V-ATPase)... proton pumps located on the perimeter 
limited membrane ( 6 ). To protect the perimeter mem-
brane and its resident membrane proteins from degrada-
tion, the inner leafl et of the lysosomal membrane is coated 
with a polysaccharide layer called the glycocalyx ( 7 ). 

 The biomaterials destined for degradation are delivered 
to lysosomes through endocytic/phagocytic and autophagic 
pathways (  Fig. 1  ).  Endocytosis or phagocytosis of extracel-
lular particles or plasma membrane proteins begins with 
the invagination of the plasma membrane to form endo-
cytic vesicles, which then undergo a series of maturation 
processes to fi rst become early endosomes, and then late 
endosomes [excellently reviewed in ( 5 )] ( Fig. 1 ). In the late 
endosomes, the destined-to-be-degraded cargo is sorted 
into the intraluminal vesicles via the endosomal sorting 
complexes required for transport system ( 5 ). Intraluminal 
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and autophagic pathways that supply the catabolic cargos are 
highly regulated by cellular signaling and nutrient status 
( 14 ). For example, autophagy is triggered by nutrient starva-
tion but terminated upon completion of lysosomal degrada-
tion ( 15 ). Indeed, lysosomes contain the lysosomal nutrient 
sensing system (LYNUS) that consists of V-ATPase, Rag GT-
Pases, and the mammalian target of rapamycin (mTOR) 
complex   ( 14 ). Equipped with both degradation and signal-
ing functions, lysosomes are now known to participate in a 
wide spectrum of basic cellular and physiological functions, 
including secretion, plasma membrane repair, cell growth, 
and cell death ( 3 ). Hence, lysosomes should not be simply 
viewed as a dead-end degradation compartment, but rather 
as a highly dynamic organelle that integrates multiple meta-
bolic pathways to maintain cellular homeostasis. 

 LYSOSOMAL LIPID STORAGE DISORDERS 

 Lipids, such as sphingolipids, glycolipids, phospholipids, 
and cholesterol, are the essential structural constituents of 
the plasma membrane and the membranes of intracellular 
compartments   ( 1, 4 ). In addition, lipids, especially phos-
pholipids, also serve as signaling molecules ( 4 ). While lipid 
synthesis is initiated in the endoplasmic reticulum (ER) and 

vesicle-containing late endosomes are thus called multi-vesic-
ular bodies (MVBs). Mature late endosomes fuse with lyso-
somes to become endolysosome hybrids to mediate the bulk 
of the degradation ( Fig. 1 ). In a parallel pathway, worn-out 
intracellular organelles and misfolded proteins are delivered 
to lysosomes through autophagy ( Fig. 1 ). Double membrane 
autophagosomes fuse directly with lysosomes to form autolys-
osomes ( 8, 9 ), in which the autophagic substrates are broken 
down ( Fig. 1 ). Although lysosomes receive cargo from both 
autophagic and endocytic pathways, there are no clear 
boundaries between them, as autophagosomes may merge 
directly with late endosomes, or even early endosomes ( 10 ). 
The products of lysosomal degradation, i.e., lysosome-derived 
catabolites, are transported out of lysosomes through specifi c 
exporters on the perimeter membrane, or through vesicular 
membrane traffi cking ( 11, 12 ) ( Fig. 1 ). Once reaching the 
cytoplasm or the Golgi apparatus, these catabolites are either 
further degraded to provide energy or reutilized by the bio-
synthetic pathways to produce complex molecules. Indeed, 
the biosynthesis of many complex lipids, such as the gly-
cosphingolipids, mainly utilizes the lysosomal catabolites as 
its building blocks ( 4, 13 ). Therefore, the lysosome is the cen-
tral platform for cellular recycling and energy metabolism. 

 Because the catabolic and anabolic pathways cross-talk with 
each other to regulate metabolic homeostasis, the endocytic 

  Fig.   1.  Lysosomal membrane traffi cking pathways. Lysosomes receive inputs from both endocytic and au-
tophagic pathways. Endocytosed cargo including membranes, complex lipids, membrane proteins, and poly-
saccharides enter the endocytic pathway fi rst to early endosomes and then intraluminal vesicle-containing 
late endosomes (MVBs). Late endosomes then fuse with lysosomes to form endolysosome hybrids. Damaged 
intracellular organelles enter the autophagic pathway in autophagosomes, which then fuse with lysosomes to 
form autolysosomes. Endocytosed and autophagocytosed cargo is degraded in endolysosomes and autolyso-
somes through lysosomal hydrolases. The resulting products are building-block precursor molecules for 
complex macromolecules. These catabolites are transported out of the lysosomes via specifi c exporters or 
vesicular traffi cking. Insoluble catabolites, such as lipids, can be transported to the Golgi apparatus for reuti-
lization via the retrograde traffi cking pathway. Alternatively, degradation products can also be released into 
the extracellular medium via lysosomal exocytosis. Lysosomal ion homeostasis and membrane traffi cking are 
regulated by lysosomal ion channels and transporters on the perimeter membrane.   
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or “arrest” ( 8 ). Subsequently, although the total number of 
lysosomes is not reduced in LSDs, the overall lysosomal 
function within a cell is compromised, and this can lead to 
severe cellular consequences. First, accumulation of undi-
gested materials in the lysosomes could result in a defi ciency 
of building block precursors for the biosynthetic pathways. 
Therefore, LSD cells must bear the consequence of cellular 
starvation ( 4 ) ( Fig. 2 ). Second, accumulation of various 
membrane-bound lipids may affect the properties and in-
tegrity of the perimeter membrane ( 20 ). Third, lipid storage 
may alter the functionality of lysosomal membrane proteins, 
such as V-ATPase, lysosomal ion channels, or catabolite 
exporters, affecting the physiology and ionic composition 
of lysosomes. Altered heavy metal ion homeostasis, in turn, 
may increase oxidative stress to cause lipid peroxidation, 
affecting membrane integrity ( 21 ). 

 In an attempt to compensate for lysosomal dysfunction 
and reduced power in degradation, hence an increase of 

modifi ed in the Golgi apparatus, lipid degradation occurs 
mostly in the lysosomes, which are fi lled with various acid 
lipases and lipid phosphatases ( 4 ). Unlike water soluble 
substrates, such as proteins, that are readily accessible to 
lysosomal proteases and peptidases, the digestion of mem-
brane-bound complexes takes place in intraluminal vesicles 
and requires both lipid-binding activator proteins and an-
ionic lipids such as bis(monoacylglycero)phosphate ( 1 ). 
Complex lipids are usually delivered to lysosomes for degra-
dation as parts of the autophagocytosed or endocytosed 
membranes ( 3 ). While the perimeter membrane is pro-
tected by glycocalyx, intraluminal vesicles in the MVBs are 
the main sites for lipid extraction and digestion ( Fig. 1 ) 
( 1 ). The membrane-stabilizing cholesterol is fi rst sorted 
and extracted out of intraluminal vesicles via the luminal 
cholesterol-binding Niemann-Pick type C (NPC)2 proteins 
and then exported out of lysosomes via the NPC1 proteins 
on the limited membrane ( 16 ). Auxiliary lipid-binding acti-
vator proteins solubilize and present the complex lipids to 
the hydrolases for degradation ( 1 ). Complex lipids such as 
sphingoglycolipids require both lipases/phosphatases and 
glycosidases/carbohydrases for degradation ( 1 ). Because 
there are multiple steps in lipid digestion, lacking any of 
these lipid or carbohydrate hydrolases would result in ac-
cumulation of specifi c undigested precursor lipids in the 
lysosome ( 4 ). 

