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Abstract: Hereditary spastic paraplegia (HSP) refers to a group of neurological disorders involving
the degeneration of motor neurons. Due to their clinical and genetic heterogeneity, finding common
effective therapeutics is difficult. Therefore, a better understanding of the common pathological
mechanisms is necessary. The role of several HSP genes/proteins is linked to the endolysosomal
and autophagic pathways, suggesting a functional convergence. Furthermore, impairment of these
pathways is particularly interesting since it has been linked to other neurodegenerative diseases,
which would suggest that the nervous system is particularly sensitive to the disruption of the
endolysosomal and autophagic systems. In this review, we will summarize the involvement of HSP
proteins in the endolysosomal and autophagic pathways in order to clarify their functioning and
decipher some of the pathological mechanisms leading to HSP.

Keywords: spastic paraplegia; lysosomes; autophagy; endosomes

1. Introduction

The endolysosomal pathway is an important cellular process that has been highly
conserved during evolution. It allows the internalization of cargoes and their delivery to
their intended destination, including all intracellular compartments, the plasma membrane
and the extracellular compartment [1]. The first step of the endolysosomal pathway is
endocytosis, which allows for the internalization of macromolecules, receptors and surface
proteins [2]. Once internalized from the plasma membrane, the newly formed vesicles fuse
with the early endosomes (EEs). Within the EEs, various cargoes’ fates can be decided.
The cargoes can be directly recycled back to the plasma membrane, sent to the trans-
Golgi network (TGN) or delivered to lysosomes for degradation [1,3,4]. Therefore, the
endolysosomal pathway controls the localization and levels of hundreds of proteins in the
cell. Consequently, this pathway is essential for regulating major cellular functions, such as
cell signaling, establishment and maintenance of cell polarity, and cell migration.

It has been shown that the endolysosomal system is interconnected with another
important cellular process, namely autophagy [5]. Autophagy is a key cellular process
providing vital nutrients to the cell in response to various forms of stress, such as starvation,
amino acid depletion and metabolic stress. This process is also involved in the degradation
of defective cellular components, such as misfolded proteins and defective organelles,
representing a potential danger for the cell. To answer the variety of inducing signals,
different types of autophagy can take place, including macroautophagy, microautophagy
and chaperone-mediated autophagy [6,7]. Macroautophagy can be described as the seques-
tration of cytoplasmic contents into a double-membrane vesicle called autophagosome and
the degradation of the cytoplasmic content by fusion of the autophagosome with lysosomes
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to form an autolysosome [8]. In the context of this review, we decided to focus mainly on
macroautophagy, which we will hereafter refer to as autophagy.

Due to their importance in many cellular functions, alterations of both endolysosomal
and autophagic pathways have been associated with diseases, especially neurodegenerative
conditions [7,9]. In particular, we will focus on hereditary spastic paraplegia (HSP), a family
of motor neuron diseases in which numerous causative genes have been linked to these
pathways. We believe these diseases are good illustrations of the difficulty to establish
phenotype–genotype correlations: how altering these pathways at different steps can lead
to similar consequences, while sometimes the alteration of a single protein can lead to
different neurodegenerative diseases.

HSPs constitute a large family of clinically and genetically heterogeneous neurological
disorders [10–12]. Patients present with the core clinical features of lower-limb spasticity
and weakness due to degeneration in the corticospinal tracts. Clinically, there are “pure”
and “complex” forms of HSPs, depending on the absence or presence of other neurological
signs. Genetically, more than 70 causative genes have been described up to now, most
of which are related to a relatively small number of pathological processes [11], among
common genetic networks [13]. The endolysosomal and autophagic pathways are overrep-
resented with 24 genes whose mutations are directly involved in HSP (Table 1 and Figure 1).
Multiple steps of those pathways are impaired in these disorders, not only directly by
HSP protein loss of function but also as secondary consequences of the alteration of other
systems. In this review, we will summarize current knowledge of the direct involvement
of HSP proteins in the endolysosomal and autophagic pathways. A better understanding
of the impaired cellular functions leading to HSP could help to decipher their functional
organization and regulation and could also open opportunities for common therapeutic
options for the various HSPs.
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Figure 1. Implication of hereditary spastic paraplegia (HSP) proteins in endolysosomal and autophagic pathways. The 
endolysosomal pathway begins with endocytosis, consisting in the uptake of extracellular contents into vesicles. They fuse 
with early endosomes (EEs), which mature into multivesicular bodies (MVBs). During this fusion and maturation, the 
cargoes are sorted and can have three different fates. They can be directly recycled back to the plasma membrane via 
recycling endosomes, sent to the trans-Golgi network (TGN) or delivered to lysosomes for degradation. This process is 
notably highly involved in receptor trafficking, where numerous HSP proteins are implicated. For the degradation, the 
MVB has to fuse with the lysosome to form an endolysosome. However, MVBs can also fuse with autophagic compart-
ments for their maturation, forming an amphisome. This hybrid structure will merge with a lysosome to give an autoly-
sosome, where the degradation will take place, highlighting the importance of interconnections between endocytosis and 

Figure 1. Implication of hereditary spastic paraplegia (HSP) proteins in endolysosomal and autophagic pathways. The
endolysosomal pathway begins with endocytosis, consisting in the uptake of extracellular contents into vesicles. They
fuse with early endosomes (EEs), which mature into multivesicular bodies (MVBs). During this fusion and maturation,
the cargoes are sorted and can have three different fates. They can be directly recycled back to the plasma membrane via
recycling endosomes, sent to the trans-Golgi network (TGN) or delivered to lysosomes for degradation. This process is
notably highly involved in receptor trafficking, where numerous HSP proteins are implicated. For the degradation, the
MVB has to fuse with the lysosome to form an endolysosome. However, MVBs can also fuse with autophagic compartments
for their maturation, forming an amphisome. This hybrid structure will merge with a lysosome to give an autolysosome,
where the degradation will take place, highlighting the importance of interconnections between endocytosis and autophagy.
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Autophagy involves the sequestration of cytoplasmic contents into a double-membrane vesicle called autophagosome
and their degradation by fusion of the autophagosome with lysosomes to form an autolysosome. Once the degradation is
effective, new lysosomes have to be formed using the lysosomal membrane components present in the autolysosome by the
lysosome membrane recycling. All these compartments are highly interconnected, especially the Golgi and endoplasmic
reticulum (ER), which also communicate with each other along the secretory pathway. Numerous HSP proteins, framed
on the figure, are involved in various steps of the endocytic and autophagic pathways. Their precise involvement is
summarized in Table 1. Of note, some elements of the figure are adapted from Servier Medical Art by Servier licensed under
a Creative Commons Attribution 3.0 Unported License.

2. Alteration of the Endolysosomal Pathway in HSP
2.1. Endocytosis and Endosomes’ Dynamic

Endocytosis is crucial for uptake of nutrients and cell surface receptors, and for several
other cellular processes [3]. Endocytosis is initiated with the invagination of the plasma
membrane, leading to the formation of vesicles containing cargoes. There is diversity in
the type of endocytic machinery, which classically differentiates the so-called “clathrin-
dependent” or “clathrin-independent” pathways according to the requirement for the coat
protein, clathrin [2].

One of the clathrin-independent pathways is the caveolae and caveolin1 (CAV1)
dependent pathway. CAV1 is enriched in caveolae, small invaginations of the plasma mem-
brane that have various cellular functions, particularly lipid regulation via the ganglioside
GM1 [2,14]. Of note, ganglioside dynamics are affected indirectly in SPG11 (for Spastic Para-
plegia Gene 11), a frequent autosomal recessive subtype of HSP [15], through accumulation
of GM2 species in lysosomes [16], and directly in SPG26, another HSP form, because of the
loss of function of one key enzyme of ganglioside metabolism, B4GALNT1 [17]. More inter-
estingly, the CAV1-dependent pathway is affected by mutations in the SPG8 gene, which
cause a pure form of spastic paraplegia [18]. SPG8 encodes for the strumpellin protein, also
called WASHC5, a member of the hetero-pentameric Wiskott–Aldrich syndrome protein
and SCAR homolog (WASH) complex. WASH is composed of five subunits: WASH1,
strumpellin, FAM21, KIAA1033(SWIP) and CCDC53 (Figure 2A) [19,20]. WASH activates
the Arp2/3 complex on the surface of endosomes. Arp2/3 organizes the actin network
and is required for endosome tubulation and fission [21]. WASH is involved in different
steps of the endosomal tubulation and sorting dynamics. Thus, WASH depletion can lead
to a wide variety of phenotypes, ranging from exaggerated tubulation to abolishment of
tubulation associated with endosome enlargement [22]. The SPG8 mutations do not affect
strumpellin interaction with the WASH complex or the WASH complex localization in the
cell. However, in cells depleted in strumpellin or with mutated strumpellin, endosomal
tubulation is impaired and an abnormal lysosomal morphology can be observed [23–25].
Moreover, strumpellin interacts with CAV1 and is necessary for maintenance of CAV1
abundance. Strumpellin-depleted cells have reduced levels of CAV1 due to an increase in
its degradation. Indeed, CAV1 is ubiquitinated and targeted to lysosomes for degradation,
but when protein degradation at lysosomes is inhibited, CAV1 abundance is restored
in strumpellin-depleted cells. Thus, maintenance of the CAV1 protein level depends on
strumpellin activity. The perturbation of caveola endocytosis in the case of strumpellin
deficiency is certainly a primary event of SPG8 pathogenesis [25].
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Table 1. HSP proteins involved in the endolysosomal system and autophagy. The cellular consequences mentioned here are only in the context of this review, and therefore only include
the function of the protein in the endolysosomal and autophagic pathways. All the references to the SPG numbers and their clinical involvement can be found in Hedera et al. or
Boutry et al. [11,12].

