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Abstract

Rare genetic diseases affect a limited number of patients, but their etiology is often known, facilitating the
development of reliable animal models and giving the opportunity to investigate physiopathology. Lysosomal
storage disorders are a group of rare diseases due to primary alteration of lysosome function. These diseases are
often associated with neurological symptoms, which highlighted the importance of lysosome in neurodegener-
ation. Likewise, other groups of rare neurodegenerative diseases also present lysosomal alteration. Lysosomes
fuse with autophagosomes and endosomes to allow the degradation of their content thanks to hydrolytic
enzymes. |t has emerged that alteration of the autophagy—lysosome pathway could play a critical role in neuronal
death in many neurodegenerative diseases. Using a repertoire of selected rare neurodegenerative diseases, we
highlight that a variety of alterations of the autophagy—-lysosome pathway are associated with neuronal death. Yet,
in most cases, it is still unclear why alteration of this pathway can lead to neurodegeneration.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Macroautophagy, termed here autophagy, is a
conserved pathway allowing the bulk degradation of
macromolecules or organelles through their delivery
to lysosomes. Cellular substrates that need to be
degraded are engulfed by a double-membrane
compartment, forming an autophagosome. The
content of the latter is then degraded by hydrolytic
enzymes upon fusion with the degradative organ-
elles, lysosomes (Figure 1). This cellular process
has been implicated in many neurodegenerative
diseases [1] making it of central interest for the
development of new therapies. Lysosomes play a
crucial role in this pathway, but the mechanisms
underlying the alterations of autophagy in many
neurodegenerative diseases are still elusive.

Among the diseases presenting impairment of the
lysosome function, many are rare neurodegenera-
tive diseases that are caused by defined genetic

mutations. The variety of diseases and causative
mutations represents a challenge for the develop-
ment of therapies for each pathology. However, the
knowledge of the genetic etiology of these diseases
represents an opportunity to investigate the mech-
anisms leading to impairment of the autophagy—
lysosome pathway. In that respect, lysosomal
storage disorders (LSDs) are a group of diseases
presenting primary alteration of lysosomal function,
often associated with impaired autophagy [2].
Patients affected by LSDs often present with
neurological symptoms, highlighting the crucial role
of lysosomes for neuronal survival. However, other
rare neurodegenerative diseases also present lyso-
somal dysfunction and impaired autophagy, either
as a primary dysfunction or as a consequence of the
alteration of other related pathways. In this review,
we do not aim to present an exhaustive list of rare
diseases with lysosomal dysfunction, but rather
select few examples to highlight the variety of

0022-2836/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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Figure 1. Schematic view of the role of lysosomes in the autophagy pathway. Cellular substrates that need to be degraded are engulfed by a double-membrane
compartment, the autophagosome, whichis formed by integrating various signals. The autophagosome fuses with lysosome, forming an autolysosome allowing the
degradation of cellular substrates by hydrolytic enzymes. Upon degradation step, recycling of lysosome membrane leads to formation of new proto-lysosomes that can
maturate into functional lysosomes. The latter are at the crossroad of signaling pathways regulating the autophagy—-lysosome pathway. The proteins indicated in red are
encoded by genes mutated in rare neurodegenerative diseases, highlighting the critical role of this pathway for these disorders. AP4, adaptor complex 4 subunits; CaN,
calcineurin; CTSD, cathepsin D; GBA1, glucocerebrosidase; GNPTAB, N-acetylglucosamine-1-phosphotransferase; GLB1, B-galactosidase; GRN, granulin; HTT,
huntingtin; OPTN, optineurin.
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altered functions and the various aspects of the
lysosome—autophagy pathway that can be altered.

Lysosomal Dysfunction in Rare
Neurodegenerative Diseases

Lysosomes are involved in the degradation of most
macromolecules, such as proteins, glycosaminogly-
cans, or lipids, into their basic building blocks. This
function relies on the presence in the lysosome lumen
of more than 50 different hydrolases. The latter are
synthesized in the endoplasmic reticulum, trafficked
through the Golgi apparatus where they are tagged by
mannose-6-phosphate residues that allows their
targeting to the endolysosomal compartment by the
mannose-6-phosphate receptors [3]. The proper
function of these enzymes requires the acidic
intraluminal pH of lysosomes that is maintained by
vATPase. Due to the central function of lysosomes for
cell physiology, it is not surprising that lysosomal
dysfunction is implicated in a variety of diseases.

LSDs and neurodegeneration

The critical role of lysosomes for neuronal survival
was first evidenced by the investigation of LSDs
(Table 1). They are a group of rare diseases in which
the function of lysosomes is primarily impaired. The
concept of LSD was first defined in the case of
Pompe disease, where the absence of acidic
a-glucosidase was associated with the accumulation
of the substrate of this enzyme [97]. Loss of function
of others hydrolytic enzymes or their cofactors,
which are required for catabolism of various macro-
molecules, were later associated with other LSD
such as gangliosidoses, sphingolipidoses (Fabry
disease, Gaucher disease, ...), and mucopolysac-
charidoses [98]. However, defects in lysosomal
transporters or proteins required for the trafficking
of lysosomal hydrolases can also lead to accumu-
lation of undigested substrates in lysosomes. Such
alterations are, for example, observed in neuronal
ceroid lipofuscinoses (CLNs), also known as Batten
disease, a group of LSDs that share physiopatho-
logical features such as accumulation of ceroid
lipofuscin consisting of lysosomal autofluorescent
material. These diseases are caused by mutations in
at least 14 different genes encoding proteins of
different functions [99]. Some of the gene products
encode lysosomal hydrolases such as cathepsin D
(CLN10) or cathepsin F (CLN13). CLN8 encodes an
endoplasmic reticulum cargo implicated in the
trafficking of lysosomal hydrolases [17], explaining
how mutations can lead to lysosomal accumulation
of material in patients. Yet, the function of other CLN
gene products are still debated, and further physio-
pathological studies will allow the dissection of the
basic molecular mechanisms regulating lysosomal

function. In another example, physiopathological
investigations demonstrated that the Niemann—Pick
type C (NPC)-associated proteins NPC1 and NPC2
play a role in cholesterol egress from lysosomes
[100-102]. Consistently, NPC patients present
lysosomal accumulation of cholesterol that is used
for diagnosis in clinical practice [32]. In NPC
neurons, lysosomes also present secondary accu-
mulation of other lipids such as sphingomyelin or
gangliosides that could contribute to pathogenic
mechanisms [33].

Most patients affected by LSDs present multisyste-
mic disorders, with prominent neurological symptoms
[98], connecting impairment of lysosomal function to
neurodegeneration. Consistently, mutations in genes
affecting lysosomal function also lead to rare neurode-
generative diseases that are not classified as LSDs,
although they share similarities with LSD.