 Accumulation of undigested lipids or other biomaterials 
in the lysosome would lead to a group of metabolic disor-
ders collectively called lysosomal storage diseases (LSDs) 
( 17 ). LSDs are traditionally classifi ed by the nature of undi-
gested materials within the lysosome. Hence, lipidoses are 
the most common LSDs. However, undigested lipids may 
also accumulate due to secondary mechanisms, for exam-
ple, secondary to carbohydrate/protein accumulation or 
membrane traffi cking ( 17, 18 ). Therefore, a more useful 
classifi cation is based on the specifi c mutation for each LSD. 
Most LSDs are caused by mutations in the lysosomal hydro-
lases ( 4 ). However, defective membrane traffi cking and 
catabolite export could cause a “traffi c jam”, resulting in 
secondary lipid storage in the lysosome (  Fig. 2  ) ( 17 ).  In 
addition, a subset LSDs are caused by mutations in non-
lysosomal proteins indirectly affecting degradation and 
transport ( 4 ). Furthermore, primary accumulation of undi-
gested insoluble lipids may also cause a traffi c jam, slowing 
down membrane traffi cking and sorting, ultimately affect-
ing the delivery of lysosomal hydrolases ( 3, 17 ). In addition, 
insoluble lipids may also precipitate in the lysosomes to re-
duce the activity of hydrolytic enzymes. Subsequently, sec-
ondary storage of ubiquitinated proteins, carbohydrates, or 
other lipids may occur. Hence, most LSDs manifest in the 
heterogeneity of storage lipids in the lysosome. 

 Progressive accumulation of undigested lipids and pro-
tein aggregates, primarily or secondarily, leads to build-up 
of enlarged (>500 nm) but dysfunctional lysosomes. These 
enlarged “lysosomes” are presumably endolysosomes and 
autolysosomes, which under normal conditions are used to 
regenerate new lysosomes via the process of lysosome refor-
mation, upon completion of lysosomal degradation ( 15 ). 
Hence, LSD is a state of endocytic and autophagic “block” 

  Fig.   2.  Molecular pathogenic mechanisms of LSDs. LSDs are 
characterized by the progressive build-up of undigested materials, 
such as lipids, carbohydrates, and proteins within the lysosomes. 
Mutations in lipases, lipid phosphatases, and carbohydrases lead to 
the accumulation of undigested lipids/carbohydrates/proteins in 
the lysosome. Likewise, mutations in the catabolite exporters also 
lead to the accumulation of lipids/carbohydrates/proteins in the 
lysosome. Mutations in lysosomal accessory proteins lead to lyso-
somal traffi cking defects. Mutations in lysosomal ion channels and 
transporters lead to defective ion homeostasis, which in turn affects 
membrane traffi cking to cause lipid accumulation. Lipid storage 
causes a traffi c jam and secondary accumulation, resulting in lyso-
somal dysfunction, membrane permeabilization, and cellular star-
vation. Lysosomal membrane permeabilization may cause leakage 
of lysosomal enzymes into the cytoplasm to cause cell death  .   



998 Journal of Lipid Research Volume 55, 2014

( 33 ). Upon stimulation, lysosomes translocate from the 
perinuclear and cytosolic regions to the plasma membrane 
along the microtubules ( 33–36 ). After docking, lysosomes 
fuse directly with the plasma membrane to release the lyso-
somal content into the extracellular space (  Fig. 3A  ) ( 33 ).  
Lysosomal exocytosis represents the major output pathway 
of the lysosome and is important for a variety of cellular 
processes, including plasma membrane repair ( 33 ), secre-
tion and transmitter release ( 37 ), neurite outgrowth ( 38 ), 
and particle uptake in macrophages ( 28, 39 ). 

 Measuring lysosomal exocytosis 
 Several assays have been developed to detect lysosomal 

exocytosis in vitro. The most commonly used method is to 
measure the activity of lysosomal hydrolytic enzymes, such 
as  � -hexosaminidase and acid phosphatase, which are re-
leased into the extracellular medium during exocytosis 
( 40 ). This lysosomal enzyme release assay measures accu-
mulatively the extent of lysosomal exocytosis over a period 
of time ( Fig. 3B ). By comparing with the activity of the cell-
associated enzymes, this assay can be used to estimate the 
size of the releasable pool for specifi c stimuli and condi-
tions in a given time. 

 Another way to measure lysosomal exocytosis is to moni-
tor the insertion of lysosomal membrane proteins into the 
surface of the plasma membrane ( 28, 33, 40 ). After exocy-
tosis, lysosomal membrane proteins, such as the most abun-
dant Lamp1 proteins, are present on the plasma membrane. 
Hence, measuring the surface expression of Lamp1 using 
a monoclonal antibody against a luminal epitope of Lamp1 
can provide readout for lysosomal exocytosis ( Fig. 3B ). To 
avoid the contamination from the lysosomal pool of Lamp1 
proteins, the experiment should be performed in nonper-
meabilized cells ( 28, 33, 40 ). This Lamp1 surface staining 
assay detects lysosomal exocytosis, either acutely or accu-
mulatively. The approach is also applicable to other lyso-
some membrane proteins. Even if antibodies against luminal 
epitopes are not available, one can engineer a FLAG or HA 
tag to the luminal side of the protein for detection  . Given 
the heterogeneity in the pools of lysosomes, this assay may 
help determine whether specifi c lysosomal resident pro-
teins are sorted “in” or “out” before or during lysosomal 
docking. 

 An electrophysiology-based “exocytosis assay” has been 
recently developed to provide a temporal resolution higher 
than the above-mentioned exocytosis/secretion methods 
( Fig. 3B ). In this assay, whole-cell currents of lysosomal ion 
channels, for example, transient receptor potential muco-
lipin 1 (TRPML1), are used to “detect” the plasma mem-
brane insertion of lysosomal channels during exocytosis 
( 28 ). Most lysosomal channels, unlike the plasma mem-
brane ones, are presumed to have short half-lives at the 
plasma membrane. They may undergo rapid endocytosis 
to retrieve from a nonnative environment, i.e., the plasma 
membrane. Hence, to maximize detection, it might be 
necessary to block endocytosis ( 28 ). Capacitance measure-
ment has been another well-established electrophysiology-
based exocytosis assay ( 41 ). However, such an assay requires 
a large amount of exocytosis, and does not distinguish 

lysosomal substrates, most LSD cells exhibit an increase in 
the basal autophagy and in the expression levels of house-
keeping lysosomal proteins such as Lamp-1 ( 8, 22 ). These 
compensatory changes may allow LSD cells to survive un-
der normal nonstressed conditions. Under stressed con-
ditions, however, altered luminal ion homeostasis and 
membrane integrity may cause lysosomal membrane per-
meabilization, leading to the leakage of lysosomal enzymes 
to the cytoplasm and triggering cell death ( 23 ). An in-
crease in cell death would result in damage in tissues and 
organs with large amounts of postmitotic cells, including 
the brain, liver, eye, muscle, and spleen ( 18 ). Thus, the 
most common manifestations in LSDs are neurodegenera-
tion, mental retardation, and motor disabilities ( 17 ). 