SPG Gene Protein Relevant Section in the Text Contribution in the Pathway Cellular Consequences of
Mutation/Depletion References

SPG3A ATL1 Atlastin-1 2.2 Receptor trafficking
2.3 Secretory pathway

Regulation of BMP signaling
ER-Golgi trafficking

Overactivation of BMP signaling
Impairment of ER-Golgi trafficking and Golgi

morphogenesis
[26–29]

SPG4 SPAST Spastin 2.1 Endocytosis and endosomes’ dynamic
2.2 Receptor trafficking Regulation of ESCRT-III Perturbation of endosomal tubulation

Overactivation of BMP signaling [30–34]

SPG6 NIPA1 NIPA1 2.2 Receptor trafficking Regulation of BMP signaling Overactivation of BMP signaling [28,35,36]

SPG8 KIAA0196/
WASHC5

Strumpellin/
WASHC5

2.1 Endocytosis and endosomes’ dynamic
2.2 Receptor trafficking Member of WASH complex Perturbation of clathrin-independent pathway

Impairment of endosomal tubulation [23–25]

SPG10 KIF5 KIF5A 3.2 Autophagosome—lysosome fusion Kinesin, motor protein Impairment of the axonal transport and
autophagic flux [37]

SPG11 SPG11 Spatacsin 3.3 Lysosome membrane recycling Recruitment of Dynamin
Interacts with spastizin and AP-5

Autophagy defects due to reduction of
autolysosome tubulation

Accumulation of autophagic compartments
Defective lysosomal clearance of gangliosides

[16,38–41]

SPG15 ZFYVE26 Spastizin
3.3 Lysosome membrane recycling

3.4 Crossroads between endocytic and
autophagic pathways

Interacts with spatacsin and AP-5
Interaction with Rab5A and Rab11

Autophagy defects due to reduction of
autolysosome tubulation

Accumulation of autophagic compartments
Altered maturation of autophagosomes

[38–
40,42,43]

SPG20 SPART Spartin 2.1 Endocytosis and endosomes’ dynamic
2.2 Receptor trafficking Regulation of ESCRT-III Perturbation of endosomal trafficking

Overactivation of BMP signaling [44–49]

SPG30 KIF1A KIF1A/Unc-
104 3.1 Autophagosome biogenesis Kinesin, motor protein

Impaired transport of ATG-9-positive vesicles
leading to defects in autophagosome

biogenesis
[50]

SPG39 PNPLA6 PNPLA6 2.2 Receptor trafficking Regulation of BMP signaling Overactivation of BMP signaling [51]

SPG42 SLC33A1 SLC33A1 2.2 Receptor trafficking Regulation of BMP signaling Overactivation of BMP signaling [52]

SPG47 AP4B1 AP4B1
2.3 Secretory pathway

3.1 Autophagosome biogenesis
3.3 Lysosome membrane recycling

Subunit of AP-4 complex Impairment of ATG9A’s sorting and thus
autophagosome biogenesis [53–55]
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Table 1. Cont.

SPG Gene Protein Relevant Section in the Text Contribution in the Pathway Cellular Consequences of
Mutation/Depletion References

SPG48 AP5Z1 AP5Z1
3.3 Lysosome membrane recycling

3.4 Crossroads between endocytic and
autophagic pathways

AP-5 subunit
spatacsin and spastizin interactor

Reduction of autolysosome tubulation
Impaired endolysosomal system due to

accumulation of endolysosomes
Impairment of CIMPR trafficking towards TGN

[56–59]

SPG49 TECPR2 TECPR2 3.2 Autophagosome—lysosome fusion Interactor of HOPS and ATG8 family
members

Accumulation of autophagosomes due to
impaired autophagosome—lysosome fusion [60,61]

SPG50 AP4M1 AP4M1
2.3 Secretory pathway

3.1 Autophagosome biogenesis
3.3 Lysosome membrane recycling

Subunit of AP-4 complex Impairment of ATG9A’s sorting and thus
autophagosome biogenesis [53–55]

SPG51 AP4E1 AP4E1
2.3 Secretory pathway

3.1 Autophagosome biogenesis
3.3 Lysosome membrane recycling

Subunit of AP-4 complex Impairment of ATG9A’s sorting and thus
autophagosome biogenesis [53–55]

SPG52 AP4S1 AP4S1
2.3 Secretory pathway

3.1 Autophagosome biogenesis
3.3 Lysosome membrane recycling

Subunit of AP-4 complex Impairment of ATG9A’s sorting and thus
autophagosome biogenesis [53–55]

SPG53 VPS37A VPS37A 2.1 Endocytosis and endosomes’ dynamic
3.1 Autophagosome biogenesis Subunit of ESCRT-I

Perturbation of endosomal sorting
Altered capacity to recruit ESCRT-I subunits at

the PAS leading to impaired
autophagosome closure

[62,63]

SPG58 KIF1C KIF1C 2.3 Secretory pathway Kinesin, motor protein Impairment of Golgi-ER transport [64–66]

SPG69 RAB3GAP2 Rab3GAP2 3.4 Crossroads between endocytic and
autophagic pathways Subunit of Rab3GAP complex Autophagy defects [67,68]

SPG78 ATP13A2/
PARK9 ATP13A2 3.2 Autophagosome—lysosome fusion Still unclear Autophagy defects due to accumulation of

autophagic compartments [69,70]

SPG80 UBAP1 UBAP1 2.1 Endocytosis and endosomes’ dynamic Subunit of ESCRT-I Perturbation of endosomal sorting [71,72]

\ VCP VCP
2.1 Endocytosis and endosomes’ dynamic

3.4 Crossroads between endocytic and
autophagic pathways

Interaction with strumpellin
Autophagosome maturation

Perturbation of strumpellin localization
and function

Autophagy defects
[73–76]

\ VPS53 VPS53 2.3 Secretory pathway Subunit of GARP complex Still unclear [77]
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when mutated [73–75,78,79]. VCP is a ubiquitously expressed AAA–ATPase protein with 
multiple cellular functions that include vesicular trafficking and protein degradation. Alt-
hough VCP function is still unclear, its interaction with strumpellin could be necessary 
for normal functioning of strumpellin. Mutant VCP may then alter strumpellin function 
and even sequester it, since aggregates of VCP and strumpellin have been found in mus-
cles biopsies from patients with VCP mutations [75]. Moreover, VCP-positive inclusion 
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ease, amyotrophic lateral sclerosis (ALS) and spinocerebellar ataxia type 3. Additionally, 
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of the WASH complex. The WASH complex is composed of five subunits: strumpellin (or WASHC5), SWIP, WASH1,
CCDC53 and FAM21. The WASH complex plays a critical role in endosome tubulation and fission. Mutations in the
WASHC5/strumpellin subunit (highlighted by a dashed red frame) led to a pure form of HSP, SPG8. (B) Schematic
representation of the ESCRT system from ESCRT-I to ESCRT-III. The ESCRT system plays a central role in intracellular
trafficking. Notably, the ESCRT machinery is involved in the formation of MVBs since they are implicated in the sorting of
cargoes and the formation of ILVs. ESCRT-I is a tetrameric complex composed of four subunits with two core subunits:
TSG101 and VPS28 and of two additional subunits: MVB12A/B, UBAP1, UBA1L or UMAD1 and one isoform of VPS37
(A/B/C/D). ESCRT-II is also a tetramer composed of EAP45, EAP30 and two EAP20. Finally, ESCRT-III is composed
of four main proteins, CHMP2A/B, CHMP3, CHMP4A/B/C, and CHMP6. To those proteins, can be associated at least
three ESCRT-III related proteins: CHMP1A/B, CHMP5 and IST1. On the right panel are also represented VPS4 and its
cofactor LIP5 as well as spastin and spartin which are interactors of ESCRT-III and ESCRT-III related proteins. Importantly,
VPS37A, UBAP1, spastin and spartin are mutated in HSP, corresponding to SPG53, SPG80, SPG4 and SPG20 respectively.
Of note, mutations in the gene encoding for CHMP2B can give rise to other neurodegenerative conditions: amyotrophic
lateral sclerosis (ALS), frontotemporal dementia (FTD) and ALS-FTD. In addition, mutations in one isoform of VPS4,
VPS4A, has been found in a multisystemic disease with abnormal neurodevelopment. The proteins mutated in HSP or
other neurological disorders are highlighted by dashed red or orange frames, respectively. (C) Schematic representation
of the AP-4 complex and ATG-9-positive vesicles transport. The AP-4 complex specifically localizes to the TGN where it
would allow the sorting of transmembrane proteins into cargoes and the recruitment of their transport machineries for their
delivery to their destined localization. Among those proteins can be found ATG9A in mammals that will be delivered to the
phagophore in ATG9A-positive vesicles. In the zoom box, there is a representative schematic model of AP-4 with the four
subunits composing the complex: ε4, β4, µ4 and σ4, respectively encoded by AP4E1, AP4B1, AP4M1 and AP4S1. Mutations
in these four genes lead to severe neurodevelopmental forms of HSP (SPG47, SPG50, SPG51 and SPG52, respectively). In
C. elegans, the motor protein Unc-104, the homologue of KIF1A, mutated in SPG30, would participate in the transport of
ATG-9-positive vesicles to the phagophore for the autophagosome biogenesis. Of note, some elements of the figures are
adapted from Servier Medical Art by Servier licensed under a Creative Commons Attribution 3.0 Unported License.

