
NE39CH14-Settembre ARI 24 May 2016 17:55

Brain Disorders Due to
Lysosomal Dysfunction
Alessandro Fraldi,1 Andrés D. Klein,1

Diego L. Medina,1 and Carmine Settembre1,2,3

1Telethon Institute of Genetics and Medicine (TIGEM), 80078 Pozzuoli, Italy
2Dulbecco Telethon Institute, 80078 Pozzuoli, Italy
3Medical Genetics Unit, Department of Medical and Translational Science,
Federico II University, 80131 Naples, Italy; email: fraldi@tigem.it, settembre@tigem.it

Annu. Rev. Neurosci. 2016. 39:277–95

First published online as a Review in Advance on
April 18, 2016

The Annual Review of Neuroscience is online at
neuro.annualreviews.org

This article’s doi:
10.1146/annurev-neuro-070815-014031

Copyright c© 2016 by Annual Reviews.
All rights reserved

Keywords

lysosome, autophagy, lysosomal storage disorders, neurodegenerative
diseases, α-synuclein, transcription factor EB, TFEB

Abstract

Recent studies of autophagic and lysosomal pathways have significantly
changed our understanding of lysosomes; once thought to be simple degrada-
tive and recycling centers, lysosomes are now known to be organelles capable
of influencing signal transduction, via the mammalian target of rapamycin
complex 1 (mTORC1), and regulating gene expression, via transcription
factor EB (TFEB) and other transcription factors. These pathways are par-
ticularly relevant to maintaining brain homeostasis, as dysfunction of the
endolysosomal and autophagic pathways has been associated with common
neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, and Hunting-
ton’s, and lysosomal storage disorders, a group of inherited disorders char-
acterized by the intralysosomal buildup of partially degraded metabolites.
This review focuses on the cellular biology of lysosomes and discusses the
possible mechanisms by which disruption of their function contributes to
neurodegeneration. We also review and discuss how targeting TFEB and
lysosomes may offer innovative therapeutic approaches for treating a wide
range of neurological conditions.
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INTRODUCTION

A Journey Through the Lysosomal System

The discovery of lysosomes, through the pioneering work of Christian De Duve and colleagues
(De Duve et al. 1955), initiated a new era in cell biology. De Duve described this organelle as an
acidic compartment containing several hydrolases. Lysosomes are the main digestive and recycling
centers of the cell. Their role is to degrade complex biological molecules (e.g., proteins and lipids)
into simpler components (e.g., amino acids and free fatty acids), which can then be recycled to
the cytosol and reused either as a source of energy or as building blocks for the biosynthesis of
new molecules. Lysosomal degradation is also crucial to preventing the accumulation of toxic
or exhausted molecules and damaged organelles in the cell. This latter function is particularly
important in nondividing cells, such as neurons, which cannot dilute cytosolic material during
mitotic events (Settembre et al. 2013).

Substrates from different locations are delivered to lysosomes through two main pathways:
(a) Extracellular material reaches the lysosome mainly through endocytosis, which starts at the
plasma membrane with the formation of endocytic vesicles carrying cargo molecules; and (b) intra-
cellular material is transported to the lysosome through autophagic pathways (Figure 1) (Saftig &
Klumperman 2009). Three types of autophagy have been identified: microautophagy, chaperone-
mediated autophagy, and macroautophagy (Mizushima 2007). During microautophagy, cytosolic
proteins are engulfed by the lysosome via the invagination of lysosomal or endosomal membranes.
In chaperone-mediated autophagy, cytosolic proteins are transported into the lysosomal lumen
through receptor-mediated internalization. However, the most common form of autophagy is
macroautophagy, herein referred to simply as autophagy. Autophagy relies on the biogenesis of au-
tophagic vesicles (AVs), which are double membrane–bound organelles originating at endoplasmic
reticulum–mitochondria contact sites (Hamasaki et al. 2013). Most of the autophagic cargoes are
sequestered by nascent AVs through a receptor-mediated recognition process (Rogov et al. 2014).
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Figure 1
Lysosomal inputs, outputs, and their relationship with key signaling processes. Inputs: Extracellular material
is delivered to the lysosomes via endocytosis, and intracellular substrates reach the lysosomes via autophagy,
including microautophagy, CMA, and macroautophagy (blue lines). Outputs: Lysosomes can fuse with the
plasma membrane to drain their contents into the extracellular space and to allow efficient sealing of the
plasma membrane in case of injury (red line). Signaling: Lysosomes sense nutrient levels and lysosomal stress
through the LYNUS machinery on the lysosomal membrane and mTORC1, which can regulate autophagy
directly through ULK1 and TFEB phosphorylation ( green lines). Abbreviations: CMA, chaperone-mediated
autophagy; LYNUS, lysosomal nutrient-sensing; mTORC1, mammalian target of rapamycin complex 1;
TFEB, transcription factor EB.

Autophagy is particularly relevant in maintaining neuronal health because several potentially
harmful proteins (e.g., α-synuclein and huntingtin) are autophagy substrates and accumulate in
neurons when autophagy is impaired (Menzies et al. 2015).