Frontotemporal lobar degeneration and
amyotrophic lateral sclerosis

Frontotemporal lobar degeneration (FTLD) is the
second most frequent form of dementia, character-
ized by behavior and language impairments [103].
Clinical and genetic data have shown that some
forms of FTLD share genetic risk factors and
pathological hallmarks with amyotrophic lateral
sclerosis (ALS) characterized by the degeneration
of cortical and spinal motor neurons leading to
muscle weakness.

Heterozygous mutations in the GRN gene leading
to haploinsufficiency in Progranulin (PGRN) are
responsible for some forms of FTLD [104]. Identifi-
cation of homozygous mutations in GRN as a cause
of the LSD neuronal ceroid lipofuscinosis CLN11
highlighted the role of PGRN in lysosomes [105].
PGRN deficiency in mouse models and induced
pluripotent stem cells derived from FTLD-GRN
patients showed the presence of enlarged vesicles
and lipofuscin deposits [24,25]. PGRN can be
trafficked to lysosomes [106,107]. Actually, it can
co-traffic with prosaposin, the precursor of saposin
peptides that are essential for lysosomal glyco-
sphingolipid degradation, leading to reduced levels
of prosaposin in neurons both in mice deficient in
PGRN and in human samples from FTLD patients
due to GRN mutations [26]. Furthermore, PGRN can
be processed in lysosomes into granulin peptides
[27] that regulate cathepsin D activity [25], highlight-
ing the importance of PGRN for lysosomal function.

C90RF72 and CHMP2B are also implicated in the
endolysosomal trafficking and autophagy—lysosome
pathway. Heterozygous mutations in CHMP2B are
responsible for rare cases of FTLD [108]. A mouse
model of this form of the pathology showed that
CHMP2B mutation causes a decrease in neuronal
endolysosomal motility and leads to lysosomal
storage pathology [109,110]. In the case of



Table 1. Main alterations in lysosome function and autophagy pathways observed in a subset of rare neurodegenerative diseases

Disease Mutated gene Function Accumulation of material Autophagy step altered Secondary cellular dysfunctions, References
possibly associated to neurodegeneration
Primary lysosomal dysfonction
GM1 gangliosidosis GLB1 B-Galactosidase GM1 Increased autophagy activation Impaired mitochondrial function [4]
Mucolipidosis type Il GNPTAB N-acetylglucosamine-1- Mutlamellar bodies, lipofusin, Accumulation of autolysosomes 5]
(and type Ill) phosphotransferase, glycans, gangliosides
required for trafficking of lysosomal
hydrolases
Mucolipidosis type IV TRPML1 Lysosomal calcium channel Accumulation of enlarged autolysosomes, ~ Accumulation of dysfunctional [6,7]
accumulation and impaired degradation of ~ mitochondria
autophagosomes
Gaucher disease GBA1 Glucocerebrosidase Glucosylceramide, glucosylsphingosine, Impaired autophagosome—lysosome Accumulation of dysfunctional [8-10]
fusion, decreased autophagic flux, mitochondria, loss of synapses
impaired ALR
Fabry disease GLA a-Galactosidase Globotriaosylceramide (Gbg), lipopigment Impaired autophagic flux; impaired ALR [11-13]
aggregates, a-synculein
CLN3 CLN3 Unknown Lipofuscin, subunit ¢ of mitochondrial Impaired autophagic flux; impaired [14,15]
Fo-ATPase autolysosome degradation; impaired
autophagosome—lysosome fusion
CLN7 CLN7 Unknown, putative transporter Lipofuscin, saposinD Impairment of constitutive [16]
macroautophagy, accumulation of p62
CLN8 CLN8 Endoplasmic protein required for Lipofuscin, ATP synthase subunit ¢ ER stress; deficient mitochondrial [17-21]
trafficking of lysosomal hydrolases calcium buffering
CLN10 CTSD Lysosomal hydrolase cathepsin D Lipofuscin, accumulation of autolysosomes  Impaired degradation of lysosome content [22,23]
CLN11 PGRN Protein processed into granulin peptides Lipofuscin deposit, TDP43 Impaired clearance of autophagosomes Decreased levels of saposin and [24-27]
(loss of function) decreased activity of cathepsin D
FTLD-GRN PGRN Protein processed into granulin peptides TDP43, lipofuscin Impaired clearance of autophagosomes Decreased levels of saposin and [24-27]
(haploinsufficiency) decreased activity of cathepsin D
CLN12 ATP13A2 P5ATPase Lipofuscin Impaired lysosomal degradative activity, Impaired lysosome acidification, [28,29]
Parkinson's disease (PARK9) impaired autophagosome—-lysosome accumulation of impaired mitochondria
HSP (SPG78) fusion, accumulation of autolysosomes
X-linked parkinsonism with ATP6AP2 Accessory protein of vATPase, required for ~ Accumulation of electron dense Accumulation of autophagy substrates Abnormal synaptic function, [30,31]
spasticity lysosome acidification material detected by electron microscopy impaired myelination
NPC NPC1 Cholesterol transport Cholesterol, glycosphingolipids Impaired autophagosome—lysosome Accumulation of mitochondria, [32-37]
NPC2 fusion; impaired clearance of oxidative stress
autophagosomes
Cargo recognition
FTDALS3 SQSTM1 Autophagy receptor p62 Ubiquitin, p62, TDP-43 Decreased clearance of protein aggregates  Impaired mitochondrial respiration [38—40]
ALS15 Ubiquilin-2 Autophagy receptor Poly-ubiquitinated proteins, TDP43 Decreased clearance of poly-ubiquitinated ~ Toxic gain of function? Impaired [41-44]
FTLD proteins acidification of lysosomes?
ALS12 OPTN Autophagy receptor TDP43 Decreased clearance of protein aggregates, Accumulation of defective mitochondria [45,46]
FTLD pathogens, and mitochondria
FTDALS4 TBK1 Kinase regulating autophagy receptors TDP-43 Impaired phosphorylation of autophagy Impaired mitophagy [45-48]
receptors, decreasing their activities
Huntington disease HTT Huntingtin Aggregation of mutant huntingtin impaired cargo recognition mediated by [49,50]
mutant huntingtin
Autophagosome formation
SCA25 (autosomal recessive ATGS Conjugation of LC3 to PE Decreased interaction with ATG12, [51]
ataxia) (missense) decreased autophagosome formation
Neurodegeneration with WDR45 Interacts with ATG2 and ATG9 Accumulation of autophagosomes Impaired autophagosome formation and Impaired iron homeostasis ? [52,53]
brain iron accumulation and immature autophagic vesicles elongation
HSP (SPG49) TECPR2 Maintenance of ER exit sites, interaction Impaired autophagosome formation [54,55]
with LC3
HSP (SPG47, SPG50, AP4S1, AP4M1, AP4B1, AP4E1  Adaptor protein complex-4 Brain iron accumulation detected Accumulation of ATG9 in trans-Golgi, [56-59]
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SPG51, SPG52);
AP4 syndrome
FTDALS1