Interestingly, the gene encoding for the protein valosin-containing protein (VCP),
an interactor of strumpellin, can cause several neurodegenerative diseases such as amy-
otrophic lateral sclerosis (ALS), Charcot–Marie–Tooth (CMT) disease and notably HSP,
when mutated [73–75,78,79]. VCP is a ubiquitously expressed AAA–ATPase protein with
multiple cellular functions that include vesicular trafficking and protein degradation. Al-
though VCP function is still unclear, its interaction with strumpellin could be necessary for
normal functioning of strumpellin. Mutant VCP may then alter strumpellin function and
even sequester it, since aggregates of VCP and strumpellin have been found in muscles
biopsies from patients with VCP mutations [75]. Moreover, VCP-positive inclusion bodies
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have been found in several neurodegenerative diseases, such as Parkinson’s disease, amy-
otrophic lateral sclerosis (ALS) and spinocerebellar ataxia type 3. Additionally, strumpellin
has been identified in pathological protein aggregates in inclusion body myopathy with
Paget disease and frontotemporal dementia (IBMPFD), various myofibrillar myopathies
and in cortical neurons of a Huntington’s disease mouse model [75,80].

The degradation pathway starts with the formation of late endosomes from the matu-
ration of early endosomes. Cargoes that will be degraded are contained in intraluminal
vesicles (ILV). Aggregation of several ILVs leads to the formation of a late endosome also
called multivesicular body (MVB). The ubiquitination of ILVs is the key signal for their
degradation. Indeed, ubiquitinated cargoes are trafficked and delivered to MVBs and
lysosomes for degradation, whereas non-ubiquitinated ones are sorted and transported to
the TGN or recycled back to the plasma membrane. The detection of the ubiquitination,
the packaging of the cargoes into ILVs and the formation of the vesicles are mediated by
the multiprotein complexes belonging to the endosomal sorting complexes required for
transport (ESCRT) family [1,81]: ESCRT-0, -I, -II and –III (Figure 2B) [82–84]. The ESCRT
system has been shown to play a central role in intracellular trafficking.

We know that defects in the ESCRT system can cause various neurodegenerative
diseases and HSPs are no exception. For instance, mutations in two subunits of ESCRT-
I lead to HSP. ESCRT-I composition can change depending on the cellular context and
can be composed of VPS37A, UBAP1, TSG101 and VPS28 [85]. Indeed, mutation in
SPG53, encoding VPS37A, causes a complex HSP [62] and mutation in SPG80, encoding
UBAP1, causes a pure HSP [71,72]. Variation in clinical symptoms might suggest an
additional role for these proteins besides involvement in ESCRT-I, notably a function in
autophagy for VPS37A (see autophagy section), or redundancy. UBAP1 interacts directly
with ubiquitin on endosomes and thus participates in driving cargoes into the degradation
pathway. Studies on mouse hippocampal neurons have shown that mutation in Ubap1 alters
UBAP1 recruitment to endosomes and then its function in endosomal sorting [71]. Similar
results were obtained in cortical neurons derived from transgenic Ubap1 flox mice in
which disruption of UBAP1 leads to dysregulation of both early-endosome processing and
ubiquitinated protein sorting [72]. Moreover, in zebrafish, lack of UBAP1 leads to abnormal
morphology, impaired motor neuron outgrowth and therefore decreased mobility [72].
Therefore, perturbation of the detection of cargoes fated to degradation seems deleterious
for cells, and specifically for neurons, in HSP.

Unlike the other ESCRT complexes, ESCRT-III is not localized to endosomes but
exists in an autoinhibited state in the cytoplasm. This complex is made up of at least
four subunits, all members of the same protein family: “charged multivesicular body
proteins” (CHMP). Activation of ESCRT-III occurs when the ESCRT-II subunit EAP20
(VPS25) binds to CHMP6 (VPS20), initiating ESCRT-III recruitment to the endosomes
and complex formation [85]. ESCRT-III is responsible for the final sorting of cargoes and
plays a direct role in the generation of luminal vesicles. ESCRT-III filaments surround the
cargo, and its assembly induces the dissociation of the other ESCRT complexes. While
ESCRT-III assembly stabilizes the membrane neck of a growing ILV, VPS4 binding to
ESCRT-III subunits constricts the neck and facilitates its release from the membrane [86,87].
Alterations in ESCRT-III functions are known to induce neurological disorders. Indeed,
mutations in CHMP2B, a gene encoding one of the four major proteins of ESCRT-III
complex, can cause frontotemporal dementia (FTD), ALS or FTD-ALS [88–91]. In addition,
mutations in the gene encoding VPS4A are found in patients with a multisystem disease
with abnormal neurodevelopment [92].

Interestingly, the most common HSP genetic entity is due to mutations in SPG4, en-
coding spastin, which interacts with CHMP1B, a member of ESCRT-III [30]. The interaction
occurs in a region containing an N-terminal microtubule interacting and trafficking (MIT)
domain. This domain is shared with several proteins that have defined roles in membrane
trafficking, including VPS4. Spastin’s MIT domain seems to be especially important since
mutations in this domain lead to impaired endosomal tubule fission, altered endosome-to-
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Golgi Mannose-6-Phosphate Receptor (M6PR) traffic and abnormal lysosomal morphol-
ogy [31,93]. In addition, spastin interacts with IST1, an ESCRT-III-like protein, and the lack
of IST1 in cells also leads to an increase in endosomal tubulation. Moreover, abnormal
endosomal tubulation has also been observed in spinal motor axons of zebrafish depleted of
spastin or IST1. Furthermore, altering endosomal tubulation causes disturbance in receptor
sorting and trafficking, such as BMP or transferrin receptors [32,33]. These results support
the idea that spastin plays a role in intracellular transport and membrane trafficking.

Another HSP, caused by mutations in SPG20, could be associated with the ESCRT
system. The encoded protein, spartin, localizes to endosomes [44,45] and also has an MIT
domain, predicting a role in endosomal trafficking [46]. In addition, spartin interacts with
the spastin interactor, IST1. Spartin seems to be an inhibitor of IST1 activity, possibly by pre-
venting its interaction with spastin. Overexpression of IST1 in primary rat cortical neurons
induces an increase in the number of axon branches, whereas overexpression of spartin
in Spg20−/− primary neurons significantly decreases the number of axon branches [47].
However, the mechanisms underlying ESCRT-mediated effects on axon branching still
need to be deciphered. Spartin also interacts with alsin, which has an important role in
motor neuron integrity and accounts, in the case of loss of function mutations, for another
motor neuron disease, ALS, and more rarely for HSP phenotypes [94].

Once the molecules destined to be degraded have been sorted, the MVBs fuse with
lysosomes to form endolysosomes. In this compartment, the degrading enzymes formerly
present in lysosomes will therefore be able to degrade the molecules contained in MVBs,
marking this step as the end of the endolysosomal degradation pathway [95].

2.2. Receptor Trafficking Impairment

As we have seen, alteration of endosome tubulation is a recurrent pattern in HSP and
has a direct impact on the fate of cargoes. Perturbation of sorting and recycling of cargoes,
notably receptors, could be a key pathological mechanism of several HSPs. Indeed, failure
of endosomal tubule fission can cause defective sorting of various receptors. For example,
in strumpellin-depleted cells, the subcellular distribution of β-2-adrenergic receptors is
altered [24]. Furthermore, spartin interacts with endocytic trafficking protein EPS15 and
plays a role in intracellular trafficking of epidermal growth factor receptors (EGFR) [48].

More interestingly, the bone morphogenic protein (BMP) signaling pathway has
progressively emerged as a common pathogenic mechanism in at least six HSP subtypes:
SPG6 (NIPA1), SPG3A (atlastin-1), SPG4 (spastin), SPG20 (spartin), SPG39 (PNPLA6),
SPG42 (SLC33A1) [26,27,34–36,49,51,52,96]. BMP constitutes a group of phylogenetically
conserved growth factors and belongs to the transforming growth factor beta (TGFβ)
superfamily [97]. First detected in extracts of bones, the BMP signaling pathway has a
critical role in the nervous system. Initially, BMPs inhibit proliferation of neural precursors
and promote the first steps of neuronal differentiation. Furthermore, in post-mitotic cells,
they modulate neuronal subtype specification, promote dendritic and axonal growth and
induce synapse formation and stabilization [98,99].