Cargoes are delivered to the lysosomes mainly by their fusion with endocytic vesicles and AVs.
This requires the coordinated activity of three main classes of proteins: (a) motor and adaptor pro-
tein complexes that regulate the vectorial movements of vesicles along microtubules (Ravikumar
et al. 2005); (b) membrane-associated RAB GTPases, such as RAB7, which control organelle traf-
ficking by recruiting multiple effector proteins that mediate the tethering (HOPS proteins) and fu-
sion [soluble N-ethylmaleimide-sensitive factor attachment protein (SNAP) receptors (SNAREs)]
of target membranes (Kummel & Ungermann 2014); and (c) lysosomal membrane proteins (i.e.,
LAMPs) and ion channels (i.e., MCOLN1, CACNA1A, and P2X4), which facilitate homotropic
and heterotropic membrane fusion events (Cao et al. 2015, Eskelinen 2006, Kim et al. 2009,
Nishino et al. 2000, Tian et al. 2015).

Once inside the lysosome, substrates are degraded by hydrolases, including sulfatases, glycosi-
dases, peptidases, phosphatases, lipases, and nucleases. These enzymes function at an acidic pH,
which is generated in the lumen of the lysosome by the activity of lysosomal ion channels and
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transporters (Mindell 2012). The main regulator of lysosomal pH is the proton-pumping V-type
adenosine triphosphatase (ATPase), which uses the energy of ATP hydrolysis to pump H+ into the
lumen of the lysosomes. Also contributing to maintaining lysosomal pH are the anion transporter
chloride channel 7 (ClC7), the nonselective cation channel mucolipin 1 (TRPML1), the two-pore
calcium channels (TCP1 and TCP2), and the potassium channel TMEM175 (Cang et al. 2013,
2015; Graves et al. 2008; Mindell 2012).

Surprisingly, the lysosomal efflux of catabolic products is a mechanism that has been poorly
characterized. Very few transporters have been identified: amino acid transporters, such as
cystinosin and the PQLC2, LAAT-1, and PAT1 proteins (Kalatzis et al. 2001, Liu et al. 2012,
Sagne et al. 2001); sugar exporters, such as sialin and spinster (Rong et al. 2011, Verheijen et al.
1999); and the cholesterol exporter Niemann–Pick disease type C1 (NPC1) protein (Davies et al.
2000). As discussed in the next section, dysfunction in any of the steps required for lysosomal
cargo targeting, degradation, and recycling has a detrimental effect on cellular homeostasis and
represents the possible cause of many progressive neurodegenerative disorders.

The Lysosome as a Signaling Organelle

The static view of the lysosome as a simple digestive vacuole has changed significantly during the
past decade. It is now recognized that lysosomes have a broader function and are involved in several
other fundamental processes, including regulating signaling and energy metabolism (Figure 1)
(Settembre et al. 2013). In fact, the mammalian target of rapamycin complex 1 (mTORC1) kinase,
a master controller of cell and organism growth, is activated on the lysosomal surface (Sancak
et al. 2008, 2010). The docking of mTORC1 to the lysosomal membrane is regulated by the
lysosomal nutrient-sensing (LYNUS) machinery, which is composed of a growing list of proteins
that cooperate to sense amino acid levels in the lumen of lysosomes (Figure 1). Multiple lysosomal
transmembrane and membrane-associated proteins, including the lysosomal V-ATPase, belong to
the LYNUS machinery. Pharmacological inhibition of V-ATPase strongly suppresses mTORC1
activity, further underlining the central role of the lysosome as a regulator of mTORC1 activity
(Zoncu et al. 2011).

Recently, mTORC2 has also been found to be associated with the lysosomal membrane (Arias
et al. 2015). The Akt kinase and the phosphatase PHLPP1 can also associate with lysosomal
membranes to regulate mTORC2 activity (Arias et al. 2015). Although the function of lysosomes
in the PHLPP1–Akt–mTORC2 axis remains unknown, these findings suggest that lysosomes may
play a broad role as regulators of intracellular signaling.

Lysosome Biogenesis

Lysosome biogenesis relies on both endocytic and biosynthetic pathways. Newly synthesized lyso-
somal proteins reach lysosomes directly (e.g., through mannose-6-phosphate-dependent traffick-
ing from the trans-Golgi network) or indirectly (from the plasma membrane through endocytosis)
(for further details, see Saftig & Klumperman 2009). The observation that lysosomal genes tend
to be coexpressed in different tissues and cell types under varying conditions suggests that lyso-
some biogenesis is a transcriptionally regulated process. This hypothesis led to the discovery of
the coordinated lysosomal expression and regulation (CLEAR) network and its master regulator
transcription factor EB (TFEB), a member of the microphthalmia-associated transcription fac-
tor (MITF) subfamily of transcription factors. The activation of the CLEAR network by TFEB
enhances the expression of lysosomal genes, which increases the number of lysosomes and pro-
motes the degradation of lysosomal substrates (Palmieri et al. 2011, Sardiello et al. 2009). TFEB
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also activates the transcription of genes encoding proteins involved in a wide variety of functions
related to lysosomal cellular clearance, such as lysosomal biogenesis, autophagy, exocytosis, and
phagocytosis (Palmieri et al. 2011, Settembre et al. 2011).

The identification of the CLEAR network and of TFEB indicates that cellular clearance reg-
ulation is a dynamic process that can be modulated according to cellular requirements. Indeed,
in normal feeding conditions TFEB resides in the cytoplasm, but in conditions known to pro-
mote cellular catabolism, such as nutrient deprivation, TFEB translocates to the nucleus, where
it activates the CLEAR network (Settembre et al. 2011).