 Several therapeutic approaches have been developed 
for LSDs. These include substrate reduction therapy, bone 
marrow transplantation, gene therapy, and enzyme re-
placement therapy (ERT) ( 24 ). ERT and substrate reduc-
tion are the most common therapies, and are currently 
used effectively for the treatment of Gaucher and Fabry 
diseases ( 24, 25 ). In addition, chemical chaperones have 
been proven helpful for a subset of Gaucher, Fabry, and 
Tay-Sachs diseases that is caused by enzyme misfolding in 
the ER, ( 26 ). For most LSDs, however, an effective thera-
peutic approach is still lacking. For the currently available 
approaches, there are various intrinsic limitations, espe-
cially the problem of low effi cacy. For instance, while the 
brain is the most commonly affected tissue in LSDs, it is 
very diffi cult for ERT to deliver enzymes across the blood-
brain barrier. Most importantly, all the current available 
approaches are disease specifi c. 

 To develop an approach common for most LSDs, it is 
necessary to understand how common cellular pathways 
are affected by lipid storage. Several recent studies reveal 
that lysosomal exocytosis, one of the two most important 
lysosomal traffi cking pathways in the “outward” or “antero-
grade” direction ( Fig. 1 ), are defective in multiple LSDs 
( 27–29 ). Most intriguingly, induction of lysosomal exocy-
tosis was found to facilitate the clearance of stored materi-
als regardless of the nature and cause of the storage ( 14, 
27, 29, 30 ). In this review we will fi rst describe the core 
machinery of lysosomal exocytosis, and then discuss how it 
can be regulated for the purpose of cellular clearance as a 
therapeutic target for LSDs. 

 LYSOSOMAL EXOCYTOSIS   

 Unlike the “conventional secretion” mediated by the 
ER-Golgi-secretory vesicle pathway, lysosomal exocytosis 
belongs to the poorly understood “unconventional secre-
tion”, which also includes the fusion of MVBs (exosome 
release), autophagosomes, autolysosomes, and early endo-
somes to the plasma membrane ( 31 ). Exocytosis of se-
cretory lysosomes (lysosome-related organelles) has been 
long-known to be present in specialized cell types such as 
hematopoietic cells ( 32 ). The regulated exocytosis of con-
ventional lysosomes was fi rst observed in CHO and NRK 
fi broblasts, but is now known to be present in all cell types 
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with TIRF to monitor lysosomal exocytosis based on the 
fl uorescence changes ( 42 ). 

 The molecular machinery and regulators 
of lysosomal exocytosis 

 Compared with synaptic vesicle exocytosis, a process 
sharing many similarities with lysosomal exocytosis ( 43 ), 
the molecular mechanisms underlying lysosomal exocy-
tosis are much less understood ( 40, 43 ). Both processes 
involve several prefusion steps in tethering/docking and 

lysosomal exocytosis from other forms of exocytosis in 
conventional and unconventional secretion. 

 Exocytosis of lysosomes can also be measured using to-
tal internal refl ection fl uorescent microscopy (TIRF), if a 
fl uorescence tag is engineered to a lysosomal membrane 
protein. TIRF only detects sub-plasma membrane events, 
thus providing a very precise and quantitative approach 
to capture single exocytosis events ( 42 ). As lysosomes are 
highly acidified compartments, lysosome-targeted pH-
sensitive probes, such as pHluorin, could be combined 

  Fig.   3.  Measuring Ca 2+ -dependent lysosomal exocytosis. A: Lysosomal exocytosis is a Ca 2+ -dependent pro-
cess. Early endosomes are generated from nascent endocytic vesicles via endocytosis. Autophagosomes are 
generated via autophagy. Upon a series of sorting and maturation processes, autophagosomes and endo-
somes fuse with lysosomes to become endolysosomes and autolysosomes. Lysosomes are high Ca 2+  ( � 0.5 mM) 
compartments. Lysosomes fuse with the plasma membrane in response to an increase in extralysosomal 
[Ca 2+ ] i  (>1  � M). B: Methods for the detection of lysosomal exocytosis. Method 1 (lysosomal enzyme 
release) is used to measure the release of lysosomal contents, such as hydrolytic enzymes, into the cell culture 
medium. Method 2 (Lamp1 surface staining) is to monitor the insertion of lysosomal membrane proteins 
into the plasma membrane by using a monoclonal antibody against a luminal epitope of lysosomal mem-
brane proteins, such as Lamp1, in nonpermeabilized cells. Confocal images in the right panel show that 
ML-SA1 treatment resulted in the localization of Lamp1 (red) on the plasma membrane in nonpermeabi-
lized WT, but not TRPML1 KO macrophages. The total amount of Lamp1 (green) proteins is detected using 
the same antibody in permeabilized cells [modifi ed from ( 28 ) with permission]. Method 3 (electrophysiology-
based exocytosis assay) is used to detect the plasma membrane insertion of lysosomal ion channels as a result 
of lysosomal exocytosis.   
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 Ca 2+ .   After lysosomes are docked to the plasma mem-
brane by the formation of the VAMP7- syntaxin-4-SNAP23 
trans-SNARE complex, fi nal fusion is triggered by a local-
ized rise in intracellular Ca 2+  ([Ca 2+ ] i ) levels ( 33, 40 ). In 
response to [Ca 2+ ] i  increase, artifi cially induced by Ca 2+  ion-
ophores or membrane disruptions, lysosomal enzyme re-
lease is increased and lysosomes are observed to fuse directly 
with the plasma membrane ( 33, 40 ). The [Ca 2+ ] i  required 
for lysosomal exocytosis is predicted to be >1  � M ( 40 ), 
which is higher than the 0.5  � M required for late endo-
some-lysosome fusion in the cell-free vesicle fusion assays 
( 50 ) ( Fig. 3A ). During synaptic vesicle exocytosis, a very 
rapid increase in [Ca 2+ ] i  is required to mediate the fast 
(<1 ms) fusion of synaptic vesicles with the presynaptic 
membrane ( 43 ). The increase in Ca 2+  occurs locally near 
the site of exocytosis, and is mediated by the depolarization-
triggered Ca 2+  fl ux through the voltage-gated Ca 2+  channels 
on the presynaptic membrane ( 43 ). For lysosomal exocyto-
sis, however, the source of Ca 2+  and the identity of the Ca 2+  
channel(s) have remained elusive until recently. 

 The Ca 2+  required for late endosome-lysosome and lyso-
some-plasma membrane fusion has been suggested to come 
from the lysosomal lumen. Like the ER, the main intracel-
lular Ca 2+  store with an estimated [Ca 2+ ] lumen  of 0.5–2 mM 
( 51 ), lysosomes are also Ca 2+  stores with a free [Ca 2+ ] lumen  of 
400–600  � M ( 52, 53 ). In the cell-free vesicle fusion assays, 
late endosome-lysosome fusion is inhibited by the Ca 2+  che-
lator 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic 
acid (BAPTA)  , but not EGTA ( 3, 50 ). Although both BAPTA 
and EGTA have high binding affi nity for Ca 2+ , BAPTA binds 
to Ca 2+  approximately 100 times faster than EGTA does. 
Therefore, such distinct BAPTA versus EGTA sensitivity sug-
gests that the source of Ca 2+  must be very close to the fusion 
spot ( 54 ). In other words, lysosomes themselves most likely 
provide the Ca 2+  required for lysosomal fusion ( 50, 54 ). Inter-
estingly, preloading cells with the fast membrane-permeant 
Ca 2+  chelator BAPTA-acetoxymethyl ester (BAPTA-AM)   
(1–10  � M) dramatically reduces lysosomal exocytosis and 
particle uptake in macrophages, while the slow Ca 2+  chelator 
EGTA-AM was less effective ( 28 ). It is worth noting that high 
(millimolar range) concentrations of EGTA-AM were known 
to chelate luminal Ca 2+  to block in vitro late-endosome-
lysosome fusion ( 50, 54 ). Collectively, lysosomes may pro-
vide Ca 2+  for membrane fusion between lysosomes and 
other compartments, including late endosomes and plasma 
membrane. 