The first link between HSP and BMP signaling was made in 2007. Indeed, loss of
spichthyin (SPICT), the Drosophila melanogaster orthologue of NIPA1, leads to upregulation
of BMP signaling. SPICT localizes with early endosomes, interacts with BMP receptors,
promotes their internalization from the plasma membrane and, finally, leads to BMP
signaling inhibition [35]. In mammalian cells, NIPA1 physically interacts with the type
II BMP receptor (BMPRII) and promotes its endocytosis and lysosomal degradation [36].
Mutations in ATL1, encoding for atlastin-1,have been found as causative in a subtype of HSP,
SPG3A, and in hereditary sensory and autonomic neuropathy (HSAN) [12,100]. This HSP
related protein strongly interacts with NIPA1 and BMPRII [28]. Even if atlastin-1 expression
is not necessary for trafficking of BMPRII, the presence of mutant forms of atlastin-1 results
in a complete absence of BMPRII from the plasma membrane and its clustering in the
cytoplasm, suggesting a dominant negative effect [27]. Moreover, knockdown of Atl1
gene (coding for atlastin-1) in zebrafish induces a loss of motility of the zebrafish larvae,



Cells 2021, 10, 1678 9 of 24

associated with impairment of branching axons. Overexpression and knockdown studies
have shown that atlastin-1 inhibits BMP signaling. Atlastin-1 co-localizes with type I BMP
receptors (BMPRI) in endosomal structures along neurites implying a role in BMP receptor
trafficking regulation [26].

The HSP proteins spastin and spartin are inhibitors of BMP signaling. How they
participate in the modulation of BMP signaling is not absolutely known, but both are
involved in endosomal tubulation, which is associated with trafficking and recycling of
receptors. A study in zebrafish depleted in spastin has shown motor circuit formation
alterations and have linked a part of these defects to BMP signaling over-activation [34].
In Drosophila, spartin is required for downregulation of the BMP receptor Wit, which
initiates a retrograde signal controlling microtubule stability and synaptic growth. In this
model, both spartin depletion and elevated BMP signaling cause progressive neurodegen-
eration [49]. Finally, an upregulation of BMP signaling has also been noted in a mouse
model of SPG42 (SLC33A1) [52] and in Pnpla6 (SPG39) knockdown in zebrafish [51]. The
links between these two proteins and BMP signaling regulation need further investigation.

In conclusion, all these studies show a strong link between receptor trafficking, partic-
ularly involved in BMP signaling regulation, and HSP. BMP signaling has a critical role
in motor circuit architecture and stability and small alterations in this pathway can cause
major effects on motor axons and finally lead to neurodegeneration more or less associated
with abnormal neurodevelopment as shown in some animal models.

2.3. Secretory Pathway

The Golgi apparatus in eukaryotic cells is composed of flattened and fenestrated
membrane disks, called cisternae. Several cisternae, between 3 and 20, are aligned in
parallel to form a stack. The Golgi stack is subdivided in three compartments: cis, medial
and trans. Two networks responsible for the main tasks of this apparatus can be identified.
The cis-Golgi network (CGN) is situated closest to the endoplasmic reticulum (ER) and is
responsible for receiving ER-derived transport vesicles and shipping ER resident proteins
back to the ER. On the contrary, the cisterna in the most trans position is continuous with a
tubular, branching and reticulating compartment termed the TGN. The TGN is involved
in the final stage of sorting, packing and delivering of most secretory proteins to their
destinations. Moreover, cargoes from the early and late endosomes are targeted to the
TGN via the retrograde route. Therefore, the TGN has conventionally been viewed as the
main cargo sorting station where proteins and lipids are sorted and targeted to various
downstream destinations [4,101].

Once the endosome-derived transport carrier reaches the proximity of the TGN, the
carrier-Golgi interaction is mediated by tethers, one of them being the Golgi-associated
retrograde proteins (GARP) complex. GARP is a heterotetrameric-tethering complex and
consists of four subunits: VPS51, VPS52, VPS53 and VPS54 [102]. Dysfunction of the
GARP complex leads to defects in both retrograde trafficking and anterograde trafficking.
Mutations in the gene encoding the VPS54 subunit, which lead to a drastic reduction
in levels of VPS54 and disturb the GARP complex assembly, result in spinal muscular
atrophy in the “wobbler” mouse that is considered as a model for ALS [103]. Recently,
mutations in two others GARP complex subunits, VPS53 and VPS51, have been associated
with a complex form of HSP and a neurodevelopmental disorder in patients, respectively,
demonstrating the importance of this complex in the pathway [77,104].

Cytosolic cargo adaptors play a fundamental role in protein sorting at the TGN. Five
adaptor proteins (APs) have been identified in eukaryotic cells, and three of them (AP-1,
AP-3 and AP-4) are involved in protein sorting at the TGN [105]. Each AP complex is
formed of four subunits. The AP-4 complex is composed of four subunits encoded by four
different genes: AP4E1, AP4B1, AP4M1 and AP4S1 (Figure 2C) [50,53–55,106]. Mutations
in the genes encoding all subunits of AP-4 lead to severe neurodevelopmental forms of
HSP (SPG47, SPG50, SPG51 and SPG52, respectively) [107–111]. In this context, mutations



Cells 2021, 10, 1678 10 of 24

of AP-4 subunits mainly lead to autophagy defects that will be detailed in the autophagy
section of this review.

Proteins destined for secretion, plasma membrane or intracellular organelles are syn-
thesized in the ER and transported along the secretory pathway through the Golgi complex
by coated vesicular carriers. These vesicles fuse with the CGN. In the opposite way, this
flow of membranes needs to be counterbalanced by a reverse membrane transport path-
way from Golgi to ER. This involves vesicles traveling along microtubules. Interestingly,
mutations in proteins involved in Golgi-ER (or ER-Golgi) traffic can lead to HSP. Indeed,
mutations in the gene encoding atlastin-1 (SPG3A), another HSP protein localized with
cis-Golgi and ER markers, affect trafficking at the ER/Golgi interface and lead to impaired
Golgi morphogenesis [29]. Similarly, mutations in a gene of the kinesin family, KIF1C, cause
a complex HSP (SPG58) [64,65]. Little is known about the precise functions of the KIF1C
protein but it is associated with the Golgi membranes and required for the retrograde
transport of Golgi vesicles to the ER [66].

Finally, the ER is a major organelle involved in numerous cellular functions and is
widespread in cells through a network of interconnected sheets and tubules. This network
allows the ER to communicate with the other organelles and contribute to their functions,
notably to obtain effective endocytic and endolysosomal pathways [112]. Among HSP
proteins, many have been directly implicated in ER dysfunctions. In particular, the most
represented ones are: atlastin-1 (SPG3A), reticulon-2 (SPG12), REEP1 (SPG31), REEP2
(SPG72) and erlin-2 (SPG18/37). Their precise involvement in those processes will not be
dealt with here since it has already been extensively described recently [11,113–115].

3. Autophagy Defects in HSP
3.1. Autophagosome Biogenesis

Upon autophagy induction, Autophagy-related (ATG) proteins are recruited to the
location of the defective material, called the phagophore assembly site (PAS), to initiate the
formation of the phagophore. The phagophore can be described as a double-membrane
saccule composed of isolation membranes budding from the ER and other sources of
membranes [7,116]. The initiation step of phagophore formation is followed by a nucleation
step and an elongation step, leading to the formation of a fully closed autophagosome
sequestering the intracellular material [117]. Many ATG proteins are implicated in the
initiation, nucleation and elongation of the phagophore. Notably, the arrival of ATG9-
containing vesicles at any of these steps promotes the input of additional membrane
material (lipids, proteins) to form the autophagosome [116].

ATG9, ATG9A in mammals, is a transmembrane protein belonging to the core ma-
chinery of autophagosome formation. When autophagy is not induced, this protein mainly
localizes to the TGN and partly to the endosomes. However, upon autophagy induction,
ATG9A is delivered to the PAS, by the intermediary of vesicles, to regulate the elongation
of the phagophore [118]. As shown above, each of the four subunits of AP-4 complex has
been involved in a complex form of HSP. The AP-4 complex is specific to the TGN, where
it would allow the sorting of transmembrane proteins into cargoes and the recruitment
of their transport machineries for their delivery to their destined localization [53,54]. In
various cellular types, the depletion of each of the AP-4 subunits leads to the mislocal-
ization of ATG9A with its retention at the TGN and its depletion in the periphery [53,54].
AP-4-dependent sorting and localization of ATG9A would be especially important in neu-
ronal cells since an impairment in basal and stress-induced autophagy has been observed
in iPSC-derived cortical neurons from SPG47 patients but not in fibroblasts derived from
patients mutated in AP-4 subunits [53]. Consistently, a reduction of the axonal autophago-
some formation with ER accumulation in axonal swellings has been observed in neurons of
the Ap4e1−/− mouse model [55]. Of note, AP-4 is not only involved in ATG9A sorting but
takes charge of other cargoes, such as the AMPA-type glutamate receptor, which has been
reported with impaired trafficking in the Ap4b1−/− mouse model. However, the fact that
the phenotype of the Ap4e1−/− mouse model is similar to the Atg9−/− mouse model, even
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if less severe, suggests an important role of ATG9A trafficking in AP-4-linked HSP [54].
This is also supported by the potential involvement of another HSP protein, KIF1A, in
ATG9A trafficking. ATG9A-positive vesicles must be transported to their sites of action
and especially to the axon terminals where ATG9A is highly localized [119]. It has been
shown that in C. elegans, Unc-104, the orthologue of the mammalian KIF1A member of
the Kinesin-3 family, is involved in the transport of ATG-9 to neurites [50]. Pathological
variants in the gene encoding for KIF1A are involved in the development of autosomal
recessive and dominant spastic paraplegia, namely SGP30 [120,121]. Of note, mutations in
this gene can also give rise to a subtype of HSAN [100]. In vertebrates, ATG9A has not yet
been identified as a cargo of KIF1A but could be an interesting candidate [122].