The cytosol-to-nucleus shuttling of TFEB is modulated by phosphorylation, which involves
multiple kinases. The main regulator of TFEB nuclear translocation is mTORC1, which phos-
phorylates at least two critical serine residues (Ser211 and Ser142) of TFEB. When phosphor-
ylated, TFEB is retained in the cytoplasm through its interaction with members of the 14-3-3
protein family. The activity of mTORC1 is regulated by the lysosome; thus, these observations
suggest the existence of a lysosome-to-nucleus signaling mechanism that regulates lysosome bio-
genesis and function through mTORC1 and TFEB. Cellular conditions that lead to mTORC1
inactivation, such as nutrient starvation or lysosomal inhibition, induce TFEB nuclear transloca-
tion and de novo lysosome and autophagosome biogenesis (Martina et al. 2012, Roczniak-Ferguson
et al. 2012, Settembre et al. 2012). Interestingly, other members of the basic helix-loop-helix fam-
ily of transcription factors, such as MITF and TFE3, seem to be regulated by similar mechanisms
(Martina et al. 2012, Roczniak-Ferguson et al. 2012).

Recently, a calcium-activated serine–threonine phosphatase, calcineurin, was identified as a
TFEB phosphatase. Calcineurin dephosphorylates TFEB at the key residues Ser211 and Ser142,
which are involved in determining the subcellular localization of TFEB. Calcineurin activity is
induced locally by lysosomal calcium release through the lysosomal calcium channel MCOLN1,
indicating that lysosomes can regulate TFEB activity in multiple ways (Medina et al. 2015).

An additional mechanism through which lysosomal homeostasis can be maintained is the au-
tophagic lysosomal reformation process. During growth factor–induced autophagy, the increased
frequency of AV–lysosome fusion induces autolysosome accumulation and lysosomal consump-
tion. This depletion is counterbalanced by the de novo formation of lysosomes from autolysosomes
through a membrane tubulation process mediated by transient and autophagy-mediated mTORC1
reactivation (Yu et al. 2010).

LYSOSOMAL STORAGE DISORDERS

Overview

Lysosomal storage disorders (LSDs) are inherited diseases characterized by the progressive accu-
mulation of undigested macromolecules within the cell due to lysosomal dysfunction (Figure 2).
More than 50 different types of LSDs have been described, occurring owing to mutations in genes
encoding for lysosomal soluble hydrolases, membrane proteins, or lysosomal accessory proteins
that result in a specific lysosomal catabolic pathway being blocked (Futerman & van Meer 2004).

Nearly two-thirds of patients with LSDs exhibit at least some neurological involvement
(Boustany 2013). The clinical presentations are heterogeneous, as systemic and neurological signs
arise at different ages and progress at different rates. Usually, disturbances in vision are among the
earliest neurological signs. Actually, the first case of an LSD was reported by Warren Tay, a British
ophthalmologist, in 1881 (Fernandes Filho & Shapiro 2004). As these diseases progress, children
usually experience seizures, hearing loss, intellectual disability, and neuromotor regression. Com-
mon, late-onset (adult) manifestations include depression, dementia, and psychosis, in addition
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Figure 2
Buildup of storage material in brains from mice with lysosomal storage disorders. (a) Transmission electron
microscopy of microglial cells (M) juxtaposed with hippocampal neurons (N) in the brain of a mouse model
of multiple sulfatase deficiency (MSD). Note the massive lysosomal storage in the cytoplasm of microglial
cells compared with neurons. The scale bar indicates 3 μm. (b) Lysosomal vacuolization in Purkinje cells
from an MSD mouse model. (c) Cerebellar cholesterol accumulation, visualized by filipin staining, in a
mouse model of Niemann–Pick type C (NPC) disease. (d ) Ultrastructure of storage bodies in Purkinje cells
from the NPC mouse model.

to other neurological deficits ( Jardim et al. 2010, Pastores & Maegawa 2013). The neurological
manifestations largely result in neuronal dysfunction or even death (Bellettato & Scarpa 2010).
Common morphological neuronal alterations include neuroaxonal dystrophies (with axonal
spheroids), meganeurites, and ectopic dendritogenesis (March et al. 1997, Micsenyi et al. 2009,
Siegel & Walkley 1994).

In addition to morphological changes, individual LSDs show specific temporal and spatial
neuropathological alterations, with neurodegeneration and inflammation affecting regions of early
vulnerability. The proposed reasons for neuronal-specific susceptibilities are (a) the buildup of
metabolites, which may exert differential signaling effects on each neuronal subtype; (b) different
neuronal populations, which require varying proportions of macromolecules; and (c) other intrinsic
differential neuronal vulnerabilities to storage (Platt et al. 2012).

An unresolved question in the field is how endosomal and lysosomal alterations lead to the
distinctive cell dysfunction and pathology that is characteristic of each disease. We review two
distinct pathogenetic processes that have been proposed to contribute to neurodegeneration in
LSDs.