ALS10

FTLD

ALS6

FTLD

ALS1

Spinocerebellar ataxia SCA3

Spinocerebellar ataxia SCA7

Huntington disease

C90RF72

TARDBP

FUS

SOD1
SCA3

SCA7

HTT

Autophagosome-lysosome fusion and autolysosome clearance

Huntington disease

ALS1

ALS2

ALS10

FTLD

ALS14

FTLD

Inclusion body myopathy
ALS17

FTLD

ALS

Charcot-Marie-Tooth 2B

Vici syndrome

Autosomal recessive ataxia

Dentatorubral-pallidoluysian
Atrophy

Lysosome recycling
HSP (SPG11)
ALS5

HSP (SPG15)
HSP (SPG48)

ALS11
Charcot-Marie-Tooth 4J

HTT

SOD1

ALS2
TARDBP

vCcP

CHMP2B

DCTN1

RAB?7 point
mutations
EPG5

SNX14

ATN1

SPG11

SGP15

SPG48

FIG4

Guanine nucleotide exchange factor?
RNA regulation
RNA regulation

Superoxide dismutase
Ataxin3

Ataxin7

Huntingtin

Huntingtin

Superoxide dismutase

Alsin, guanine nucleotide exchange

factor for the small GTPase Rab5

RNA regulation

Valosin containing protein; AAA-ATPase
Subunit of the endosomal sorting

complex required for transport (ESCRT-IIl)

Subunit of dynein—dynactin complex

Rab GTPase

Rab7 effector

Intracellular membrane trafficking

Atrophin

Initiation of ALR
Initiation of ALR
Adaptor protein complex 5

PI(3,5)P2 phosphatase, subunit
if PIKFyve

by MRI

TDP-43,
Lipid accumulation in lysosomes
TDP-43

FUS

SOD1

Ataxin3 with poly-glutamine expansions,
positive for p62 and ubiquitin

Ataxin7 with poly-glutamine expansions;
aggregates positive for mTOR, Beclin,
p62, and ubiquitin

Aggregation of mutant huntingtin

Aggregation of mutant huntingtin

SOD1

TDP-43

TDP43, ubiquitin positive inclusions

P62-positive inclusions; Lipofuscin-like
autofluorescent aggregates

Ubiquitin-, p150%“*®positive inclusions

Lysosomal accumulation of cholesterol

Lipids (cholesterol, gangliosides),
lipofucsin-like, autolysosomes
Fingerprint bodies, lipofuscin-like
deposits, autolysosomes
Membrane swirls, lipofuscin-like
deposits, autolysosomes
Accumulation of large lysosomes
containing electron dense
material in neurons and glia

impaired autophagosome formation?

Decreased autophagosome formation;
Increased autophagic flux

Decreased or increased
autophagosome formation?
Decreased omegasome formation

Increased induction of autophagy
Impaired autophagosome formation

Impaired autophagosome formation?
Impaired autophagic flux

Impaired activation of autophagy
or autophagosome formation

Impaired autophagosome trafficking

leading to impaired fusion with lysosomes

Impaired retrograde transport

of autophagosomes, preventing fusion
with lysosomes

Impaired autophagosome clearance

Impaired autophagosome—lysosome
fusion
Accumulation of damaged lysosomes,

impaired autophagosome—lysosome fusion

Impaired maturation of phagophore into
autophagosome; impaired
endosome-lysosome fusion

Impaired autophagosome trafficking,
impaired autophagosome-lysosome
fusion

Reduced fusion of autophagosomes with
lysosomes

Impaired autophagosome—lysosome
fusion; impaired degradation of
autolysosomes

Impaired autophagosome clearance;
impaired autophagosome—lysosome
fusion?

Blockade of autolysosome egradation

Impaired ALR, accumulation

of autolysosomes

Impaired ALR, accumulation of
autolysosomes

Accumulation of autophagosomes and
autolysosomes, impaired ALR
Impaired lysosomal fission

Accumulation of dysfunctional
mitochondria

Impaired signaling, axon growth
defects

Impaired lipid metabolism

Disrupted nuclear organization

Impaired cellular calcium homeostasis

Alteration of Golgi network

Impaired lysosomal calcium homeostasis,
impaired synapse morphology

[60-62]
[63,64]
[65]

[66,67)
[68,69]

[70]

[49,50,68]

[71]

[72]

[73]
[64]

[74-76]

[77,78]

[79,80]

[81,82]

183,84]

85,86]

[87.88]

[89-92]

[92,93]

[94]

[95,96]

ALR, autophagic lysosome reformation.
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C90RF72 pathology, expansion of hexanucleotides
in intron 1 leads to haploinsufficiency of the gene
product as well as production of non ATG-mediated
expression of dipeptide repeats [111]. The product of
CI90RF72 was reported colocalized with endosomes,
lysosomes, and autophagosomes [112,113]. Consis-
tently, an ortholog in Caenorhabditis elegans leads to
impaired degradation of endolysosomal content and
subsequent lysosome reformation [114] that occurs
after lysosomal degradation of vesicular cargos [11].
Importantly, in mouse models, C9orf72 deficiency was
associated with increased levels of lysosomal and
autophagy markers in the spleen and liver, but not in
the brain [115], suggesting different roles for the
protein, or different regulations of the lysosomal
function in peripheral tissues and in the central
nervous system.

One strong argument linking the physiopatholo-
gy of FTLD/ALS to lysosome dysfunction was the
identification of the lysosomal protein TMEM106B
as a modulator of the function of PGRN,
C90RF72, or CHMP2B. Indeed, TMEM106B is a
risk factor for FTLD [116], with higher levels of
TMEM106B being associated with higher risk of
FTLD with GRN mutations [117,118]. TMEM106B
regulates the morphology of lysosome compart-
ments, the degradation of endocytic cargoes, and
lysosomal trafficking in neurons [119,120]. The
overexpression of TMEM106B notably promotes
the formation of enlarged lysosomes and impairs
lysosome acidification and degradative function.
These consequences of TMEM106B overexpres-
sion are, however, abolished in the absence of
C90RF72 [121], suggesting a role for the two
proteins in the same cellular pathways. Further-
more, overexpression of TMEM106B regulates
progranulin levels [118,119]. Deletion of
Tmem106b in Pgrn knockout mice was shown to
restore the levels of lysosomal enzymes, but did
not improve lipofuscin accumulation [122]. Togeth-
er, these data highlight the importance of the
lysosomal function for the FTLD-ALS-associated
gene products [123].