After its formation and elongation, the phagophore has to be closed to form the
autophagosome but this process is still relatively unknown. However, it was recently
shown that components of the ESCRT-I and ESCRT-III machineries, implicated in endosome
tubulation as seen before, are involved in autophagosome closure [63]. Among the ESCRT
proteins required, VPS37A (SPG53) would be involved in the promotion of autophagosome
closure by recruiting the ESCRT-III subunit CHMP2A and the AAA ATPase VPS4 [63].

3.2. Autophagosome–Lysosome Fusion

Once the autophagosome has formed, a maturation step takes place. To be able to
fuse, the autophagosome and lysosomes have to encounter one another in the cell despite
their generally different cellular positions [123]. Bi-directional transport of both organelles
then has to take place. Autophagosomes and lysosomes are transported by a kinesin-
dependent plus-end transport, notably the kinesin-1/KIF5 [123,124]. Three isoforms of
KIF5 exist: KIF5A, KIF5B and KIF5C [125]. The ubiquitously expressed subtype KIF5B has
been shown to be largely involved in autophagy and autophagic lysosome reformation
(ALR) [126,127]. KIF5A is a neuronal subtype of KIF5 that is involved in various allelic
diseases when a mutation occurs in its corresponding gene: a form of HSP, SPG10, as
well as ALS and CMT disease [125,128–131]. KIF5A has been mostly implicated in axonal
transport of neurofilaments, mitochondria and amyloid precursor protein [132–135]. In
addition to those roles, a recent study demonstrated that KIF5A is reduced in Neuro-2a
cells treated with a neurotoxicity-inducing drug. That deficit would lead to an impairment
of the autophagic flux due to a KIF5A-dependent axonal transport deficiency, suggesting
that KIF5A could be important in autophagy [37].

The proteins of the ATG8 family, notably composed of the LC3 (light chain 3) pro-
teins, are necessary to recruit interactors to initiate the transport, tethering and fusion of
the autophagosome with lysosomes [123,136]. Among the necessary actors can be found
the homotypic fusion and vacuole protein sorting (HOPS) tethering complex which is
composed of six subunits: VPS39, VPS11, VPS18, VPS16, VPS33 and VPS41. This com-
plex allows the Soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARE)-mediated fusion between the outer membrane of the autophagosome and the
lysosomal membrane. Notably, the syntaxin 17 (STX17) and synaptosomal-associated
protein 29 (SNAP29) autophagosomal SNAREs and the lysosomal vesicle-associated mem-
brane protein 8 (VAMP8) are involved in this process [60,116,137]. Mutations in three
subunits of the HOPS complex, VPS11, VPS16 and VPS41, have been linked to neurological
disorders. For example, patients mutated in VPS11 present with signs of hypomyelination
that can be associated with leukoencephalopathy [138–141]. Mutations in VPS11 could
also give rise to dystonia as observed in patients mutated in VPS16 and VPS41, associated
with ataxia for the latter [141–146]. Of note, mutations in SNAP29 are also involved in
neurological disorders since they can lead to the development of the cerebral dysgenesis,
neuropathy, ichthyosis, and keratoderma (CEDNIK) syndrome [147–149].

The tectonin beta-propeller repeat containing 2 (TECPR2) protein has been identified
as an interactor of the ATG8 family and of the HOPS complex [150]. Mutations in the
gene coding for TECPR2 have been identified in a form of HSP, SPG49, and have been
proposed as involved in a subtype of HSAN [12,151]. A link between SPG49 mutations
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and autophagy has been made by the observation of a defect in autophagy in SPG49
patient-derived fibroblasts [152]. Recently, it has been proposed that TECPR2 regulates
autophagosome–lysosome tethering and fusion by binding the autophagosome with its
LC3-interacting region (LIR) and its interaction with HOPS [60]. The precise molecular
function of TECPR2 in this model still has to be explored but it is consistent with the
observation of autophagosome accumulation in the brain and spinal cord of the Tecpr2−/−

mouse model, suggesting an altered delivery of autophagosomes to lysosomes [61]. Inter-
estingly, neurons of the Tecpr2−/− mouse model display age-dependent axonal spheroids
or swellings with accumulation of autophagic material [61].

Another HSP protein could be involved in this process. ATP13A2 is a lysosomal trans-
membrane P5B-type ATPase localized at acidic compartments, which is notably involved
in SPG78 and Parkinson’s disease [69,153–155]. Fibroblasts from patients carrying muta-
tions in ATP13A2 present signs of autophagic pathway defects with an accumulation of
lysosomal structures and abnormal lysosomal storage material [69]. The precise molecular
involvement of ATP13A2 in autophagy is still unclear but a recent study in mouse embry-
onic fibroblasts (MEFs) of Atp13a2−/− mouse and ATP13A2-depleted HeLa cells suggests
that it is required for autophagosome–lysosome fusion. In these cells, ATP13A2 depletion
leads to both autophagosome and lysosome accumulation, indicating an autophagy defect
that would notably lead to a defect in clearance of damaged mitochondria [70].

3.3. Lysosome Membrane Recycling

After formation of the autolysosome, the hydrolases and acidic environment provided
by the lysosome will allow the degradation of the internal membrane and of the autophago-
somal cargoes [116]. Following this fusion, the final step of the autophagic process is the
recycling of some lysosomal components to allow the formation of a new pool of lyso-
somes, either by vesiculation in conditions of basal autophagy [38,156] or by tubulation
in ALR in conditions of stress-induced autophagy [157,158]. Several HSP proteins have
been implicated at different levels in the lysosomal reformation, notably spatacsin (SPG11),
spastizin (SPG15), AP5Z1 (SPG48) and the AP-4 complex [38,56,57,159].

Spatacsin and spastizin are frequently mutated proteins in autosomal recessive forms
of HSP. Spatacsin is encoded by SPG11 and mutated in three allelic motor neuron diseases:
SPG11, ALS and CMT disease [15,79,160–162]. Spastizin is encoded by ZFYVE26 and
mutated in SPG15 [163]. At the protein level, SPG11 and SPG15 interact with each other,
might have an interdependent expression and stability [39] and both have also been shown
to stably interact with the adaptor protein complex 5 (AP-5) [164]. The molecular functions
and localizations of spatacsin and spastizin are still debated [165–168]. Among the propo-
sitions, the localization of those proteins at the late endosome/lysosomal compartments
is especially interesting and is supported by the fact that spastizin possesses a FYVE do-
main able to target proteins to intracellular membranes enriched for phosphatidylinositol
3-phosphate, such as endosomal membranes [169]. Both spatacsin and spastizin have
notably been involved in ALR since their mutations lead to a phenotype associated with
ALR defects [38]. In conditions of stress-induced autophagy, ALR starts by the formation
of tubules containing lysosomal membrane components, which are extruded from the au-
tolysosome. From those tubules will bud vesicles called proto-lysosomes after their scission,
and these proto-lysosomes will then become functional after a maturation step [157,158].
The depletion of both spatacsin and spastizin leads to a reduced tubulation in HeLa cells,
which prompted the proposition that these proteins are necessary for the initiation of the
tubulation [38]. This involvement is consistent with the global observation of an accu-
mulation of autophagosomes and/or lysosomal structures that can be accompanied by a
depletion of free lysosomes in various models, including fibroblasts from SPG11 and SPG15
patients [38,39,42], brain sections of Spg11−/− and Spg15−/− mouse models [40] and MEFs
of both Spg11−/− and Spg15−/− mouse models [40,41], even if some discrepancies can
be noted between the different reports or models, including animal models. Moreover,
spatacsin could have another role in a later step in ALR since the recruitment of dynamin
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at the lysosomal structures, involved in the proto-lysosome scission from the tubule [38], is
decreased in Spg11−/− mouse neurons [16].

At least two Spg11−/− mouse models have been established, based on two different
approaches [41,170]. An accumulation of autolysosomes in neurons of the Spg11−/−

mouse model has been reported in the former [41]. In the latter, neurons of Spg11−/−

mouse present enlarged lysosomes with an accumulation of gangliosides linked to an
impaired lysosome membrane recycling, as seen in iPSC-derived human neurons from a
cortical organoid model [16,170]. Interestingly, gangliosides accumulation has been linked
to neurodegeneration, given that increased glutamate-induced neuronal death has been
observed and that inhibition of gangliosides accumulation in lysosomes by treatment with
miglustat, an inhibitor of glucosylceramide synthase, increases the neuronal survival and
improves the motor phenotype induced by Spg11 knock-down in zebrafish [16].

In addition to their roles in starvation-induced ALR, spatacsin and spastizin could also
have a role in lysosome reformation in conditions of basal autophagy since an accumulation
of autolysosomes has also been observed under feeding conditions in spatacsin- or spastizin-
depleted cells [38]. This process seems to be especially important for neuronal cells, which
have a reduced reaction to starvation and rely more on basal autophagy [171]. Therefore,
loss-of-function mutations in SPG11 and ZFYVE26 would lead to global lysosomal renewal
defects.