Cell-Autonomous Dysfunction: Defective Autophagy

Basal levels of autophagy are essential for neuronal survival and function (Hara et al. 2006, Komatsu
et al. 2006). Autophagy prevents toxic proteins from reaching harmful concentrations in neurons
and degrades exhausted organelles, such as mitochondria. Genetic inhibition of autophagy in neu-
rons consistently induces the progressive accumulation of cytosolic polyubiquitinated proteins and
dysfunctional mitochondria, ultimately leading to neurodegeneration in mouse models (Hara et al.
2006, Komatsu et al. 2006). Purkinje cells lacking autophagy show axonal dystrophic swelling that
precedes cell death (Komatsu et al. 2007). Similarly, neurons in different LSD mouse models
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show the progressive accumulation of polyubiquitinated proteins and dysfunctional mitochondria
as prominent features, suggesting that autophagic dysfunction may mediate neurodegeneration
in LSDs (Lieberman et al. 2012, Settembre et al. 2008). Multiple independent experiments have
suggested that the fusion between the lysosome and autophagosome is delayed when the lysosome
is filled with storage material. The cytoplasm of neurons isolated from different LSD models is
consistently full of undigested autophagosomes, dysfunctional mitochondria, and protein aggre-
gates, which stain positively for the autophagy receptor P62 (SQSTM1) (de Pablo-Latorre et al.
2012, Lieberman et al. 2012).

The molecular mechanisms by which lysosomal storage impairs autophagy flux require further
investigation. One plausible explanation for the block in AV–lysosome fusion observed in LSDs
could be that lysosomal storage inhibits the process of autophagic lysosome reformation during
autophagy. Notably, fibroblasts derived from patients with Scheie syndrome (cell line GM01256),
Fabry’s disease (GM00636), and aspartylglucosaminuria (GM02056) show impaired mTOR re-
activation and defective de novo lysosome reformation upon prolonged serum starvation. This,
in turn, may lead to the accumulation of hybrid vesicles, which are not able to fuse with newly
formed AVs (Yu et al. 2010). This condition may ultimately block the autophagy flux.

In addition, experimental evidence obtained from LSD cells has suggested that lysosomal
storage induces a secondary accumulation of cholesterol in the endolysosomal membrane of LSD
cells, thereby reducing the ability of lysosomes to fuse efficiently with both endocytic vesicles and
AVs. Mechanistically, cholesterol accumulation impairs the function of the SNAREs, which are key
components of the cellular membrane fusion machinery (Fraldi et al. 2010). Reducing membrane
cholesterol levels in LSD cells restores normal SNARE function and, in turn, membrane fusion.
These results support a model in which cholesterol abnormalities determine lysosomal dysfunction
and the endocytic traffic jam in LSDs by impairing the membrane fusion machinery (Fraldi et al.
2010).

The accumulation of lipids, either as primary or as secondary storage products, in LSDs may
also contribute to autophagy inhibition by disturbing lysosomal calcium homeostasis. Recent ev-
idence has indicated that calcium regulates many important lysosomal functions, including the
fusion between autophagosomes and lysosomes. Alterations in cellular calcium homeostasis have
been described in different LSDs and, in some cases, have been proposed to occur as a consequence
of dysfunction in the activity of lysosomal calcium channel TRPML1, the mutation of which
causes mucolipidosis type IV (ML-IV). TRPML1 is involved in the maturation of the endolyso-
somal compartment and in AV–lysosome fusion (Curcio-Morelli et al. 2010, Medina et al. 2015,
Vergarajauregui et al. 2008, Wang et al. 2015). In addition, overexpression of TRPML1 increases
LC3-positive autophagosomes and autophagic flux, a process that can be inhibited by the calcium
chelator BAPTA (Medina et al. 2015). This evidence suggests that TRPML1 may promote vesicle
fusion through lysosomal calcium release (Medina et al. 2015, Wang et al. 2015). In NPC1, an LSD
characterized by the accumulation of a broad range of lipids (Butler et al. 1993, te Vruchte et al.
2004), the accumulation of sphingomyelin dramatically inhibits TRPML1 activity in lysosomes,
and TRPML1 overexpression or activation rescues trafficking defects and ameliorates lysosomal
storage in NPC1 cells (Shen et al. 2012, Wang et al. 2015). Sphingomyelin accumulates in various
LSDs, suggesting that TRPML1 impairment may be part of the pathogenic mechanism of various
LSDs (Chen et al. 2010, Lloyd-Evans et al. 2008, Schulze & Sandhoff 2011, Xu et al. 2012).

Non-Cell-Autonomous Mechanisms of Neurodegeneration

Neuronal survival and function strictly depend on the homeostasis of the central nervous system
(CNS), which, in turn, relies on the critical activities of other CNS-resident cell populations, such
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as astrocytes and microglia. Astrocytes are the main neuronal cell type responsible for maintaining
brain homeostasis. They play a critical part in neurotransmitter trafficking and recycling, nutrient
and ion metabolism, and protection against oxidative stress. Consistent with such a variety of fun-
damental functions exerted by astrocytes to support neurons, astrocyte impairment has been found
to contribute to neuronal dysfunction in several neurodegenerative diseases, such as amyotrophic
lateral sclerosis, Alzheimer’s disease (AD), and Huntington’s disease (HD). Several studies have
demonstrated that astrocytes are integral components of the neuropathology of LSDs, suggesting
that modulation of astrocyte function may impact the course of the disease (Rama Rao & Kielian
2016). For example, a mouse model of multiple sulfatase deficiency (MSD), in which Sumf1 was se-
lectively deleted in astrocytes to induce lysosomal storage in astrocytes alone, showed progressive
cortical neurodegeneration despite undetectable lysosomal vacuolization in the cytoplasm of neu-
rons (Di Malta et al. 2012). Ex vivo neuronal astrocyte coculture experiments have demonstrated
that astrocytes affected by lysosomal storage have reduced glutamate buffering capacity, which
could, in turn, induce neuronal excitotoxicity (Di Malta et al. 2012). Consistent with this obser-
vation, cultured NPC astrocytes show increased membrane permeability due to overexpression
of connexin 43 hemichannels, which probably allows the release of glutamate (Saez et al. 2013).
However, the detailed molecular cascade leading from lysosomal storage to altered glutamate
buffering remains unknown. It is possible that the endocytic trafficking of glutamate receptors
may also be impaired by defects in the endolysosomal system.