Hereditary spastic paraplegias

Hereditary spastic paraplegias (HSPs) are a
group of neurodegenerative diseases character-
ized by spasticity in lower limbs that is caused by
the degeneration of cortical motor neuron axons.
This group of diseases is clinically highly heterog-
enous, notably because more 60 genes have been
shown to cause HSP. Despite this large hetero-
geneity, a subgroup of HSP appears to be caused
by abnormal function of the endolysosomal
pathway.

Patients with SPG78 form of HSP present loss of
function mutation in ATP13A2, which is also mutated
in patients diagnosed as neuronal ceroid lipofusci-

nosis (CLN12) [124,125]. ATP13A2 is a P5ATPase
that is mainly localized in the membrane of lyso-
somes [126], and dysfunction of this protein impairs
lysosomal degradation [28]. Consistently, homozy-
gous mutations in fibroblasts of SPG78 patients
increased the number of lysosomes and impaired
lysosomal degradative activity, and electron micros-
copy analysis revealed that lysosomes accumulated
abnormal material consisting of whirls and stacks of
membranes [125]. Mutation of ATP6AP2, encoding
an accessory protein of the lysosomal vATPase, has
been found in patients with X-linked parkinsonism
with spasticity [127]. The mutation led to skipping of
exon 4 in 50% of transcript and resulted in the brain
of these patients in reduced expression of ATP6AP2
[127]. Recently, a de novo intronic mutation of
ATP6AP2 has been found in a patient with fulminant
neurodegeneration presenting with epilepsy and
spasticity [30]. The mutation also led to skipping of
exon 4 in 80% of ATP6AP2 transcript. Loss of
ATPB6AP2 was proposed to impair vesicular acidifi-
cation [30,128], although contradictory results have
been published [129]. Furthermore, postnatal dele-
tion of Afp6ap2 in a mouse model led to accumula-
tion of electron dense material in neurons [30],
consistent with impaired lysosomal function.

Alteration of lysosomal function in HSP has also been
associated with loss of function of non- Iysosomal
protelns In the brains of Spg15~~, Spg11~", and
Spg48~" mice, autofluorescent material accumulates in
lysosomes and ultrastructural analysis showed
the presence of electron dense deposits in neurons
[89,93,94,130]. Accumulation of membranes in lyso-
somes was also observed in fibroblasts of SPG48
patients with loss of function mutation in the subunit  of
the AP-5 complex [131]. Electron microscopy
analysis of fibroblasts of SPG15 patients and neurons
of Spg15~"~ mice showed the accumulation of zebra or
fingerprint bodies [93,132], which are lysosomes with
accumulation of membranes similar to those found in
some LSD [133]. Analysis of SPG11 patient fibroblasts,
in contrast, did not reveal the accumulation of lamellar
structures by electron microscopy [132]. A I|p|dom|c
analysis performed in the brain of Spg11 mice
showed the progressive accumulation in lysosomes of
simple gangliosides [90], a process observed in a wide
range of LSD [33]. Accumulation of membrane struc-
turesin endolysosomes has also been observedin cells
derived from Spg4~" or Spg31~" mice. These defects
resulted from impaired ER-mediated endosomal tubule
fission [134]. Yet, it is not clear whether these structures
share similarities in composition with the lysosomes
accumulating membranes observed in fibroblasts of
SPG11, SPG15, SPG48, or ATP13A2 patients. The
accumulation of material in lysosomes in some forms of
HSP led to the proposition that they may be considered
as a new form of LSD [131], which is supported by the
fact that mutation in ATP13A2 are responsible for either
SPG78 form of HSP or CLN12 [124,125].
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Ataxias

Lysosomal accumulation of biological material has
also been observed in models of spinocerebellar
ataxias. For example, a knock-in mouse model of
spinocerebellar ataxia type 7 (SCA7) expressing
ataxin 7 with 266 glutamines presents autolyso-
somes containing amorphous electron-dense mate-
rial and lipids [70]. Similar accumulations were also
observed in a mouse model of the polyglutamine
disease dentatorubral—pallidoluysian atrophy [87]. It
is important to note that the proteins responsible for
SCA7 or dentatorubral—pallidoluysian atrophy have
no known function in lysosomes, but their aggrega-
tive properties probably alter the degradation path-
ways [135,136]. Other forms of ataxias also have
impaired lysosomal function. For example, the
impairment of lysosome function due to loss of
SNX14 that binds the lysosome-enriched phosphoi-
nositide PI(3,5)P2 is responsible for recessive ataxia
[85]. Enlarged lysosomes accumulating cholesterol
were observed in cells derived from patients with
SNX14 loss of function mutation [85,86].

The investigations of the physiopathology of LSDs,
FTLD/ALS, HSPs, and ataxias highlight the impor-
tance of maintaining a proper lysosomal function for
the neuronal survival. The genetic overlap observed
between some LSD and some form of FTLD (PGRN)
or HSP (SPG78) highlights the existence of putative
common mechanisms underlying neurodegeneration
in the various families of diseases. Yet, the age of
onset and the evolution of diseases are quite different,
showing that different lysosomal dysfunctions may
occur in the various diseases, or other pathways may
also contribute to the pathology.

Alteration of Lysosomal Regulation in
Rare Neurodegenerative Diseases

Lysosomes play a key catabolic role for the
degradation of the content of endosomes and
autophagosomes, as we will explore later. However,
it has emerged that they also play a crucial role in the
regulation of cellular functions and represent a
signaling hub, allowing the cells to integrate envi-
ronmental cues, including nutrient availability and
response to growth factors [137]. Two main, inter-
related lysosome signaling pathways have been
investigated: the pathway related to mammalian
target of rapamycin (mTOR) and calcium, both
converging on the transcription factor TFEB.

mTORC1 signaling pathway

mTORC1 is a key kinase for the response to
metabolic state of the cells. Activation of mTOR
requires its recruitment to the lysosome surface
bringing it in close proximity of its activator, the

GTPase Rheb [138]. The localization of mTORC1 to
the surface of lysosomes is critical to sense and
respond to the variations in the levels of nutrients,
including amino acids, glucose, and cholesterol. The
recruitment of mMTOR to lysosome is regulated by a
complex of the Ras-regulated GTPases (RagA/B and
RagC/D) that are themselves regulated by a
set of transmembrane lysosomal and cytosolic
proteins recruited to the lysosomes [139]. Recruitment
of mTORC1 to lysosomes by amino acids relies on
the vATPase [140] and on a set of sensors such a
SLC38A9 that signals arginine sufficiency to mTORC1
[141]. In the presence of nutrients, mMTORC1 is
activated and promotes the phosphorylation of down-
stream targets. One of the mTOR targets is the
transcription factor TFEB that is maintained inactive
in a phosphorylated state [142].