3.4. Crossroads between Endocytic and Autophagic Pathways

As previously mentioned, autophagy and endocytosis are two key, deeply intercon-
nected, cellular processes. Crossroads between them can be seen at different levels of the
pathways, notably the fusion between late endosomes and autophagosomes to form hybrid
structures called amphisomes. Once formed, the amphisome can fuse with a lysosome
to lead to the formation of an autolysosome to allow the degradation of the contained
material [172] (Figure 1). It has been proposed that fusion between endosomes and au-
tophagosomes is involved in the maturation of the autophagosome and that functional
MVBs are needed for efficient autophagy [173]. A defect in this process can lead to an
autophagic defect that can be linked to neurodegenerative diseases [5]. Despite spatacsin
and spastizin interaction, an additional role for spastizin has been proposed. Indeed, spas-
tizin is involved in the maturation of the autophagosomes since its depletion leads to an
accumulation of immature autophagosomes in SPG15 patients’ cells [42]. This defect would
be due to the incapacity of the mutated spastizin to interact with Rab5A and Rab11, leading
to a more pronounced autophagy defect [42,43]. Rab5A localizes to early endosomes and
Rab11 localizes to recycling endosomes and MVBs, and both proteins are necessary for
endosome–autophagosome fusion at different levels [43,174,175].

Crossroads between endocytic and autophagic pathways involving HSP proteins have
also been reported recently. Indeed, mutations in the AP5Z1 gene, encoding for a subunit
of the AP-5 complex, have also been identified as causative in SPG48 [164]. AP-5 stably
interacts with spatacsin and spastizin and its expression is dependent on SPG11 and SPG15
gene expression but not reciprocally, therefore a participation of AP-5 in spatacsin and
spastizin cellular functions is very likely [58,166]. Although a decrease in tubule formation
from autolysosomes in MEFs of the Ap5z1−/− mouse has been observed, as in SPG11 and
SPG15 models, in conditions of starvation-induced autophagy [56,57], it has been suggested
that the main role of AP-5 is in the endolysosomal system. Indeed, an accumulation of
enlarged lysosomal structures identified as enlarged endolysosomes with abnormal storage
material has been reported in SPG48 patient-derived fibroblasts [58]. In addition, recent
investigations showed that AP-5 knockdown impairs retrograde trafficking of the cation-
independent mannose 6-phosphate receptor (CIMPR) from endosomal compartments
towards the TGN, which may indicate that AP-5 also acts on an alternative retrograde
trafficking route [59]. Interestingly, axonal swellings with clustering of organelles and
LAMP1-positive structures have been observed in neurons of the Ap5z1−/− mouse model,
suggesting its importance in neuronal cells [56].
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Additionally, the protein VCP, involved in various neurodegenerative diseases, in-
cluding HSP [73], is necessary for autophagosome maturation in basal autophagy and
proteasome-inhibition conditions [76], in addition to its role in conjunction with strumpellin
(SPG8) in endocytosis, as discussed above.

Finally, it has been suggested that Rab3GAP2, whose loss of function causes
SPG69 [13,176], is involved in autophagy at different levels: autophagosome formation
and autophagosome–autolysosome maturation [67,68]. Rab3GAP2 is the noncatalytic
subunit of the heterodimeric Rab3GAP complex, which has been proposed to regulate
Rab18 activity and autolysosome maturation. Indeed, autophagy defects are observed in a
Rab3GAP2-deficient Drosophila model [68]. In contrast, another study has also suggested
a role of Rab3GAP in autophagy but earlier in the pathway since it was shown that, in
human primary fibroblasts, depletion in Rab3GAP2 led to an impaired lipidation of ATG8
family members necessary for autophagosome formation and the autophagy pathway [67].
Rab3GAP2 cellular functions are therefore still unclear but the available data in different
models of diseases suggest that this protein could be involved in autophagy. Of note,
mutations in Rab3GAP2 have also been involved in the Martsolf syndrome and mutations
in Rab3GAP2, Rab3GAP1 and Rab18 can give rise to the Warburg micro syndrome (clinically
overlapping with the Martsolf syndrome and characterized by brain, eyes and endocrine
abnormalities), further showing a link between these three proteins [68,177,178].

4. Lessons and Perspectives

Defects in the endolysosomal system and autophagy are a common pathological mech-
anism in several diseases and especially in neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease and ALS, as strongly highlighted by nu-
merous reviews [179–185]. For example, in the case of Parkinson’s disease, the endolysoso-
mal pathway has been pinpointed as a key cellular pathway in the pathological mechanism
of the disease and mutations in the gene encoding the glucocerebrosidase, a lysosomal
enzyme, represent one of the most common genetic risk in Parkinson’s disease [183,186].

HSPs belong to motor neuron diseases which are a group of heterogeneous diseases
in which overlaps at the clinical and genetic levels can be found. These pathways are par-
ticularly involved in motor neuron diseases, since they are altered not only in HSP, but also
frequently in ALS and CMT disease, which are both motor neuron diseases [185,187,188].
For example, mutations of the genes encoding KIF5A, VCP and spatacsin are involved in
subtypes of HSP but also in ALS and CMT disease [78,79,130,131,162]. In addition, other
proteins of the pathways, not mutated in HSPs, have been founded mutated in motor
neuron diseases like CHMPB2 mutations in ALS [90,91].

The recurrence of the implication of these pathways in neurodegenerative diseases
indicates that the nervous system is particularly sensitive to the disruption of the endolyso-
somal and autophagic systems. This can be explained by three main reasons. First, neurons,
as post-mitotic cells, are not able to eject undesired material during cell division, which
means that autophagy defects in these cells have particularly high impacts. Second, these
pathways have additional specific functions in neuronal cells such as the maintenance of
the synaptic process and membrane trafficking along the axon. Finally, the unique mor-
phology of neurons exerts high demands on accurate and coordinated delivery of proteins
and lipids to their final destination [117]. This point is critical in the pathophysiology of
HSP where motor neurons are the most affected and their degeneration is responsible for
the major clinical signs.

Because of the need for accurate regulation of those processes, any perturbation can
give rise to a plethora of events. As we pointed out before, many HSP proteins impact the
global membrane and protein trafficking in the cells. However, the nature of the alterations
varies considerably. For example, they can be caused by a defect in receptor trafficking
(e.g., BMP signaling), failure to deliver cargo protein to the correct destination (AP-4),
the inability to degrade substrates by autophagy (TECPR2/SPG49), or impairment of
lysosome formation (spatacsin/SPG11 and spastizin/SPG15). In neurons, these defects
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lead to similar pathological phenotypes of particular interest, such as the axonal swellings
that have been observed in SPG4, SPG48 and SPG51 [55,56,189,190] or defects in neurite
architecture that have been seen in SPG3A, SPG4, SPG6, SPG8, SPG11, SPG20 and SPG39
for instance [26,35,49,51,191–193]. A better comprehension of the involvement of the
endocytic and autophagic pathways in the altered neuronal phenotype could help us
understand the complexity of this continuum and therefore lead to the development of
common therapeutics.

As of now, no curative treatment for any form of HSP is available on the market. A
few therapeutics are used to relieve patients, mainly targeting a reduction of the spasticity.
The mutations are often affecting not only one but multiple pathways and the interplay
between the mitochondrion compartment, the microtubule cytoskeleton, the endolysoso-
mal/autophagy pathway and the tubular endoplasmic reticulum seems critical in HSP
pathogenesis [11]. Regarding the endolysosomal and autophagy systems, attempts to
increase their efficiency have been tested in various models of neurodegeneration with
variable success, particularly acting on mTOR and TFEB levels, but these did not include
HSP [194,195]. Some drugs are currently in development for HSP forms related to these
pathways and have been tested in vitro. For example, tideglusib, an inhibitor of GSK3
activity, has been tested on brain organoids derived from cells of SPG11 patients and show a
rescue of the premature neurogenesis induced by SPG11 mutation [196]. In addition, drugs
have also been tested on animal models of HSP, notably zebrafish. Miglustat, an inhibitor
of the glucosylceramide synthase known to decrease the levels of GM2 gangliosides, has
been tested on zebrafish with a knock-down of Spg11 and allows the partial rescue of the
motor phenotype [16]. Additionally, modulation of BMP signaling is an interesting target.
Dorsomorphin, a small molecule that blocks the kinase activity of BMP receptors, has been
tested in zebrafish depleted in atlastin-1 and is able to rescue the motor phenotype [26].
However, these drugs have not yet reached clinical trials.

Thus, there is still an unmet need for therapeutics, and a clearer understanding of
endolysosomal and autophagy pathways alterations may pinpoint new therapeutic targets.
It is striking to note that in many HSPs at least one step of the endolysosomal and au-
tophagic pathways is impaired. The consequences of these alterations have been observed
in patients and models, indicating that the regulation of all the machinery involved is very
sensitive to any modification. Finding therapeutics may then be a real challenge. The
induction or inhibition of the whole or a part of the endolysosomal or autophagy systems
may not be efficacious and may even be deleterious, and therefore targeting a selective
marker would probably be more beneficial than non-specific modulation.