 Ca 2+  sensors: synaptotagmin-VII and others.   The synaptotag-
min (Syt) family of Ca 2+  sensor proteins has 16 members, 
each containing two Ca 2+ -binding C2 domains in the cytoso-
lic side ( 55 ). During synaptic vesicle-plasma membrane fu-
sion, a localized increase in [Ca 2+ ] i  activates vesicle-localized 
Syt-I to trigger fi nal fusion ( 43 ). For lysosomal exocytosis, 
Syt-VII is likely to be the lysosomal Ca 2+  sensor ( Fig. 4A ). 
First, Syt-VII is ubiquitously expressed and localized on the 
lysosome ( 33, 39 ). Second, ionomycin-induced lysosomal 
exocytosis is reduced in cells isolated from Syt-VII KO mice 
( 39 ), or cells transfected with dominant-negative Syt-VII 
constructs ( 28, 33 ). Because lysosomal exocytosis is not 

several postdocking steps in membrane fusion. How-
ever, distinct sets of exocytosis machinery are employed, 
which include soluble  N -ethylmaleimide-sensitive fac-
tor-attachment protein receptors (SNAREs) that bring 
the two membranes closer to each other. Importantly, 
both fusion events are regulated by Ca 2+  and the same 
family of Ca 2+  sensors. As common mechanisms and reg-
ulation may exist for different forms of unconventional 
secretion, the molecular mechanisms described below 
may also apply to the fusion of endocytic or autophagic 
vesicles with the plasma membrane. In many LSDs, the 
lysosomes undergoing exocytosis are indeed mostly au-
tolysosomes ( 29 ). 

 Cytoskeleton and motor proteins.   Lysosomes undergo both 
short-range actin-based and long-range microtubule-based 
movements ( 3, 5 ). Under resting conditions, lysosomes 
are mostly localized in cytosol and the perinuclear micro-
tubule-organizing center ( 29 ). Upon stimulation, lyso-
some mobility and the numbers of lysosomes that are 
localized sub-plasma membrane (lysosomal docking to 
plasma membrane) are increased ( 29 ). While lysosome 
mobility is increased when the microtubule-dependent ki-
nesin motor proteins are upregulated ( 44 ), lysosomal 
docking to the plasma membrane is also dependent on 
the microtubule ( 27 ). In MCF-7 cells, KIF5B is the only 
microtubule-dependent kinesin motor protein associated 
with lysosomes ( 45 ). Increasing lysosome mobility may in-
crease lysosomal docking and exocytosis. For example, in 
NRK cells, both lysosomal distribution and lysosomal exo-
cytosis are regulated by cAMP ( 46 ), which may affect the 
cytosolic pH to infl uence microtubule-dependent lyso-
somal movement in cells ( 47 ). 

 Rabs and tethering factors.   The small GTPase Rab7 pro-
tein and its effectors, such as HOPS complex proteins, 
are known to tether late endosomes and lysosomes for 
homotypic and heterotypic membrane fusion ( 3 ). Whether 
these proteins perform a similar task for lysosome-plasma 
membrane fusion remains to be investigated. Rab7 effec-
tors may also affect lysosomal exocytosis by regulating mo-
tor proteins in lysosome mobility ( 44 ). 

 SNAREs.   Similar to the exocytosis of synaptic vesicles 
and endosome-endosome membrane fusion, the fusion of 
lysosomes with the plasma membrane is initiated by the 
formation of the SNARE complexes ( 48 ). SNARE proteins 
are characterized by the existence of coiled-coil homology 
domains ( 48 ). During lysosomal exocytosis, vesicle-associated 
membrane protein 7 (VAMP7), on the surface of lyso-
somes, forms a trans-SNARE complex with syntaxin-4 and 
synaptosome-associated protein of 23 kDa (SNAP23) on 
the plasma membrane ( 49 ) (  Fig. 4A  ).  The formation of 
the trans-SNARE complex pulls the lysosomes and plasma 
membrane toward each other and docks the lysosomes on 
the cytoplasmic side of the plasma membrane ( Fig. 4A ). 
Lysosomal exocytosis, similar to late endosome-lysosome 
fusion ( 3 ), is blocked by the expression of dominant-nega-
tive VAMP7 constructs in cells ( 39 ). 
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defi nitive evidence requires the molecular identifi cation 
of Ca 2+  channels in the lysosome. Transient receptor po-
tentials are a family of Ca 2+ -permeable nonselective cation 
channels ( 57 ). Among them, members of TRPML subfam-
ily, TRPML1–3 channels, are primarily localized in the en-
dosome and lysosome ( 58 ). Human mutations of TRPML1 
cause mucolipidosis type IV (ML-IV), a neurodegenerative 
LSD characterized by retinal degeneration and mental re-
tardation ( 59–61 ). At the cellular level, lysosomal traffi ck-
ing defects are observed in every single cell type ( 58, 62 ). 

 ML-IV or TRPML1-defi cient cells are fi lled with a spec-
trum of undigested lipids, such as sphingoglycolipids, 
phospholipids, and cholesterol ( 63 ). However, the activi-
ties of most hydrolases are relatively normal in TRPML1-
defi cient cells ( 58, 62 ). As the accumulation of lipids in 
the ML-IV lysosomes could be explained by defective lyso-
somal traffi cking associated with these cells ( 27 ), it was 

completely abolished in the Syt-VII KO mice, other Syt pro-
teins may also participate in lysosomal exocytosis. In addi-
tion, other candidate lysosomal Ca 2+  sensors include 
calmodulin, which has been previously implicated in the 
late endosome-lysosome fusion ( 50 ), and ALG-2, a lysosome-
targeted EF hand Ca 2+  binding protein   ( 56 ). 

 The mechanisms by which Syt-VII promotes lysosomal 
exocytosis are not clear. Extrapolated from synaptic vesicle 
studies ( 43, 55 ), the Ca 2+ -bound C2 domain in Syt-VII may 
increase phosphoinositide binding and association with 
the preassembled SNARE complexes to further pull the 
lysosomes to the proximity of the plasma membrane ( 55 ). 
The resulting force may increase membrane curvature to 
facilitate lipid bilayer mixing ( 55 ). 