Deprivation of any nutrients promoting mTORCH1
activation signals prevents the phosphorylation of
downstream targets and leads to activation of
autophagy [139]. For example, autophagy is induced
in case of nutrient stress, allowing recycling of
intracellular components to restore or compensate
the deficiency. Alteration of autophagy has been
associated with many LSDs [2]. The activation of
mTOR is, however, rarely impaired in these dis-
eases. A recent study demonstrated that the
lysosomal membrane transporter SLC38A9 allows
activation of mTOR by cholesterol. Knocking-out
NPC1 in HEK293 cells abolished mTOR activation
by cholesterol [143]. Yet, in a mouse model of NPC
where high amounts of cholesterol accumulate in
lysosomes, no change in the activation of mTOR
was observed [34], suggesting that mTOR is not
directly implicated in the pathology. Increased levels
of mTOR phosphorylation were observed upon
downregulation of ATP13A2 in SH-SY5Y neuroblas-
toma cells [144] or in the brain of a mouse model of
GM1 gangliosidosis [4]. Yet, in the GM1 gang-
liosidosis model, no increase in the phosphorylation
state of the mTOR substrate S6 was observed [4]. In
contrast in the twitcher mouse model of Krabbe
disease, the accumulation of psychosin was asso-
ciated with a slight decrease in mTOR phosphory-
lation [145]. Upon long-term deprivation, mTOR can
be reactivated to promote the reformation of new
lysosomes and promote the lysosomal homeostasis
[11]. Fibroblasts derived from Cin7 knockout mice
present a defect in the ability to adapt to long-term
starvation conditions as shown by impaired
mTORC1 reactivation [146].

In contrast to LSD, decreased activity of mTOR has
been observed in many models of rare neurodegen-
erative diseases where lysosomal function was not
primarily impaired. For example, loss of C9orf72
function decreases phosphorylation of the mTOR
substrate S6K [60]. C9orf72 forms a stable complex
with SMCR8 (Smith—Magenis syndrome chromo-
some region, candidate 8) [60,61,147], and loss of
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SMCR8 also increased mTOR activity [147]. In
models of Huntington's disease or cerebellar ataxia
SCA7, mTOR is trapped in polyglutamine aggregates
[49,70], which could prevent its kinase activity.

Overactivation of the mTOR has been associated
with neurodevelopmental defects and focal epilep-
sies [148]. Loss of function mutations in the
GATORT1 or in the tuberous sclerosis complex that
both inhibit mTOR or gain of function in mTOR have
been found in patients affected by focal cortical
dysplasia or focal epilepsies. These mutations lead
to activation of both mTORC1 and mTORC2
complexes that regulate autophagy, but also other
metabolic pathways. It is therefore not clear yet
which pathway contributes to the pathology in this
group of neurodevelopmental diseases.

Lysosomal calcium signaling and activation of
the transcription factor TFEB

The role of calcium in the regulation of lysosomal
function benefited from the investigation of the late
endosome or lysosome cation-permeant channel
TRPML1 whose function is lost in mucolipidosis type
IV [149]. The best-characterized action of TRPML1 is
the transport of calcium ions from lysosomal lumen to
cytosol [149], which allowed to investigate the
importance of calcium for the regulation of lysosomal
function. The release of calcium by TRPML1 is
regulated by the levels of PI(3,5)P2, a phosphoinosi-
tide predominantly found in late endosomes and
lysosomes [150]. It was suggested that PI(3,5)P2
could activate TRPML1 by direct binding to the N
terminus of the channel [151]. PI(3,5)P2 is generated
by a protein complex that includes the lipid kinase
Pikfyve, the scaffolding protein Vac14, and the lipid
phosphatase Fig4 [152]. Inhibition of PI(3,5)P2
synthesis by the YM201636 inhibitor results in the
accumulation of large late endosomes and lysosomes
and a defect in endocytic trafficking similar that the
one observed in cells lacking TRPML1 [151,153].

The local release of calcium by TRPML1 can
regulate several functions of the lysosomes. Local
calcium release by lysosomes was proposed to
stimulate the kinase activity of mTORC1 complex
[154]. It can also activate the calcium-dependent
phosphatase calcineurin that dephosphorylates the
transcription factor TFEB, allowing its nuclear
translocation [155]. As a result, TFEB promotes the
transcription of target genes that supports lysosome
biogenesis and catabolism. It is therefore possible
that calcium released by TRPML1 could simulta-
neously activate, via the calcineurin, and inhibit, via
mTOR phosphorylation, the nuclear translocation of
TFEB (Figure 1). The equilibrium between the two
functions of TRPML1 is unclear, but it could
contribute to a fine-tuning of TFEB nuclear translo-
cation. An indirect control of lysosome on calcium
homeostasis has also recently been proposed,

where the impaired trafficking of cholesterol out of
lysosome leads to a decrease in the concentration of
cholesterol in the plasma membrane. This change in
plasma membrane composition leads to the entry of
calcium by store-operated calcium entry leading to a
slight increase in cytosolic calcium levels [91].
Accumulation of cholesterol in lysosome was pro-
posed to inhibit calcium release by TRPML1 [156].
Unlike the local release of calcium by TRPML1 in
proximity of lysosome, the second mechanism does
not allow a change in local calcium concentration.
The two mechanisms may differently contribute to
the regulation of TFEB translocation into the
nucleus. It should also be noted that late endosomes
and lysosomes have another type of calcium
channel, Two Pore Channels, that are activated by
the NAADP signaling molecules or by sphingosine
[157,158]. Calcium release by Two Pore Channels
can also promote the activation of TFEB [157,159],
highlighting the complexity of the regulation of TFEB.

Beside its crucial role for the activation of TFEB,
local release of calcium was also proposed to
regulate membrane fusion/fission events in late
endosome and lysosomes [151], although fusion
of lysosomes and autophagosomes was not im-
paired in Drosophila model of mucolipidosis type IV
[160]. Finally, calcium release by TRPML1 also
promotes the traffic of lysosomes toward the peri-
nuclear region by allowing the recruitment of
dynein—dynactin motors [6].