Finally, it still remains puzzling why various disease presentations can occur due
to mutations in the same gene, and the autophagy/endolysosomal pathways are no ex-
ception. This is the case, for example, for mutations in SPG11 accounting for diseases
affecting the first (SPG11) or second (CMT) or both upper and lower motor neurons
(ALS5). In the case of mutations in KIF1A, some phenotype–genotype correlations emerged
recently. The diversity of KIF1A mutations, their inheritance models and associated phe-
notypes, while still puzzling for most mutations, seems due to dominant negative ef-
fects, haploinsufficiency or loss of function mechanisms according to the mutation and
its location [197–199]. Understanding these mechanisms is critical for future personalized
therapeutics and therefore multi-center reports of cohorts of patients mutated in these rare
genes is still important [200].
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Abbreviations

ALR Autophagic lysosome reformation
ALS Amyotrophic lateral sclerosis
AP Adaptor protein
ATG Autophagy-related
BMP Bone morphogenic protein
BMPRI Type I BMP receptors
BMPRII Type II BMP receptors
CAV1 Caveolin1
CEDNIK Cerebral dysgenesis, neuropathy, ichthyosis, and keratoderma
CGN Cis-Golgi network
CHMP Charged multivesicular body proteins
CIMPR Cation-independent mannose 6-phosphate receptor
CMT Charcot–Marie–Tooth
EE Early endosomes
EGFR Epidermal growth factor receptors
ER Endoplasmic reticulum
ESCRT Endosomal sorting complexes required for transport
FTD Frontotemporal dementia
GARP Golgi-associated retrograde proteins
HOPS Homotypic fusion and vacuole protein sorting
HSAN Hereditary sensory and autonomic neuropathy
HSP Hereditary spastic paraplegia
IBMPFD Inclusion body myopathy with Paget disease and frontotemporal dementia
ILV Intraluminal vesicles
LC3 Light chain 3
LIR LC3-interacting region
M6PR Mannose-6-phosphate receptor
MEF Mouse embryonic fibroblast
MIT Microtubule interacting and trafficking
MVB Multivesicular body
PAS Phagophore assembly site
SNAP29 Synaptosomal-associated protein 29
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptors
SPG Spastic Paraplegia Gene
SPICT Spichthyin
STX17 Syntaxin 17
TECPR2 Tectonin beta-propeller repeat containing 2
TGFβ Transforming growth factor beta
TGN Trans-Golgi network
VAMP8 Vesicle-associated membrane protein 8
VCP Valosin-containing protein
WASH Wiskott–Aldrich syndrome protein and SCAR homolog
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123. Lőrincz, P.; Juhász, G. Autophagosome-Lysosome Fusion. J. Mol. Biol. 2020, 432, 2462–2482. [CrossRef] [PubMed]
124. Guardia, C.M.; Farías, G.G.; Jia, R.; Pu, J.; Bonifacino, J.S. BORC functions upstream of kinesins 1 and 3 to coordinate regional

movement of lysosomes along different microtubule tracks. Cell Rep. 2016, 17, 1950–1961. [CrossRef]
125. Kanai, Y.; Okada, Y.; Tanaka, Y.; Harada, A.; Terada, S.; Hirokawa, N. KIF5C, a novel neuronal kinesin enriched in motor neurons.

J. Neurosci. 2000, 20, 6374–6384. [CrossRef]
126. Cardoso, C.M.P.; Groth-Pedersen, L.; Høyer-Hansen, M.; Kirkegaard, T.; Andersen, J.S. Depletion of kinesin 5B affects lysosomal

distribution and stability and induces peri-nuclear accumulation of autophagosomes in cancer cells. PLoS ONE 2009, 4, e4424.
[CrossRef]

127. Du, W.; Su, Q.P.; Chen, Y.; Zhu, Y.; Jiang, D.; Rong, Y.; Zhang, S.; Zhang, Y.; Ren, H.; Zhang, C.; et al. Kinesin 1 drives autolysosome
tubulation. Dev. Cell 2016, 37, 326–336. [CrossRef]

128. Reid, E.; Kloos, M.; Ashley-Koch, A.; Hughes, L.; Bevan, S.; Svenson, I.K.; Graham, F.L.; Gaskell, P.C.; Dearlove, A.; Pericak-Vance,
M.A.; et al. A Kinesin Heavy Chain (KIF5A) mutation in hereditary spastic paraplegia (SPG10). Am. J. Hum. Genet. 2002, 71,
1189–1194. [CrossRef] [PubMed]

129. Crimella, C.; Baschirotto, C.; Arnoldi, A.; Tonelli, A.; Tenderini, E.; Airoldi, G.; Martinuzzi, A.; Trabacca, A.; Losito, L.;
Scarlato, M.; et al. Mutations in the motor and stalk domains of KIF5A in spastic paraplegia type 10 and in axonal charcot-marie-
tooth type 2. Clin. Genet. 2012, 82, 157–164. [CrossRef] [PubMed]

130. Nicolas, A.; Kenna, K.P.; Renton, A.E.; Ticozzi, N.; Faghri, F.; Chia, R.; Dominov, J.A.; Kenna, B.J.; Nalls, M.A.; Keagle, P.; et al.
Genome-wide analyses identify KIF5A as a novel ALS gene. Neuron 2018, 97, 1268–1283.e6. [CrossRef] [PubMed]

131. He, J.; Liu, X.; Tang, L.; Zhao, C.; He, J.; Fan, D. Whole-exome sequencing identified novel KIF5A mutations in Chinese patients
with amyotrophic lateral sclerosis and charcot-marie-tooth type 2. J. Neurol. Neurosurg. Psychiatry 2020, 91, 326–328. [CrossRef]

132. Wang, L.; Brown, A. A hereditary spastic paraplegia mutation in kinesin-1A/KIF5A disrupts neurofilament transport.
Mol. Neurodegener. 2010, 5, 52. [CrossRef] [PubMed]

http://doi.org/10.1002/ajmg.a.38561
http://www.ncbi.nlm.nih.gov/pubmed/29193663
http://doi.org/10.1016/j.ajhg.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21620353
http://doi.org/10.1371/journal.pone.0058286
http://www.ncbi.nlm.nih.gov/pubmed/23472171
http://doi.org/10.1111/ene.13085
http://doi.org/10.1186/s13023-017-0721-2
http://doi.org/10.15252/embj.201591481
http://doi.org/10.1146/annurev-neuro-062111-150400
http://doi.org/10.1016/j.bbalip.2019.158544
http://doi.org/10.1016/j.conb.2018.04.025
http://doi.org/10.1038/s41580-018-0003-4
http://doi.org/10.1111/jnc.15194
http://doi.org/10.1242/jcs.250670
http://doi.org/10.1369/jhc.2010.955690
http://doi.org/10.1038/s41431-019-0497-z
http://doi.org/10.1038/ejhg.2011.261
http://www.ncbi.nlm.nih.gov/pubmed/22258533
http://doi.org/10.3389/fncel.2019.00419
http://www.ncbi.nlm.nih.gov/pubmed/31616253
http://doi.org/10.1016/j.jmb.2019.10.028
http://www.ncbi.nlm.nih.gov/pubmed/31682838
http://doi.org/10.1016/j.celrep.2016.10.062
http://doi.org/10.1523/JNEUROSCI.20-17-06374.2000
http://doi.org/10.1371/journal.pone.0004424
http://doi.org/10.1016/j.devcel.2016.04.014
http://doi.org/10.1086/344210
http://www.ncbi.nlm.nih.gov/pubmed/12355402
http://doi.org/10.1111/j.1399-0004.2011.01717.x
http://www.ncbi.nlm.nih.gov/pubmed/21623771
http://doi.org/10.1016/j.neuron.2018.02.027
http://www.ncbi.nlm.nih.gov/pubmed/29566793
http://doi.org/10.1136/jnnp-2019-320483
http://doi.org/10.1186/1750-1326-5-52
http://www.ncbi.nlm.nih.gov/pubmed/21087519


Cells 2021, 10, 1678 22 of 24

133. Karle, K.N.; Möckel, D.; Reid, E.; Schöls, L. Axonal transport deficit in a KIF5A–/–mouse model. Neurogenetics 2012, 13, 169–179.
[CrossRef]

134. Campbell, P.D.; Shen, K.; Sapio, M.R.; Glenn, T.D.; Talbot, W.S.; Marlow, F.L. Unique function of kinesin Kif5A in localization of
mitochondria in axons. J. Neurosci. 2014, 34, 14717–14732. [CrossRef] [PubMed]

135. Kamal, A.; Stokin, G.B.; Yang, Z.; Xia, C.-H.; Goldstein, L.S.B. Axonal transport of amyloid precursor protein is mediated by
direct binding to the kinesin light chain subunit of kinesin-I. Neuron 2000, 28, 449–459. [CrossRef]

136. Jia, R.; Guardia, C.M.; Pu, J.; Chen, Y.; Bonifacino, J.S. BORC coordinates encounter and fusion of lysosomes with autophagosomes.
Autophagy 2017, 13, 1648–1663. [CrossRef]

137. Itakura, E.; Kishi-Itakura, C.; Mizushima, N. The hairpin-type tail-anchored SNARE syntaxin 17 targets to autophagosomes for
fusion with endosomes/lysosomes. Cell 2012, 151, 1256–1269. [CrossRef]

138. Edvardson, S.; Gerhard, F.; Jalas, C.; Lachmann, J.; Golan, D.; Saada, A.; Shaag, A.; Ungermann, C.; Elpeleg, O. Hypomyelination
and developmental delay associated with VPS11 mutation in ashkenazi-jewish patients. J. Med. Genet. 2015, 52, 749–753.
[CrossRef]

139. Hörtnagel, K.; Krägeloh-Mann, I.; Bornemann, A.; Döcker, M.; Biskup, S.; Mayrhofer, H.; Battke, F.; du Bois, G.; Harzer, K.
The second report of a new hypomyelinating disease due to a defect in the VPS11 gene discloses a massive lysosomal involvement.
J. Inherit. Metab. Dis. 2016, 39, 849–857. [CrossRef]