 TRPML1 Ca 2+  channels.   Although Ca 2+  and Ca 2+  sen-
sors have been implicated in lysosomal exocytosis, more 

  Fig.   4.  The molecular machinery and biological functions of lysosomal exocytosis. A: The core machinery of 
lysosomal exocytosis. Upon stimulation, lysosomes are tethered/docked to the plasma membrane. The subse-
quent formation of SNARE complexes requires the interaction of lysosomal SNARE protein, VAMP7, with 
SNAP23, and syntaxin 4 on the cytoplasmic side of the plasma membrane. Upon preassembly of the SNARE 
complex, lysosomes are pulled closer to the plasma membrane at the exocytosis site. Localized lysosomal Ca 2+  
release, which may be mediated by PI(3,5)P 2  activation of TRPML1, activates Ca 2+  sensor Syt VII in the lysosome 
to promote the fusion of lysosomes with the plasma membrane. Lysosomal docking and fusion is regulated by 
TFEB, a transcription factor for lysosome biogenesis and autophagy. B: Lysosomal exocytosis is involved in vari-
ous cellular processes: neurite outgrowth, secretion, transmitter release, phagocytosis, and membrane repair.   
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( 27 ). Consistent with the TFEB-induced upregulation of 
TRPML1 ( Fig. 4A ), the TFEB-induced increase in lyso-
somal exocytosis is abolished in ML-IV fi broblasts ( 27 ). 
Therefore, TRPML1 appears to be an essential target gene 
of TFEB. However, in ML-IV cells, TFEB overexpression 
still increases lysosomal docking to the plasma membrane. 
Therefore, in addition to TRPML1 upregulation, TFEB 
may also increase the expression/activity of tethering fac-
tors or proteins involved in lysosome mobility ( 14 ). For 
instance, TFEB may upregulate kinesin motor proteins 
that are responsible for the traffi cking of lysosomes to the 
plasma membrane along microtubules ( 27, 69 ). 

 Neuraminidase 1 as the negative regulator of lysosomal exocyto-
sis.   Lysosomal exocytosis is also regulated by posttransla-
tion modifi cation of lysosomal proteins. Neuraminidase 1 
(Neu1) is a lysosomal enzyme responsible for the cleavage 
of the terminal sialic acid residues from glycoproteins and 
glycolipids ( 70 ). Mutations in the Neu1 gene cause sialido-
sis ( 71 ). The lysosomal membrane protein Lamp1, the 
most abundant lysosomal membrane protein that is heav-
ily glycosylated, is a substrate of Neu1 ( 70 ). Interestingly, 
lysosomal docking and exocytosis are increased in Neu1 
KO cells and this effect is dependent on Lamp1. However, 
how Lamp1 and its sialylation regulates lysosomal docking 
is still not very clear. 

 Releasable lysosome pool.   Although lysosomes can un-
dergo Ca 2+ -dependent exocytosis, it is not clear what per-
centage of the total lysosome population can be docked 
and undergo exocytosis upon stimulation in different cell 
types ( 35 ). Lysosomes are heterogeneous in size, but the 
molecular markers to label different pools of lysosomes 
have remained to be identifi ed. In LSDs, it is primarily the 
autolysosomes, but not the endolysosomes, that undergo 
exocytosis ( 29 ). Lysosomal mobility and subcellular loca-
tion may be the key determinants of lysosomal docking, 
and hence, the size of the releasable lysosome pool. Cell 
types and the nature of the stimulus may determine the 
size of the releasable pool. While activation of TRPML1 
promotes postdocking fusion, TFEB regulates both lyso-
somal docking and fusion ( 27 ). In NRK and MEF cells, 
under normal conditions, only about 10–15% of total lyso-
somal  � -hexosaminidase can be released by ionomycin 
within minutes ( 40 ). In macrophages, however, up to 
40–50% of total lysosomal acid phosphatases were releas-
able by ionomycin within 15 min ( 28 ). As lysosomal en-
zyme release is an accumulative assay, a high level of 
lysosome mobility that is known to be associated with mac-
rophages ( 44 ) may account for the observed differences in 
the releasable pool. An outstanding question is whether 
an increase in lysosome-plasma membrane fusion causes 
a feedback to facilitate lysosomal mobility and docking. 
Even more generally, how do cells determine the size, lo-
cation, and number of lysosomes under different environ-
mental conditions? The nutrient-sensing machinery in the 
lysosome (LYNUS), including mTOR and TFEB, may play 
a critical role in regulating these basic parameters for lyso-
somes ( 14 ). 

hypothesized that TRPML1 is involved in lysosomal mem-
brane fusion/fi ssion by acting as a lysosomal Ca 2+  release 
channel ( Fig. 4A ) ( 64 ). 

 Several pieces of evidence suggest a role of TRPML1 in 
Ca 2+ -dependent lysosomal exocytosis. First, fi broblasts ob-
tained from ML-IV patients exhibited reduced ionomycin-
induced lysosomal exocytosis ( 65 ). However, as ionomycin 
induces Ca 2+  fl ux non-physiologically independent of any 
specifi c ion channels, the effect of ionomycin on lysosomal 
exocytosis could be a secondary observation, because iono-
mycin presumably acts directly on the Ca 2+  sensor Syt-VII, 
thereby bypassing upstream TRPML1 activation. Second, 
enhanced lysosomal exocytosis was seen in HEK293 cells 
overexpressing gain-of-function mutant TRPML1 channels 
( 66 ). Third, TRPML1 knockdown in a macrophage cell line 
reduced transport of the major histocompatibility complex 
II (MHC-II) from lysosomal compartments to the plasma 
membrane ( 67 ). Fourth, transcription factor EB (TFEB)-
induced lysosomal exocytosis (see below) was almost abol-
ished in ML-IV cells ( 27 ). Taken together, these studies 
suggest that TRPML1 is required for lysosomal exocytosis. 

 The direct evidence to support a role of TRPML1 in 
lysosomal exocytosis was recently obtained using TRPML1-
specifi c small molecule activator (ML-SA1) ( 28 ). In the 
primary macrophages, a 15–30 min ML-SA1 treatment in-
duced the secretion of up to 20% of the total cell-associated 
lysosomal acid phosphatase enzymes ( 28 ). In addition, 
ML-SA1 also induced a signifi cant amount of Lamp1 sur-
face staining in WT macrophages, but not in ML1 KO 
macrophages ( 28 ) ( Fig. 3B ). Moreover, ML-SA1-induced 
lysosomal exocytosis was abolished by BAPTA-AM, but not 
EGTA ( 28 ). Collectively, these results suggest that activa-
tion of TRPML1 is suffi cient to induce lysosomal exocyto-
sis in a Ca 2+ -dependent manner. 

 TFEB transcription factor.   bHLH-leucine zipper TFEB is 
a master regulator of both lysosomal biogenesis and au-
tophagy ( 14, 30, 68 ). When autophagy is triggered or 
when lysosomes are under stress conditions, TFEB proteins 
translocate from the cytoplasm to the nucleus, inducing 
the expression of its target genes ( 14 ). Bioinformatics 
analysis suggested that TFEB regulates the expression of 
hundreds of autophagy-related and lysosome-related genes 
by binding to the coordinated lysosomal expression and 
regulation motif ( 30, 68 ). Indeed, overexpression of TFEB 
in HeLa cells is suffi cient to increase the mRNA expres-
sion of 291 genes that are mostly involved in autophagy 
and lysosomal biogenesis ( 30, 68 ). As a TFEB-regulated 
lysosomal gene, TRPML1 contains a coordinated lyso-
somal expression and regulation motif upstream from its 
transcription start site, and its mRNA expression is upreg-
ulated by more than several fold by TFEB overexpression 
( 27, 68 ). Putting these results together, lysosomal stress, 
such as lipid storage, may increase the expression/activity 
of TFEB and its target genes. Although still speculative, it 
is possible that TFEB may mediate the bulk of the compen-
satory changes associated with LSDs. 