An additional mechanism by which lysosomal storage in astrocytes could induce neurode-
generation is through the buildup of lipid droplets. In both Drosophila and mouse models of
neurodegenerative disorders, the accumulation of lipid droplets in glial cells is sufficient to trig-
ger neurodegeneration (Liu et al. 2015). Emerging data suggest that lysosomes have a crucial
function in regulating lipid droplet homeostasis. The inhibition of lysosomal function, such as
that observed in LSDs, leads to the accumulation of lipid droplets owing to defective degradation
(Singh et al. 2009). The influence of astrocyte dysfunction on neuronal loss is particularly relevant
for some neuronal populations, such as cortical neurons. In fact, behavioral studies in MSD mice
have attributed specific aspects of the neurobehavioral phenotype only to astrocyte dysfunction
(Di Malta et al. 2012).

Microglia are the resident immune cells in the brain and share many, if not all, of the properties
of macrophages in other tissues. Electron microscopy analysis of brain slices isolated from LSD
mouse models show prominent vacuolization in macrophages and microglial cells (Figure 2).
Expansion and activation of the microglial cell population have been observed throughout the
brain in multiple LSD models characterized by neurodegeneration. This is associated with a
generalized neuroinflammatory phenotype, which is characterized by increased levels of cytokines,
such as tumor necrosis factor-α, macrophage inflammatory protein-1α, and interleukins, and of
reactive oxygen species, which can further exacerbate neuronal stress (Di Malta et al. 2012, Fraldi
et al. 2007, Vitner et al. 2015, Wu & Proia 2004).

Microglial activation in LSDs may represent an attempt by the organism to remove undigested
material or damaged neurons. Therefore, the massive storage observed in microglia may derive not
only from endogenous buildup but also from their phagocytic activity. In an additional scenario,
microglial activation could be the consequence of neuronal dysfunction (Enquist et al. 2007, Lopez
et al. 2011, Yu et al. 2011). This activation could be the consequence of defective neuronal apoptosis
due to impaired autophagy that diverts neurons toward different types of neuronal death, such as
necrosis or necroptosis, which are associated with chronic microglial activation. A notable example
is Gaucher’s disease, in which defective caspase-8 activity leads to the activation of RIPK-1 and -3
in neurons and microglia, which probably lead respectively, to necroptosis and neuroinflammation
(Vitner et al. 2014). However, blocking neuroinflammation in different mouse models of LSDs
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seems to ameliorate neurodegeneration only partially, suggesting that microglial activation does
not play a major part in the CNS phenotype (Luzi et al. 2009, Macauley et al. 2014, Williams
et al. 2014).

A BROADER ROLE FOR THE LYSOSOME IN
NEURODEGENERATIVE DISORDERS

Other Neurological Diseases with Lysosomal Involvement

Lysosomal dysfunction has been associated with neuropathology not only in LSDs but also in
many other neurodegenerative diseases, including common, late-onset forms of neurodegenera-
tion [Parkinson’s disease (PD), HD, and AD] (Nixon et al. 2008). Several factors contribute to
the failure of lysosomal function in these neurodegenerative conditions. These can be classified
into two major groups: aging and genetic factors (Figure 3). Age-associated changes affect ei-
ther lysosomal hydrolase activities or key lysosomal membrane components (e.g., cholesterol or

Aging

Disruption of neuronal homeostasis

Neurodegeneration

Genetic factors

Loss-of-function mutations
in genes encoding for

key lysosomal components

Lysosomal
function and
degradation

Protein
aggregation

(α-synuclein, HTT,
Aβ deposits, and Tau)

Gain-of-function mutations
in genes encoding for

aggregate-prone proteins

Figure 3
Central role of lysosomes in neurodegenerative diseases. Neuronal cell death caused by defective cellular
clearance can result from at least two interconnected mechanisms. First, loss-of-function mutations in
lysosomal genes [i.e., TRPML1 (mucolipin 1), NPC1 (Niemann–Pick type C1), GBA1 (β-glucosidase-1,
acid), and many others] affect cellular degradation and recycling processes. Second, gain-of-function
mutations of aggregate-prone proteins [i.e., α-synuclein, HTT (huntingtin), amyloid-β (Aβ) deposits, and
Tau] may lead to enhanced protein aggregation. Interestingly, lysosomal dysfunction can lead to enhanced
protein aggregation or the reverse. The consequences of both types of alterations can increase the levels of
neurotoxic compounds that may disrupt neuronal homeostasis [i.e., autophagy, calcium signaling, protein
homeostasis (proteostasis), and others], ultimately leading to neurodegeneration. Finally, researchers have
observed a reduced lysosomal autophagic function during aging that may also contribute to neuronal
dyshomeostasis and cell death.
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LAMP-2A) and have been reported to limit rates of protein degradation (Cuervo & Dice 2000).
Genetic factors involve mutations in genes encoding either for key lysosomal components or
for proteins involved in transport to the lysosome, mitophagy, or other autophagy-related func-
tions. However, in some cases, lysosomal activity can be affected by indirect pathways, such as the
generation of protein aggregates caused by gain-of-function mutations.