The function of the TRPML1 channel is altered in
several models of rare neurodegenerative diseases,
highlighting the importance of lysosomal calcium
signaling for the physiopathology of many diseases
and not only mucolipidosis type IV. The function of
TRPML1 is modulated by kinase and phosphatase
allowing synthesis and degradation of the channel
agonist PI(3,5)P2. Inhibiting PI(3,5)P2 synthesis in
yeast leads to accumulation of large vacuoles [161].
In human, mutations of FIG4, a PI(3,5)P2 phospha-
tase, have been found in patients with the Charcot—
Marie—Tooth type 4J neuropathy [162] as well as in
patients affected by Yunis—Varon syndrome, a
severe syndrome associated with brain abnormali-
ties, facial dysmorphisms, and skeletal abnormalities
[163]. It was proposed that the complete loss of
function of FIG4 activity leads to Yunis—Varon
syndrome, whereas hypomorphic mutations are
responsible for Charcot—Marie-Tooth disease
[163]. FIG4 belongs to a complex with the PI3P
kinase PIK-FYVE and VAC 14, and its loss of
function leads to a depletion in PI(3,5)P2 [162]. Loss
of FIG4 function leads to higher levels of calcium in
lysosomes and impaired lysosomal fission. These
phenotypes can be rescued by application of the
TRPML1 agonist ML-SA1 [95]. The activity of the
TRPML1 channel is also inhibited by accumulation
of sphingomyelin in lysosomes in models of NPC
cells. Increasing TRPML1 expression or activity was
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sufficient to correct the trafficking defects and reduce
lysosome storage and cholesterol accumulation in
NPC cells [156]. This suggests that abnormal
accumulation of luminal lipids causes secondary
lysosome storage by blocking TRPML1- and
calcium-dependent lysosomal trafficking.

Together, these observations highlight that the
signaling pathways controlled by lysosomes are
altered in a variety of rare neurodegenerative diseases,
highlighting some physiopathological pathways con-
tributing to neurodegeneration. It is also important to
note that the activation of mMTOR and TFEB pathways
can also be used to monitor the alteration of the
autophagy pathway.

Impact of Lysosome Dysfunction on the
Autophagy Pathway

Lysosomes play a critical role in the autophagy
pathway, as they degrade the autophagic material
following fusion with autophagosomes. Again, LSD
helped deciphering the mechanisms linking lysosome
dysfunction to impairment of the autophagy pathway.
In most LSD, impairment of lysosomal function leads
to accumulation of autophagosomes, accumulation of
the autophagic substrate p62, and a decrease in the
autophagic flux that represents the rate at which the
material is degraded through autophagy [2,164].
Similar alterations are also observed in most rare
neurodegenerative diseases. However, despite these
similarities, the defects in autophagy can be due to
impairment at different steps of the process, including
the formation of autophagosomes, fusion of autopha-
gosomes with lysosomes, degradation of the autop-
hagosomes, or recovery of lysosome membrane after
the end of autophagy (Table 1).

Impaired autophagosome formation and
autophagy cargo recognition

It is striking to note that several forms of FTLD or
ALS are caused by mutations in genes encoding
autophagy receptors, such as p62/SQSTM1, Opti-
neurin, or Ubiquilin-2, or by the kinase Tank-binding
kinase 1 (TBK1) that phosphorylates and regulates
the autophagy receptors [165]. These proteins
contribute to selectively recognize cargos that will
be degraded by autophagy. P62/SQSTM1 and
Optineurin play notably key role in the clearance of
protein aggregates or damaged mitochondria, re-
spectively [38,45]. Cargo recognition is also im-
paired by mutant huntingtin. The latter preferentially
affects organelle sequestration, which could explain
the higher presence of altered mitochondria ob-
served in Huntington's disease patient cells [50].
However, huntingtin can also impair other critical
steps in the initiation of autophagy. Indeed, expan-
sion of polyglutamines was also shown to impair

autophagosome formation. Sequestration of the key
initiator of autophagy into mutant huntingtin or
mutant ataxin-7 polyglutamine aggregates impairs
the formation of autophagosomes [70,166]. Further-
more, the polyglutamine expansion of ataxin-3
impairs interaction of wild-type ataxin-3 with beclint,
promoting its degradation and thus decreasing the
formation of autophagosomes [68].

Impaired autophagosome formation is also observed
in genetic forms of FTLD or ALS. Downregulation of
CI90RF72 in N2a cells or neurons derived from
C90RF72-induced pluripotent stem cells showed a
decrease in the number of autophagosomes that was
interpreted as impaired formation of autophagosomes
[61,62]. Yet, downregulation or knockout of C9ORF72
decreased the activation of mTOR [60], which is
supposed to promote activation of autophagy. This
discrepancy could be due to the increase in autophagic
flux observed in the absence of C9ORF72 [60,61].
C90RF72 forms a complex with SMCR8, and both
proteins are important to stabilize each other [147].
However, downregulation of COORF72 and SMCR8
has an opposite effect on autophagy induction and
autophagic flux [61]. It was proposed that the difference
in the action of the two proteins could be due to
interaction with different Rab GTPases [61], but this
must be clarified. These studies are important to reveal
the role of COORF72 in the regulation of autophagy.
However, patients with C9ORF72 mutations express
reduced levels of the protein [167]. Thus, knockout
models are not the best systems to investigate the
alteration of autophagy pathway in the FTLD or ALS.
Instead, investigation in cells or tissues derived from
patients is more likely to reveal the role of autophagy
due to mutations in C9ORF72.

Progranulin is also required for the formation of
autophagosomes around Listeria in infected macro-
phages to clear cells from bacteria [168]. Progranulin
deficiency causes impairment of autophagy, with
contradictory results. While PGRN knockout neurons
showed a decrease in autophagic flux, an acute ~50%
reduction of PGRN levels using siRNA increased the
autophagic flux [168,169]. These discrepancies are
still unexplained but could result from differential
regulation of autophagy in the models, as PGRN
was proposed to stimulate autophagy induction [168].
Impaired autophagosome formation has been ob-
served in other cases of rare neurodegenerative
diseases. Loss of WDR45 in patients with a form of
neurodegeneration with brain accumulation leads to
impaired autophagy [52]. A study in C. elegans
showed that its ortholog plays a role in the formation
of autophagosomes [53]. The loss of tectonin-beta-
propeller containing protein 2 (TECPR2), mutated in
SPG49 form of HSP, is also required for the formation
of autophagosomes [54,55].

These examples illustrate that rare neurodegen-
erative diseases can be caused by alteration in the
early steps of autophagy, either autophagic cargo
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recognition or autophagosome formation. However,
a recent study showed that loss of the presumed
autophagy receptor ubiquilin in Drosophila was
associated with accumulation of autophagosomes
and autolysosomes as well as impaired acidification
of lysosomes [41]. This highlights the need for a
thorough characterization of the protein functions to
elucidate their implication in neuronal death.

Impaired autophagosome-lysosome fusion and
digestion of autolysosomes

Many models of rare neurodegenerative diseases
present the accumulation of autophagosomes and/
or autolysosomes. These accumulations can result
from impaired degradation of autolysosomes or
impaired fusion between lysosomes and autophago-
somes. Yet, the frontier between the two types of
alterations is not clear, as impaired autolysosome
degradation can secondarily lead to impaired fusion.
In both cases, this dysfunction results in a decrease
in the autophagic flux.