 TFEB overexpression signifi cantly increases both dock-
ing and fusion of lysosomes with the plasma membrane 
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recruitment of intracellular vesicles that fuse with the plasma 
membrane to replace the disrupted membranes ( 33, 81 ) 
( Fig. 4B ). As membrane damage triggers lysosomal exocyto-
sis, the major candidate for these vesicles is the lysosomes. 
Indeed, in Syt-VII KO muscle, membrane repair is impaired 
( 82 ). Ca 2+  infl ux has been proposed to be the source of Ca 2+  
for lysosomal exocytosis, as removal of the extracellular Ca 2+  
impaired the resealing process in most in vitro damage/
repair assays ( 82, 83 ). However, it remains unknown whether 
such manipulation secondarily affects other intracellular 
Ca 2+ -dependent processes. It also remains to be tested 
whether lysosomal Ca 2+  release can serve as a more physiolog-
ical trigger of membrane repair in vivo. Importantly, in addi-
tion to provide intracellular membranes, lysosomal exocytosis 
is also crucial for the release of lysosomal aSMases to mediate 
rapid endocytosis of damaged membranes, which in turn is 
essential for membrane repair ( 80 ). 

 Phagocytosis.   Lysosomal exocytosis is required for the up-
take of large particles in macrophages ( 39, 72, 84 ) ( Fig. 4B ). 
Professional phagocytes, such as macrophages, engulf large 
cellular particles, such as apoptotic cells, by forming fi lopo-
dia-like structures called pseudopods to surround the parti-
cles ( 85 ). A large amount of membranes are required to form 
pseudopods ( 84 ). Because the overall surface area remains 
relatively constant during pseudopod formation ( 41 ), intrac-
ellular membranes, especially those from endosomes and 
lysosomes, are delivered to the sites of particle ingestion (so-
called focal exocytosis) ( 39, 72 ). When lysosomal exocytosis is 
inhibited by dominant negative forms of VAMP7 or Syt-VII, 
large particle uptake is signifi cantly reduced ( 39, 72 ). Inter-
estingly, TRPML1 KO macrophages exhibit defects in large 
particle uptake, a phenotype that closely resembles the 
phagocytic defects observed in Syt-VII KO macrophages 
( 28 ). By using the lysosome-targeted genetically encoded 
Ca 2+  sensor GCaMP3 ( 86 ), which is much more sensitive in 
detecting lysosomal Ca 2+  release than conventional dye-based 
methods ( 87 ), it was found that particles binding to macro-
phages induced TRPML1-mediated lysosomal Ca 2+  release 
specifi cally at the site of particle uptake ( 28 ). As defective 
clearance of late apoptotic neurons may contribute to neuro-
degeneration ( 88 ), a loss of TRPML1 channel activity may 
result in the pathogenic accumulation of extracellular parti-
cles and brain infl ammation seen in ML-IV or other LSDs. 

 Neurite outgrowth.   Lysosomal exocytosis may also play a 
role in neurite outgrowth ( 38 ). Neurite outgrowth is medi-
ated by the exocytosis of intracellular vesicles at the lead-
ing edges of developing neurites. While the Ca 2+  ionophore 
induces Lamp1 surface staining in the neuronal processes, 
neurite outgrowth is signifi cantly reduced in Syt-VII KO 
neurons ( 38 ). 

 THE INTERACTION LOOP OF LYSOSOMAL LIPIDS 
AND LYSOSOMAL EXOCYTOSIS 

 The interaction between lysosomal lipids and lyso-
somal exocytosis is two-fold. First, lysosomal exocytosis and 

 Directionality of lysosomal exocytosis 
 In nonpolarized cells, lysosomal exocytosis may occur at 

the sites of action, so called “focal exocytosis”. For example, 
in macrophages, upon large particle binding, lysosomal exo-
cytosis occurs specifi cally at the site of particle uptake ( 28, 39, 
72 ). Likewise, in muscle cells and other cell types, lysosomal 
exocytosis occurs at the sites of membrane disruptions ( 33, 
73 ). Localized Ca 2+  increase is likely to be the underlying 
mechanism for focal exocytosis. In addition, the microtubule-
dependent transport of lysosomes may be regulated by large 
particle binding or membrane injury ( 35, 44 ). 

 In polarized epithelial cells, lysosomal exocytosis is directed 
toward the basolateral membranes, but not the apical mem-
branes ( 74 ). The directionality of lysosomal exocytosis in 
these cells could be caused by the localization of the plasma 
membrane SNARE, syntaxin4, exclusively at the basolateral 
membrane, resulting in a “polarized” formation of the 
SNARE complex ( 74 ). Whether other proteins of the lyso-
somal exocytosis machinery, such as Syt-VII and VAMP7, are 
also polarized in their localization remains unknown. 

 The biological implications of lysosomal exocytosis 
 There are two primary purposes for lysosomal exocytosis: 

membrane remodeling and secretion. The former may con-
tribute to neurite outgrowth ( 38 ), membrane repair ( 33 ), 
and phagocytosis ( 28, 39 ). The latter may contribute to anti-
gen presentation ( 75 ), bone absorption in osteoclasts ( 76 ), 
axonal myelination ( 77 ), and transmitter release ( 37 ). 

 Secretion.   In hematopoietic cells, including neutrophils 
and cytotoxic T cells ( 32 ), secretory lysosomes (lysosome-
related organelles) were observed to undergo exocytosis 
in a Ca 2+ -dependent manner ( 75 ). The release of lyso-
somal hydrolytic enzymes into the extracellular space may 
help digest and defend against pathogens ( 75 ) ( Fig. 4B ). 
Lysosomal exocytosis is dramatically upregulated in osteo-
clasts during bone reabsorption ( 76 ). Additionally, lysosomal 
exocytosis is crucial for antigen presentation mediated by 
major histocompatibility complex II (MHC-II) in macro-
phages ( 78 ) ( Fig. 4B ). Because exocytosis of conventional 
lysosomes is now known to be present in all cell types, it is 
possible that lysosomes play a general role in secretion. 
Secreted lysosomal contents may lead to various cellular 
responses, including altered cell mobility and cellular 
transformation ( 79 ). Secretion of lysosomal acid (a)SMase 
is essential for membrane repair ( 80 ). 

 Transmitter release.   In astrocytes, ATP release is thought 
to be dependent on lysosomal exocytosis ( 37 ). Lysosomes 
contain high levels of ATP and undergo exocytosis in a 
Ca 2+ -dependent manner upon various stimulations ( 37 ). 
In contrast, glutamate release in the astrocytes requires 
nonlysosome small vesicles, and is independent of lyso-
somal exocytosis ( 36 ). 

 Membrane repair.   The integrity of the plasma membrane is 
maintained through an active repair process ( 81 ). The repair 
of plasma membrane damage in skeletal muscle and other 
cell types requires a rapid increase in Ca 2+  to trigger the 
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 SM is a plasma membrane lipid that accumulates in the 
lysosome when aSMases are defective, as is the case for NPA 
and NPB cells ( 4 ). In NPC cells, cholesterol accumulation 
causes reduced activity in aSMases and subsequent SM accu-
mulation in the lysosome ( 4 ). Cholesterol and SM accumula-
tion may have a synergistic effect on lysosomal traffi cking 
defects observed in NPC cells ( 86 ). Lysosomal accumulation 
of SM in NPC cells directly inhibits TRPML1 channel activity 
and TRPML1-mediated lysosomal Ca 2+  release ( 95 ). In-
triguingly, TRPML-specifi c activator ML-SA1 together with 
TRPML1 overexpression was able to reduce cholesterol ac-
cumulation in NPC cells ( 86 ). Hence, luminal lipids could 
potentially regulate lysosomal traffi cking by infl uencing lyso-
somal Ca 2+  release. The mechanisms by which TRPML1 acti-
vation promotes cholesterol clearance from the lysosome are 
still not clear. Because induction of lysosomal exocytosis by 
cyclodextrin was suffi cient to promote cholesterol clearance 
from NPC cells ( 96 ), increased lysosomal exocytosis could be 
the primary underlying mechanism. 