Amyloid-β (Aβ) deposits are a major pathological hallmark of AD. It has been reported that
the functionality of endolysosomal recycling trafficking is critical to determining the so-called
amyloidogenic process by which the amyloid precursor protein is sequentially cleaved to generate
Aβ peptides (Das et al. 2013, Rajendran & Annaert 2012). Therefore, any detrimental effect on
endolysosomal transport results in alterations of Aβ production. A subset of AD patients carry
mutations in presenilin-1 (PSEN1) that show lysosomal and autophagic dysfunction (Lee et al.
2010). Lysosome dysfunction in these patients can be explained by two different mechanisms,
one involving defects in the lysosomal acidification machinery and the other in lysosomal Ca2+

homeostasis (Coen et al. 2012, Lee et al. 2015).
HD is an inherited brain condition caused by mutations in huntingtin (HTT ), a gene encod-

ing the aggregate-prone protein HTT. When mutated, the HTT protein forms abnormal, toxic
polyglutamine expansions (Walker 2007). Expanded HTT may affect the efficiency of autophagy
by inhibiting cargo recognition by autophagosomes ( Jeong et al. 2009), by inhibiting autophago-
some biogenesis and transport, or both (Rui et al. 2015, Wong & Holzbaur 2014). Notably, the
pharmacological induction of autophagy in HD mouse and fly models ameliorates the phenotype
of the disease (Ravikumar et al. 2004, Yamamoto et al. 2006).

PD is the second most common neurodegenerative disorder, affecting approximately 1.6% of
the population older than 60 years (Bertram & Tanzi 2005). α-Synuclein is an aggregate-prone
protein that forms intraneuronal inclusions called Lewy bodies. α-Synuclein accumulation and
aggregation play a central role in the pathophysiology of PD and in a subset of neurodegenerative
conditions known as synucleinopathies (Spillantini et al. 1997). Genetic forms of PD are often
directly associated with mutations in the gene encoding α-synuclein (SNCA), which lead to the ab-
normal aggregation of the protein (Bras et al. 2015). Recent findings have shown the involvement
of lysosomal dysfunction in these processes, although the mechanisms that mediate α-synuclein
aggregation and neurotoxicity remain unclear. The aggregated forms of α-synuclein can, in fact,
bind the lysosome, thus disrupting its activity (Cuervo et al. 2004, Freeman et al. 2013, Martinez-
Vicente et al. 2008, Winslow et al. 2010). In addition, α-synuclein toxicity has been reported to be
associated with a progressive decline in markers of lysosome function and to be accompanied by
cytoplasmic retention of TFEB, highlighting the importance of lysosomal and autophagic dysfunc-
tion in PD (Decressac et al. 2013). Mechanistically, the sequestration of TFEB in the cytoplasm
may be due to the accumulation of α-synuclein, which shares structural and functional homol-
ogy with 14-3-3 proteins and can bind similar targets (Ostrerova et al. 1999, Perez et al. 2002).
Similarly, the polyglutamine-expanded androgen receptor (polyQ-AR), which is associated with X-
linked spinal and bulbar muscular atrophy, interferes with TFEB transactivation, which accounts
for the autophagic flux defects present in the disease’s motor neuron–like cells (Cortes et al. 2014).

A significant number of patients with PD show mutations in lysosomal genes, which repre-
sent risks and predisposing factors for disease pathogenesis (Shachar et al. 2011). Several familial
forms of PD present heterozygous mutations in the gene encoding for the lysosomal enzyme β-
glucocerebrosidase (GBA), and homozygous mutations cause Gaucher’s disease, a neurovisceral
degenerative LSD (Sidransky et al. 2009). Lower levels of GBA in lysosomes lead to the increased
accumulation of glucosylceramide, which stabilizes soluble oligomeric α-synuclein intermediates
that, in turn, are converted into amyloid fibrils (Mazzulli et al. 2011). Furthermore, the accumu-
lation of α-synuclein also blocks the trafficking of newly synthesized GBA to the lysosome and,
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thus, further amplifies glucosylceramide accumulation. These data have revealed the existence
of a bidirectional pathogenic loop mediated by α-synuclein and GBA (Mazzulli et al. 2011). In
hereditary forms of parkinsonism, mutations in ATPase type 13A2 (ATP13A2), a component of
the lysosomal acidification machinery, are associated with lysosomal dysfunction, defective clear-
ance of autophagosomes, and accumulation of α-synuclein (Ramirez et al. 2006). Interestingly,
mutated forms of ATP13A2 have been recently found in patients with neuronal ceroid lipofus-
cinosis, a severe neurodegenerative LSD (Bras et al. 2012). Mutations in the LRRK2 gene cause
autosomal-dominant forms of PD (Zimprich et al. 2004). Although the link between LRRK2 mu-
tations and lysosomal pathways has not been completely elucidated, the expression of LRRK2
mutants in in vitro and in vivo models induced lysosomal stress characterized by the accumulation
of multivesicular bodies and abnormal autophagosomes (reviewed in Li et al. 2014). Mutations
in VPS35 (vacuolar protein sorting 35), which encodes for an endosomal protein involved in the
retrograde transport between endosomes and the trans-Golgi network, have been found in some
PD patients (Zimprich et al. 2011). Finally, a significant number of hereditary forms of PD show
mutations in the PINK (PTEN-induced putative kinase) or PARKIN (PD protein) genes associated
with the accumulation of dysfunctional mitochondria owing to defective mitophagy (Geisler et al.
2010).