Fusion of autophagosomes with lysosomes relies
on proper retrograde transport of these vesicles
toward the center of the cell to increase their
probability of meeting. Consistently, mutant hunting-
tin, or some variants of dynactin observed in the
forms of familial ALS impair the vesicular trafficking
of autophagosomes [71,79], decreasing their fusion
with lysosomes. Models of other rare neurodegen-
erative diseases have also pointed the importance of
lysosomes motility for cell survival. For example, in a
cellular model of CLN7, anterograde movement of
lysosomes or endolysosomes was impaired and
associated with cell survival while the cells were
apparently autophagy competent [170]. Impaired
traffic of endolysosomes was also observed in a
mouse model with Chmp2b mutation that presents
lysosomal pathology [109]. Although mutations in
CHMP2B were shown to impair autophagosome
degradation [171], the aberrant lysosomes observed
in the animal model were not positive for the
autophagy marker p62 [110], suggesting that aber-
rant lysosomes and accumulation of autophagoso-
somes could be distinct pathologies. These
observations highlight the importance of regulated
lysosome trafficking to prevent neurodegeneration.
However, in the latter examples, it is not clear
whether the alteration of lysosome trafficking would
affect the autophagy pathway.

The fusion of autophagososomes with lysosomes is
also a critical step that is altered in several rare
neurodegenerative diseases. For example, in cellular
model of NPC, fusion of autophagosomes with late
endosomes is impaired, due to perturbations of the
formation of specific SNARE complexes [172], while
no overt defects in the proteolytic activity of lysosomes
were detected. This example highlights the impor-
tance of fusion machinery for the processing of

autophagosomes. In other cases, the fusion of
autophagosomes with lysosomes is impaired as a
consequence of impaired degrative capacity of
lysosomes. Retinal pigment epithelium of CiIn3
mouse model presented the accumulation of autop-
hagosomes fused with lysosomes containing undi-
gested material, as well as accumulation of
autophagosomes docked to lysosomes, without mix-
ing of the content of the two compartments [14]. This
suggests that impaired lysosomal processing could
secondarily affect the process of fusion between
autophagosomes and lysosomes. Recently, CLN3
was reported to be required for the interaction
between Rab7A and PLEKHM1, which contributes
to autophagosome—lysosome fusion [173].

Impaired digestion of autolysosomes has also
been observed in models of cathepsin D or saposin
C deficiency [174,175]. The impaired degradation of
autolysosomes in Saposin C-deficient cells was
restored by overexpression of the lysosomal prote-
ases Cathepsin B or D [175], highlighting the
importance of hydrolases for the degradation of the
autolysosome content. The degradation of the
content of autolysosomes can also be impeded
by the loss of non-hydrolytic enzymes. For example,
loss of ATP13A2 impaired lysosomal acidification,
decreased proteolytic processing of lysosomal
enzymes, reduced degradation of lysosomal
substrates, and diminished lysosomal-mediated
clearance of autophagosomes [28]. Clearance of
autophagosomes was also defective in models of
mucolipidosis type IV, where the loss of lysosomal
calcium channel TRPML1 affects lysosomal function
[160,176]. Some studies claimed that loss of
TRPML1 affected only the degradative activity of
lysosomes, but not the fusion between lysosomes
and autophagosomes [160], whereas others showed
a delay in the fusion between autophagosomes and
late endosomes or lysosomes [177]. This highlights
the interdependency of autophagosome—lysosome
fusion and lysosomes hydrolytic activity.

In many diseases, the precise alterations in the
autophagy process still need to be defined. For
example, loss of EPG5 observed in patients with Vici
syndrome was proposed to block the degradation of
autolysosomes [83]. Another study suggested that it
could block the degradative activities of autolyso-
somes or block the fusion of autophagosomes with
lysosomes [84]. This highlights the need for thor-
ough investigation of the autophagy pathway in the
different models of rare diseases.

Impaired lysosome reformation from
autolysosomes

mTOR is a key regulator of the autophagy
pathway, as its inhibition following amino acid
starvation promotes autophagy. However, upon
long starvation, mTOR is reactivated, which
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attenuates autophagy and generates proto-
lysosomal tubules and vesicles that extrude from
autolysosomes [11]. This mechanism is thought to
contribute to the maintenance of a pool of functional
lysosomes. This process requires the degradation of
the content of the autolysosomes, and was thus
impaired in cells derived from patients affected by
LSD such as Fabry disease or Gaucher disease
[8,11]. The proteins spatacsin and spastizin, asso-
ciated with HSPs SPG11 and SPG15, play a role in
the initiation of the formation of tubules in autolyso-
somes [92]. Consequently, their absence leads in
mouse models to the accumulation in neurons of
autolysosomes together with the autophagy receptor
p62 [89,93,130]. The formation of tubules on
autolysosomes also requires the TRPML1 channel
and its activation by the phosphoinositide PI(3,5)P2
[6]. Consistently, loss of FIG4 impairs the production
of PI(3,5)P2 and impairs the fission of lysosomes
[95]. Loss of FIG4 also downregulated the expres-
sion and activity of dynamin1, which interacts with
spatacsin [90,95]. Importantly, loss of FIG4 and loss
of spatacsin are both associated with the storage of
material in lysosomes [90,96,130]. These data
therefore suggest that the machinery required for
lysosome reformation is also implicated in the
clearance of lysosomal material. However, further
investigations are required to define the molecular
mechanisms leading to lysosome reformation and to
understand its link with storage of material in
lysosomes.

Claiming that a specific step of the autophagy
pathway is altered in each neurodegenerative
disease is, however, over-simplistic. For example,
mutant huntingtin has been shown to alter various
steps of the autophagy pathway. Indeed, mutant
huntingtin was proposed to contribute to activation of
the autophagy pathway [49], whereas another study
claimed it could prevent autophagosome formation
[68]. Furthermore, it impairs cargo recognition [50]
and disrupts autophagosome trafficking leading to
impaired fusion of autophagosomes with lysosomes
[71], highlighting the diversity of alterations of the
autophagy-lysosome pathway that can take place in
neurodegenerative diseases.

Mechanisms Linking Impaired
Autophagy/Lysosome Pathway to
Neurodegeneration

One of the difficulties in investigating the role of the
lysosome—autophagy pathway in neurodegeneration
is to determine whether the detrimental conse-
quences are solely due to the impairment of this
cellular pathway, or whether they result from second-
ary impairments of its dysfunction. The difficulty to
identify the cause of neuronal death following im-
paired autophagy lysosome pathway is particularly

evident if we consider some LSD, where alterations of
biochemical function due to the pathogenic mutations
are well characterized. Yet, it is not known why the
primary lysosomal defect leads to neurodegeneration
and it has been proposed that engorgement of
autophagy-lysosome pathway may not fully explain
the clinical manifestations of some LSD [2,178].
Indeed, dysfunction of the autophagy-lysosome
pathway can lead to accumulation of toxic proteins
or dysfunctional organelles or can promote inflamma-
tion that may contribute to neurodegeneration.