 Cytoplasmic lipids: phosphoinositides.   Cytoplasmic lipids are 
known to be important regulators of membrane traffi cking. 
Ptdlns, a group of membrane phospholipids localized on 
the cytosolic side of cellular compartments, are reversibly 
phosphorylated on their inositol ring at positions 3, 4, and 5, 
resulting in the generation of seven phosphoinositides 
[PI3P, PI4P, PI5P, PI(3,4)P 2 , PI(3,5)P 2 , PI(4,5)P 2 , and 
PI(3,4,5)P 3 ] ( 97 ). Among them, PI(3)P and PI(3,5)P 2  are 
localized on the endosomes and lysosomes ( 97 ). Meanwhile, 
PI(4)P and PI(4,5)P 2  may also be transiently produced in 
the lysosome under certain conditions ( 98 ). Lysosomal traf-
fi cking and lysosomal exocytosis are regulated by endolyso-
some-localized PI(3,5)P 2 , whose synthesis requires the kinase 
PIKfyve in association with the phosphatase Fig4 and the 
scaffolding protein Vac14 ( 99, 100 ). Genetic disruption or 
pharmacological inactivation of any of these components 
results in a decrease in the cellular PI(3,5)P 2  level and de-
fects in lysosomal traffi cking ( 99, 100 ). 

 Lysosomal exocytosis is signifi cantly reduced in mac-
rophages isolated from Fig4 KO mice ( 28 ), suggesting that 
PI(3,5)P 2  is a crucial regulator of lysosomal exocytosis. 
PI(3,5)P 2  may regulate lysosomal traffi cking via three po-
tential mechanisms. First, PI(3,5)P 2  may increase the fuso-
genic potential of lysosomes by affecting the properties of 
the lipid bilayer, especially at the fusion spot ( 101 ). At the 
plasma membrane, PI(4,5)P 2  helps generate the mem-
brane curvature necessary for membrane fusion ( 97 ). Sec-
ond, PI(3,5)P 2  may recruit a variety of cytoplasmic effector 
proteins to facilitate membrane traffi cking ( 102 ). For syn-
aptic vesicle exocytosis, PI(4,5)P 2  recruits the priming fac-
tors to the site of membrane fusion ( 43, 55 ). It is conceivable 
that PI(3,5)P 2  recruits motor proteins to increase lyso-
somal mobility and docking. Third, PI(3,5)P 2  may regu-
late the activity of lysosomal membrane proteins that are 
parts of the traffi cking machinery. For example, Syt-VII 
may contain a PI(3,5)P 2  binding site, analogous to the 
PI(4,5)P 2  binding site in Syt-I ( 43, 55 ). However, direct evi-
dences to support the above-mentioned mechanisms are 
still lacking. 

lysosomal traffi cking are regulated by both “lumen-facing” 
and “cytoplasm-facing” lysosomal lipids. Second, exocyto-
sis of lysosomes may “dump” undigested lipids into the extra-
cellular space, reducing lipid accumulation in the lysosome. 

 Regulation of lysosomal exocytosis by lysosomal lipids 
 Lysosomal lipids are important regulators of lysosomal 

membrane traffi cking. Cytoplasm-facing lysosomal lipids, 
such as endolysosome-localized phosphoinositides, may 
function as signaling molecules to regulate lysosomal 
traffi cking. On the other hand, lumen-facing lysosomal 
lipids on the perimeter membrane and in intraluminal 
vesicles, such as cholesterol and sphingolipids, may affect 
membrane fusion machinery in the lysosome. First, lu-
men-facing lysosomal lipid accumulation may affect the 
composition of the lipid bilayer, which in turn infl uences 
the activity of membrane proteins involved in fusion and 
fi ssion. For example, lipids such as cholesterol may affect 
the formation of SNARE complexes ( 89, 90 ). Second, 
accumulation of lumen-facing lysosomal lipids, such as 
SMs, may infl uence exocytosis by affecting the channel 
activity of TRPML1 ( 86 ). Furthermore, lipid precipita-
tion reduces the activity of lysosomal hydrolases, which 
causes the secondary accumulation to inhibit lysosomal 
traffi cking ( 4 ). 

 Luminal lipids: cholesterol and SM.   Cholesterol is an im-
portant lipid in mammalian cells participating in cell sig-
naling and maintenance of membrane integrity ( 91 ). 
Unlike other complex lipids in the intraluminal vesicles, 
cholesterol is not degraded by lysosomal hydrolases. In-
stead, this lipid is transported out of the lysosome via the 
cholesterol exporter NPC1 ( 16, 92 ). Mutations in NPC1 
lead to the accumulation of cholesterol and other lipids in 
the endolysosomal compartments, resulting in a LSD 
called NPC ( 93, 94 ). Soluble NPC2 protein is a small glyco-
protein in the lysosome lumen that transfers cholesterol to 
NPC1. Mutations in NPC2 also result in cholesterol accu-
mulation and NPC disease ( 94 ). Interestingly, in addition 
to these primary cholesterol storage disorders, most other 
LSDs exhibit secondary accumulation of cholesterol in 
their lysosomes as well ( 17 ). 

 SNAREs are partially associated with the cholesterol-
rich domains on the membrane ( 90 ). Hence, the choles-
terol level may be a critical determinant of membrane 
fusion. In fi broblasts isolated from two different LSDs, 
multiple sulfatase defi ciency and mucopolysaccharido-
sis type III, the secondary cholesterol accumulation was 
shown to affect the localization and function of lyso-
somal SNARE VAMP7, but not plasma membrane SNARE 
SNAP23 ( 90 ). Subsequently, the SNARE complex forma-
tion was impaired, and the late endosome-lysosome fusion 
was inhibited ( 90 ). Reducing membrane cholesterol levels 
with methyl- � -cyclodextrin consistently increases ionomy-
cin-induced lysosomal exocytosis in MCDK cells ( 74 ). In con-
trast, treating cells with U18666A, a hydrophobic amine 
that causes cholesterol accumulation in the late endo-
somes and lysosomes, almost completely inhibited iono-
mycin-induced lysosomal exocytosis ( 74 ). 
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(NCL) known as Batten disease ( 27 ), as well as fi broblast 
cells obtained from patients with glycogen-storage Pom-
pe’s disease ( 29 ). Viral-mediated gene transfer of TFEB 
leads to the clearance of stored materials, a decrease in lyso-
some size, and alleviation of the pathological symptoms 
in multiple LSDs ( 14 ). Additionally, TFEB overexpression 
was also able to induce clearance in the mouse models of 
Parkinson’s and Huntington’s disease ( 106, 107 ). 