In addition to the more common, late-onset forms of neurodegeneration described above, lyso-
somal autophagic dysfunction is involved in the pathogenesis of other neuropathologies. Impaired
autophagic flux and an excessive number of autophagic vacuoles may contribute to the development
of amyotrophic lateral sclerosis (Song et al. 2012). Moreover, mutations in either the small integral
membrane protein of lysosome/late endosome (SIMPLE) or endosomal-localized protein RAB7
cause autosomal-dominant forms of one of the most common neuromuscular disorders, Charcot–
Marie–Tooth disease, by, respectively, dysregulating endosomal trafficking (Lee et al. 2012) or
altering endosomal-mediated signaling (BasuRay et al. 2013). Mutations in the dynein and dyn-
actin motor proteins cause motor neuron diseases characterized by defective AV–lysosome fusion.

The Emerging Role of α-Synuclein in Lysosomal-Mediated Neurodegeneration

How lysosomal failure impacts pathogenic cascades in neurodegenerative diseases downstream
is the object of intense work. Lysosomal autophagic pathways are crucial to maintaining normal
neuronal homeostasis and function. Therefore, any decline in their functions may contribute to
neuropathogenic processes (Harris & Rubinsztein 2012, Wong & Cuervo 2010).

Increasing attention has been paid to α-synuclein as a critical molecule that potentially medi-
ates lysosomal dysfunction–driven neurodegenerative processes. Lysosomal autophagic pathways
play a key role in α-synuclein clearance (Lee et al. 2004, Mak et al. 2010). Therefore, impaired
lysosomal degradation may lead to α-synuclein aggregation in the absence of α-synuclein gain-
of-function mutations as well, such as those occurring in PD. Consistent with this hypothesis,
α-synuclein has been reported to accumulate in several LSDs (Shachar et al. 2011), suggesting
that LSD patients may, at some point, develop α-synuclein-associated neuropathology by mech-
anisms that, in principle, may be similar to those occurring in PD and related synucleinopathies.
Interestingly, α-synuclein has been recently identified as a key chaperone, assisting synaptic vesicle
recycling and transmission at presynaptic terminals. Specifically, α-synuclein ensures the proper
function of synaptic SNARE proteins, which represent the key component of cellular fusion ma-
chinery at nerve terminals (Burgoyne & Morgan 2011, Burre et al. 2010). Therefore, α-synuclein
accumulation may contribute to neurodegeneration by causing deficits in α-synuclein chaperone
activity at the level of synapses, with consequent presynaptic failure. This may represent a new
mechanism of neuronal degeneration not only in PD but also in LSDs.
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Synaptic integrity strictly depends on maintaining efficient protein homeostasis (proteostasis)
at the presynaptic terminals (Kramer & Schulz-Schaeffer 2007, Lundblad et al. 2012, Nemani
et al. 2010, Scheff et al. 2007). Because lysosomes play a key role in controlling proteostasis, it is
conceivable that lysosomal autophagic pathways are key players in controlling protein homeostatic
processes at presynaptic terminals. Therefore, a failure of lysosomal function may disrupt the
maintenance of proteostasis at synapses and contribute to neurodegenerative processes. Moreover,
impaired trafficking caused by lysosomal dysfunction may cause traffic jams at presynaptic levels.
Disruptions in lysosomal proteolysis by either inhibiting cathepsins or suppressing lysosomal
acidification have been consistently shown to slow the axonal transport of autolysosomes, late
endosomes, and lysosomes and to cause their selective accumulation within dystrophic axonal
swellings (Lee et al. 2011). Altogether, these observations raise the intriguing hypothesis that
lysosomal dysfunction may contribute to neurodegeneration by exerting a disruptive action at
the synaptic level through the deregulation of the proteostasis of key synaptic components (e.g.,
SNARE) and/or through the impairment of the axonal synaptic traffic.

TARGETING LYSOSOMAL BIOGENESIS AND FUNCTION
AS INNOVATIVE THERAPY TO TREAT MULTIPLE
NEURODEGENERATIVE DISORDERS

Given the central role of lysosomes in the pathogenesis of multiple neurodegenerative disorders,
the identification of a single approach able to enhance lysosomal function may represent a thera-
peutic approach for treating multiple neurological disorders. Attempts to develop treatments for
LSDs have focused on single diseases rather than on designing a general approach. The following
strategies have been investigated or are under development: (a) gene therapy or enzyme replace-
ment therapies to restore the function of the missing proteins; (b) substrate reduction therapies
that aim to reduce the amount of storage material produced; (c) small molecules or chaperones to
rescue misfolded or unstable enzymes; (d ) cellular therapies to restore injured cells; (e) inhibition
of pathways that cause cell death, so that damaged cells can continue to provide at least some
function; and ( f ) stimulation of bypass pathways to compensate for the loss of lysosomal proteins
(Klein & Futerman 2013).