Accumulation of impaired mitochondria and
oxidative stress

The accumulation of impaired mitochondria has
been reported in many forms of LSD [179], but also
in other forms of rare neurodegenerative diseases.
FTLD/ALS causing mutations in optineurin inhibit its
ability to promote mitophagy [180], linking FTLD/ALS
to mitochondrial dysfunction. P62 mutations associ-
ated with FTLD and ALS were also shown to inhibit
complex | mitochondrial respiration and promote
reactive oxygen species production [39]. Autophagy
is critical for quality control of mitochondria by
selectively degrading dysfunctional mitochondria
[181]. Impairment of the autophagy—lysosome
pathway has been proposed to promote the persis-
tence of dysfunctional mitochondria and inducing
oxidative stress in models of mucolipidosis type IV or
in models of CLN [160,182]. This hypothesis is
appealing, as impairment of mitophagy is implicated
in some genetic forms of Parkinson's disease [183].
Yet, this hypothesis is challenged by some obser-
vations. For example, inhibition of autophagy using
3-methyladenine restored mitochondrial function in
mucolipidosis 1l and Il skin fibroblasts [184]. It
was also recently proposed that mitochondrial
biogenesis is impaired in models of NPC and acid
sphingomyelinase deficiency [35], although it is not
clear yet whether this dysfunction is a direct
consequence of the impaired autophagy—-lysosome
pathway.

Accumulation of toxic proteins

Many neurodegenerative diseases are associated
with the aggregation of proteins, which can be
cleared by autophagy [1]. Autophagy process plays
a role in removal of impaired organelles, but also in
the clearance of protein aggregates. In most cases
of FTLD and ALS, aggregation of TAR DNA-binding
protein 43 (TDP43) is observed, although the
mechanisms leading to such aggregation are poorly
understood. It has been hypothesized that impair-
ment of autophagy could contribute to such accu-
mulation [165]. Impairment of autophagy by loss of
progranulin or C9ORF72 promoted the neuronal
aggregation of TDP-43 [168,185]. Expansion of
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polyglutamines in models of cerebellar ataxias
or Huntington disease leads to the formation of
insoluble protein aggregates that can trap some
proteins important for activation of autophagy such
as mTOR or Beclin 1 [49,70,166]. Stimulation of
autophagy by rapamycin prevented huntingtin accu-
mulation and prevented neurodegeneration in
models of Huntington disease [49], highlighting the
importance of aggregated huntingtin in the neurode-
generative process. However, it is still not clear why
and how the so-called toxic proteins induce neuronal
death.

Metabolic stress

Lysosomes hydrolyze the content of endocytic and
autophagic vesicles, allowing the recycling of basic
building blocks that can be used by the cells for the
biosynthesis of new macromolecules. It is therefore
conceivable that impairment of the autophagy-—
lysosome pathway could lead to metabolic stress,
where some key metabolites are limiting for the
synthesis of macromolecules [186]. Similarly,
blockade of protein degradation by proteasome
leads to a deleterious shortage of intracellular
amino acids, which can be compensated by amino
acid supplementation [187]. The activation of mTOR
at the lysosome surface is under the control of amino
acid sensors, including the lysosomal membrane
SLC38A9 [141,188], supporting the idea that recy-
cling of amino acids by lysosomes is important for
cell physiology. Other metabolites also need to be
recycled by lysosomes to ensure proper cell function
and survival. For example, the recycling of sugars
and lipids coming from the lysosomal degradation of
glycosphingolipids is reused and represents the
majority of glycosphingolipids that are synthesized
in several cell lines [189].

Inflammation

The molecular deficits responsible for neurode-
generation in rare diseases are not restricted to
neurons and can affect other cell types. Accordingly,
it has emerged that microglia and astrocyte activa-
tion contributes to neurodegenerative phenotype in
LSD or other neurodegenerative diseases
[190,191]. Microglia are the main immune cells in
the brain parenchyma, and they contribute to tissue
homeostasis, notably by remodeling synapses and
secreting neurotrophic factors. During neurodegen-
eration, microglia have been proposed to play both
protective or deleterious roles. Indeed, primary
neuronal damages can lead to activation of microg-
lia that phagocytose cellular debris [192]. For
example, in a mouse model of Sandhoff disease,
the progression of symptoms was slowed down by
deletion of tumor necrosis factor alpha, a pro-
inflammatory cytokine [193]. In contrast, in a model

of Niemann—Pick type A, disease progression was
accelerated by chemical ablation of microglia [194].
These examples illustrate the complexity of the
mechanisms underlying neuronal death in rare
diseases caused by lysosomal dysfunction and
call for thorough characterization and elucidation
of these mechanisms.

Conclusions and Perspectives

Rare neurodegenerative diseases, by definition,
affect a small number of patients, and it is elusive to
develop a targeted therapeutic approach for each
disease. Instead, it would be more rational to
develop few therapeutic strategies that can apply
to defined subgroups of rare diseases that share at
least partially common physiopathology. Lysosome
dysfunction is observed in a wide variety of rare
neurodegenerative diseases, and often leads to
impairment of autophagy. As reviewed here, a few
alterations are observed in a large number of rare
diseases, as, for example, the accumulation of
autophagosomes or autolysosomes. However, the
mechanisms underlying these cellular dysfunctions
are often elusive. Furthermore, lysosomes are not
only required for the degradation of autophago-
somes. They also allow the degradation of
macromolecules internalized by endocytosis, and
lysosome dysfunction can impair the endocytosis
pathway. For example, dominant mutations in Rab7
that are responsible for the Charcot—Marie—Tooth
type 2B neuropathy [195] alter both endosomal
trafficking and autophagy, highlighting the interde-
pendence of late endosome and autophagosome
degradation [81].

It will thus be important to elucidate in the future
how and why the alterations of the autophagy-—
lysosome pathway lead to neurodegeneration. In
most cases, the consequences of the impairment of
lysosome on cellular functions that could contribute
to neurodegeneration are not known (Table 1). We
proposed and highlighted several potential path-
ways that are not mutually exclusive and that could
be simultaneously altered in some diseases.

Based on the observation that autophagy-lyso-
some pathway is impaired in many forms of rare
neurodegenerative diseases, several strategies
have been tested to enhance autophagy as a
therapeutic strategy [123]. The definition of sub-
groups of rare neurodegenerative diseases sharing
similar physiopathology should support the use of
similar strategies to a larger number of disorders.
Yet, we must be aware that enhancement of
autophagy may not be the panacea for all neurode-
generative diseases. This calls for further investiga-
tions to thoroughly decipher the mechanisms
linking lysosomal dysfunction to impairment of the
autophagy pathway and to neuronal death. These
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investigations should allow the clustering of rare
neurodegenerative diseases into subgroups sharing
similar pathological mechanisms and that could
respond to similar therapy.
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