 The benefi cial effect of TFEB on various LSDs is depen-
dent on TRPML1 and lysosomal exocytosis ( 27 ). TFEB-
mediated clearance is largely abolished when TRPML1 
channel activity is compromised or when lysosomal exocy-
tosis is inhibited ( 27 ). Therefore, it is possible that TFEB 
promotes the clearance of lysosomal storage through lyso-
somal exocytosis, in which the storage materials are se-
creted upon induction of lysosomal exocytosis by TFEB 
activation. Considering that TRPML1 is upregulated by 
TFEB overexpression ( 108 ), it is likely TFEB may directly 
upregulate TRPML1 to promote lysosomal exocytosis. 
However, TFEB may also mediate the expression of Vac14 
( 108 ) that is required for PI(3,5)P 2  production ( 109 ). 
Therefore, TFEB can also regulate lysosomal exocytosis by 
acting on other regulators in the pathway, including the 
machinery for lysosome mobility. 

 Unexpectedly, the benefi cial effect TFEB has on various 
LSDs is also dependent on autophagy ( 29 ). When au-
tophagy was genetically inhibited, the rescue effect of 
TFEB in Pompe cells was abolished ( 29 ). The lysosomes 
undergoing exocytosis were enlarged and contained mark-
ers for both lysosomes and autophagosomes ( 29 ). Hence, 
it is likely that the autolysosomes are the primary compart-
ments undergoing exocytosis in LSD cells. Consistently, 
the majority of the undigested lipids are of autophagic ori-
gin. Indeed, most LSDs exhibit a slightly increased au-
tophagy initiation but impaired completion resulting in 
autophagic arrest and accumulation of autolysosomes ( 8 ). 
Collectively, in LSD cells, TFEB regulates cellular clear-
ance via exocytosis of arrested, enlarged autolysosomes. 

 Given that TFEB induces cellular clearance in LSD cells 
by accelerating lysosomal traffi cking and lysosomal exocy-
tosis, modulating TFEB activity represents a very attractive 
therapeutic strategy for LSDs. However, genetic approaches 
can only provide proof-of-principle studies in mouse mod-
els of LSDs. To extend the observations to human LSD 
patients, it is desirable to develop reagents that can be 
used to “activate” TFEB. TFEB activity and its translocation 
to the nucleus are shown to be regulated by protein phos-
phorylation ( 30 ). Thus, TFEB phosphorylation and de-
phosphorylation could be an attractive target for large-scale 
drug screens. 

 TRPML1 approach.   Unlike other LSDs, the overexpres-
sion of TFEB failed to induce the clearance of stored ma-
terials in ML-IV cells, indicating that TFEB induced cellular 
clearance most likely through TRPML1 ( 27 ). This places 
TRPML1 in a unique situation for LSDs. However, is acti-
vation of TRPML1 suffi cient for cellular clearance? 

 Impaired lysosomal Ca 2+  release through TRPML1 could 
contribute to secondary lipid accumulation, acting as a 

 Direct evidence, however, does exist to support that 
PI(3,5)P 2  may directly regulate the activity of lysosomal 
channels and transporters. Many plasma membrane ion 
channels and transporters require PI(4,5)P 2  as a positive 
cofactor ( 103 ). It is likely that PI(3,5)P 2  plays a similar role 
for lysosomal channels/transporters. Indeed, whole-lysosome 
patch-clamp recordings have demonstrated that PI(3,5)P 2  
binds directly to activate TRPML1 in a physiologically-
relevant low nanomolar range ( 64 ). TRPML1 contains a 
cluster of positively charged amino acid residues on the 
N terminus, which was shown to bind directly to PI(3,5)P 2  in 
in vitro lipid-protein binding assays ( 64 ). Charge removal 
mutations abolished the PI(3,5)P 2  activation and, impor-
tantly, the effect of TRPML1 on lysosomal traffi cking ( 64 ). 
Collectively, PI(3,5)P 2  may regulate lysosomal traffi cking 
events, such as exocytosis, through the activation of TRPML1 
and lysosomal Ca 2+  release. 

 PI(3,5)P 2  may also regulate lysosomal exocytosis via 
modulation of other lysosomal membrane proteins. PI(3,5)
P 2  may regulate two-pore TPC proteins to alter the mem-
brane potential of lysosomes, which might play a role in 
membrane fusion ( 104 ). In addition, lysosomal acidifi ca-
tion is impaired in PI(3,5)P 2 -defi cient cells. Lysosomal pH 
is known to be an important regulator of membrane traf-
fi cking ( 102 ). It remains to be established whether PI(3,5)
P 2  may directly regulate V-ATPase and other proton trans-
porters ( 102 ). 

 Whether PI(3,5)P 2  plays a permissive or instructive role 
in lysosomal exocytosis is not clear. To distinguish these 
two possibilities, it is necessary to visualize PI(3,5)P 2  dy-
namics during lysosomal exocytosis ( 105 ). Using a geneti-
cally-encoded PI(3,5)P 2  indicator based on the PI(3,5)
P 2 -binding domain in TRPML1, it was recently shown that 
PI(3,5)P 2  levels increased transiently prior to fusion of two 
Lamp1-positive vesicles ( 105 ), and during particle uptake 
( 28 ). However, in another set of Lamp1-positive vesicles, 
PI(3,5)P 2  levels remained constant ( 105 ). Therefore, 
PI(3,5)P 2  may play multiple roles in regulating lysosomal 
traffi cking and exocytosis. 

 Stimulating exocytosis to clear lysosomal lipid storage 
 Because lipid storage is the primary cause of lysosomal 

dysfunction, pharmacological and genetic manipulations 
that could clear the accumulated materials can potentially 
serve as novel therapeutic approaches for LSDs. Because 
TFEB overexpression and TRPML1 activation increase 
lysosomal exocytosis, manipulating the expression and ac-
tivity of TFEB and TRPML1 may provide exciting opportu-
nities to clear lysosomal lipid storage. 

 TFEB approach.   In the neuronal stem cells isolated 
from the mouse models of multiple sulfatase defi ciency 
and mucopolysaccharidosis type IIIA, two neurodegenera-
tive LSDs caused by lysosomal accumulation of glycosamin-
oglycans (GAGs), TFEB overexpression was suffi cient to 
reduce the storage of GAGs in the lysosomes ( 27 ). Addi-
tionally, TFEB overexpression strongly reduced the lyso-
somal accumulation of lipofuscin in cells from the murine 
model of the juvenile form of neuronal ceroid lipofuscinoses 
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primary storage causes defective lysosomal traffi cking and 
exocytosis to cause secondary lipid accumulation. 

 The central concept that enhancing lysosomal traffi ck-
ing, and particularly lysosomal exocytosis, may be able to 
alleviate the pathological symptoms in most LSDs regard-
less of the primary defi ciency is appealing. Indeed, the 
TFEB approach has been shown to be effective in various 
LSDs, but not in ML-IV. However, a small molecule drug 
that specifi cally stimulates TFEB activity, ideally down-
stream of mTOR, is still lacking. The TRPML1 approach 
is effective in some in vitro cell culture models, but 
in vivo studies are still lacking. On the other hand, TRP-
ML1-specific small molecule activators such as ML-SA1 
have already been developed and proven helpful 
for studying the basic regulatory mechanisms for lyso-
somal exocytosis. Future years may see more exciting 
work on the role of lysosomal exocytosis in LSDs and 
other diseases.  

 The authors appreciate the encouragement and helpful 
comments of other members of the Xu laboratory and apologize 
to colleagues whose works are not cited due to space limitations. 
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