TFEB-targeted therapies belong to the strategies focused on stimulating compensatory path-
ways. TFEB-mediated effects on the activation of the lysosomal autophagic pathway may rep-
resent a completely new approach to treating LSDs and neurodegenerative conditions. In
glia-differentiated neuronal stem cells derived from mouse models of two severe types of LSDs,
MSD and mucopolysaccharidosis type IIIA, TFEB overexpression induced clearance of lysosomal
storage due to upregulation of lysosomal exocytosis, and it rescued cellular vacuolization (Medina
et al. 2011). TFEB increased the pool of lysosomes in proximity to the plasma membrane and pro-
moted their fusion with it by activating TRPML1-mediated lysosomal calcium release (Medina
et al. 2011). TFEB overexpression consistently induces lysosomal storage clearance in most of the
LSDs, with the exception of ML-IV, which is characterized by mutations in TRPML1 (Medina
et al. 2011). Similarly, lysosomal exocytosis is impaired in ML-IV (LaPlante et al. 2006, Medina
et al. 2011), and TRPML1 overexpression or pharmacological activation of the channel induces
lysosomal exocytosis (Dong et al. 2009, Samie et al. 2013) and clearance of cholesterol accumu-
lation in cellular models of NPC (Wang et al. 2015). Thus, upon proper cellular stimulation,
TRPML1 mediates lysosomal calcium release to trigger lysosomal exocytosis. The TRPML1 gene
is a transcriptional target of TFEB (Palmieri et al. 2011), and TRPML1 overexpression induces
TFEB nuclear translocation, suggesting the presence of a positive feedback loop regulating TFEB-
mediated functions (Medina et al. 2011, 2015).
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Furthermore, similar approaches have shown promising results in murine models of com-
mon neurodegenerative diseases, such as PD, HD, and AD (Decressac et al. 2013, Polito et al.
2014, Tsunemi et al. 2012), highlighting the role of lysosomes in the pathogenesis of these dis-
orders. Specifically, in an inducible cellular model of HD, TFEB overexpression was able to re-
duce pathogenic HTT accumulation (Sardiello et al. 2009). Subsequently, Tsunemi et al. (2012)
showed that the beneficial effects of genetic overexpression of PGC-1α in HD transgenic mice
were mediated, at least in part, by the transcriptional activation of TFEB. Complementary ap-
proaches to enhance autophagy, including TFEB overexpression, have shown that it is possible
to protect nigral neurons from α-synuclein toxicity; conversely, the inhibition of autophagy ex-
acerbated α-synuclein toxicity in PD mouse models (Decressac & Bjorklund 2013, Decressac
et al. 2013). Moreover, viral-mediated TFEB overexpression in AD mouse models specifically
cleared hyperphosphorylated and misfolded Tau species while leaving normal Tau intact (Polito
et al. 2014). TFEB-mediated effects reduce neurofibrillary tangle pathology and rescue behavioral
synaptic deficits and neurodegeneration (Polito et al. 2014). Knowledge of the signaling pathways
involved in TFEB regulation may allow for the development of innovative, pharmacologically
mediated modulation of lysosomal function via activation of TFEB or its downstream target, an
attractive therapeutic strategy for promoting cellular clearance in LSDs (Settembre et al. 2013).
Recent data have supported this new approach by demonstrating that a well-known candidate
molecule for LSDs, genistein, partially reduces the accumulation of glycosaminoglycans by in-
ducing TFEB nuclear translocation (Moskot et al. 2014). In addition, the chemical activation
of TFEB by hydroxypropyl-β-cyclodextrin improved the clearance of toxic proteins and clinical
symptoms in mouse models of AD and PD (Bar-On et al. 2006, Kilpatrick et al. 2015, Song et al.
2014, Yao et al. 2012).

CONCLUSIONS

In this review, we have highlighted the current understanding of the lysosomal–autophagosomal
system for brain physiology. Lysosomal dysfunction may cause devastating consequences owing
to its central role in cellular detoxification (the degradation and recycling of macromolecules
and organelles) and in signaling via TFEB, mTOR, and others. Indeed, the most common
brain disorders and LSDs are associated with improper lysosomal function leading to vesicular
trafficking alterations, defective calcium signaling, impaired autophagic flux, astrocytosis, and
microglial activation, which together contribute, in varying degrees, to neuronal dysfunction and
to a characteristic pathology. The observed vesicular trafficking alterations may dysregulate the
proteostasis of key synaptic components, thus contributing to neuronal dysfunction. Calcium
imbalance triggers abnormal signaling. Cholesterol accumulation impairs the vesicular membrane
fusion machinery. Defective autophagy induces the progressive accumulation of polyubiquitinated
proteins and dysfunctional organelles, ultimately leading to neurodegeneration. Further studies
should be conducted to understand whether alterations in lysosome-to-nucleus signaling and
in the lysosomal regulation of mTORC1 play any part in the pathogenesis of LSDs and other
neurodegenerative disorders.

Most therapeutic strategies for brain disorders have been disease oriented. But we have
described several examples in which targeting the lysosome through TFEB or downstream
effectors (such as the lysosomal calcium channel TRPML1) or with drugs (such as genistein) has
improved the neurological symptoms of brain disorders in animal models. These data point to
the CLEAR network as a novel, attractive target for treating a wide variety of diseases of the
brain.
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