140. Zhang, J.; Lachance, V.; Schaffner, A.; Li, X.; Fedick, A.; Kaye, L.E.; Liao, J.; Rosenfeld, J.; Yachelevich, N.; Chu, M.-L.; et al.
A founder mutation in VPS11 causes an autosomal recessive leukoencephalopathy linked to autophagic defects. PLOS Genet.
2016, 12, e1005848. [CrossRef]

141. Van der Beek, J.; Jonker, C.; van der Welle, R.; Liv, N.; Klumperman, J. CORVET, CHEVI and HOPS–multisubunit tethers of the
endo-lysosomal system in health and disease. J. Cell Sci. 2019, 132. [CrossRef] [PubMed]

142. Monfrini, E.; Zech, M.; Steel, D.; Kurian, M.A.; Winkelmann, J.; Di Fonzo, A. HOPS-associated neurological disorders
(HOPSANDs): Linking endolysosomal dysfunction to the pathogenesis of dystonia. Brain 2021. [CrossRef]

143. Cai, X.; Chen, X.; Wu, S.; Liu, W.; Zhang, X.; Zhang, D.; He, S.; Wang, B.; Zhang, M.; Zhang, Y.; et al. Homozygous mutation of
VPS16 gene is responsible for an autosomal recessive adolescent-onset primary dystonia. Sci. Rep. 2016, 6, 25834. [CrossRef]

144. Sanderson, L.E.; Lanko, K.; Alsagob, M.; Almass, R.; Al-Ahmadi, N.; Najafi, M.; Al-Muhaizea, M.A.; Alzaidan, H.; AlDhalaan, H.;
Perenthaler, E.; et al. Bi-allelic variants in HOPS complex subunit VPS41 cause cerebellar ataxia and abnormal membrane
trafficking. Brain 2021, 144, 769–780. [CrossRef]

145. Steel, D.; Zech, M.; Zhao, C.; Barwick, K.E.S.; Burke, D.; Demailly, D.; Kumar, K.R.; Zorzi, G.; Nardocci, N.; Kaiyrzhanov, R.; et al.
Loss-of-function variants in HOPS complex genes VPS16 and VPS41 cause early onset dystonia associated with lysosomal
abnormalities. Ann. Neurol. 2020, 88, 867–877. [CrossRef]

146. Van der Welle, R.E.N.; Jobling, R.; Burns, C.; Sanza, P.; van der Beek, J.A.; Fasano, A.; Chen, L.; Zwartkruis, F.J.; Zwakenberg, S.;
Griffin, E.F.; et al. Neurodegenerative VPS41 variants inhibit HOPS function and MTORC1-dependent TFEB/TFE3 regulation.
EMBO Mol. Med. 2021, 13. [CrossRef] [PubMed]

147. Fuchs-Telem, D.; Stewart, H.; Rapaport, D.; Nousbeck, J.; Gat, A.; Gini, M.; Lugassy, Y.; Emmert, S.; Eckl, K.; Hennies, H.C.; et al.
CEDNIK syndrome results from loss-of-function mutations in SNAP29. Br. J. Dermatol. 2011, 164, 610–616. [CrossRef] [PubMed]

148. Sprecher, E.; Ishida-Yamamoto, A.; Mizrahi-Koren, M.; Rapaport, D.; Goldsher, D.; Indelman, M.; Topaz, O.; Chefetz, I.; Keren, H.;
O’Brien, T.J.; et al. A mutation in SNAP29, coding for a SNARE protein involved in intracellular trafficking, causes a novel
neurocutaneous syndrome characterized by cerebral dysgenesis, neuropathy, ichthyosis, and palmoplantar keratoderma. Am. J.
Hum. Genet. 2005, 77, 242–251. [CrossRef] [PubMed]

149. Poojary, S.; Shah, K.S.; Bhalala, K.B.; Hegde, A.U. CEDNIK syndrome in an indian patient with a novel mutation of the SNAP29
gene. Pediatr. Dermatol. 2019, 36, 372–376. [CrossRef] [PubMed]

150. Stadel, D.; Millarte, V.; Tillmann, K.D.; Huber, J.; Tamin-Yecheskel, B.-C.; Akutsu, M.; Demishtein, A.; Ben-Zeev, B.; Anikster, Y.;
Perez, F.; et al. TECPR2 cooperates with LC3C to regulate COPII-dependent ER export. Mol. Cell 2015, 60, 89–104. [CrossRef]

151. Heimer, G.; Oz-Levi, D.; Eyal, E.; Edvardson, S.; Nissenkorn, A.; Ruzzo, E.K.; Szeinberg, A.; Maayan, C.; Mai-Zahav, M.;
Efrati, O.; et al. TECPR2 mutations cause a new subtype of familial dysautonomia like hereditary sensory autonomic neuropathy
with intellectual disability. Eur. J. Paediatr. Neurol. 2016, 20, 69–79. [CrossRef]

152. Oz-Levi, D.; Ben-Zeev, B.; Ruzzo, E.K.; Hitomi, Y.; Gelman, A.; Pelak, K.; Anikster, Y.; Reznik-Wolf, H.; Bar-Joseph, I.;
Olender, T.; et al. Mutation in TECPR2 reveals a role for autophagy in hereditary spastic paraparesis. Am. J. Hum. Genet.
2012, 91, 1065–1072. [CrossRef]

153. Van Veen, S.; SÃ¸rensen, D.M.; Holemans, T.; Holen, H.W.; Palmgren, M.G.; Vangheluwe, P. Cellular function and pathological
role of ATP13A2 and related P-type transport ATPases in Parkinson’s disease and other neurological disorders. Front. Mol.
Neurosci. 2014, 7. [CrossRef]

154. Odake, Y.; Koh, K.; Takiyama, Y.; Ishiura, H.; Tsuji, S.; Yamada, M.; Yoshita, M. Identification of a novel mutation in ATP13A2
associated with a complicated form of hereditary spastic paraplegia. Neurol. Genet. 2020, 6. [CrossRef] [PubMed]

155. Park, J.-S.; Blair, N.F.; Sue, C.M. The role of ATP13A2 in Parkinson’s disease: Clinical phenotypes and molecular mechanisms:
ATP13A2 in Parkinson’s disease. Mov. Disord. 2015, 30, 770–779. [CrossRef] [PubMed]

156. Sridhar, S.; Patel, B.; Aphkhazava, D.; Macian, F.; Santambrogio, L.; Shields, D.; Cuervo, A.M. The Lipid Kinase PI4KIIIβ preserves
lysosomal identity. EMBO J. 2013, 32, 324–339. [CrossRef]

http://doi.org/10.1007/s10048-012-0324-y
http://doi.org/10.1523/JNEUROSCI.2770-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25355224
http://doi.org/10.1016/S0896-6273(00)00124-0
http://doi.org/10.1080/15548627.2017.1343768
http://doi.org/10.1016/j.cell.2012.11.001
http://doi.org/10.1136/jmedgenet-2015-103239
http://doi.org/10.1007/s10545-016-9961-x
http://doi.org/10.1371/journal.pgen.1005848
http://doi.org/10.1242/jcs.189134
http://www.ncbi.nlm.nih.gov/pubmed/31092635
http://doi.org/10.1093/brain/awab161
http://doi.org/10.1038/srep25834
http://doi.org/10.1093/brain/awaa459
http://doi.org/10.1002/ana.25879
http://doi.org/10.15252/emmm.202013258
http://www.ncbi.nlm.nih.gov/pubmed/33851776
http://doi.org/10.1111/j.1365-2133.2010.10133.x
http://www.ncbi.nlm.nih.gov/pubmed/21073448
http://doi.org/10.1086/432556
http://www.ncbi.nlm.nih.gov/pubmed/15968592
http://doi.org/10.1111/pde.13761
http://www.ncbi.nlm.nih.gov/pubmed/30793783
http://doi.org/10.1016/j.molcel.2015.09.010
http://doi.org/10.1016/j.ejpn.2015.10.003
http://doi.org/10.1016/j.ajhg.2012.09.015
http://doi.org/10.3389/fnmol.2014.00048
http://doi.org/10.1212/NXG.0000000000000514
http://www.ncbi.nlm.nih.gov/pubmed/33134512
http://doi.org/10.1002/mds.26243
http://www.ncbi.nlm.nih.gov/pubmed/25900096
http://doi.org/10.1038/emboj.2012.341


Cells 2021, 10, 1678 23 of 24

157. Chen, Y.; Yu, L. Autophagic lysosome reformation. Exp. Cell Res. 2013, 319, 142–146. [CrossRef] [PubMed]
158. Chen, Y.; Yu, L. Recent progress in autophagic lysosome reformation. Traffic 2017, 18, 358–361. [CrossRef] [PubMed]
159. Rong, Y.; Liu, M.; Ma, L.; Du, W.; Zhang, H.; Tian, Y.; Cao, Z.; Li, Y.; Ren, H.; Zhang, C.; et al. Clathrin and

phosphatidylinositol-4,5-bisphosphate regulate autophagic lysosome reformation. Nat. Cell Biol. 2012, 14, 924–934. [CrossRef]
160. Denora, P.S.; Smets, K.; Zolfanelli, F.; Ceuterick-de Groote, C.; Casali, C.; Deconinck, T.; Sieben, A.; Gonzales, M.; Zuchner, S.;

Darios, F.; et al. Motor Neuron degeneration in spastic paraplegia 11 mimics amyotrophic lateral sclerosis lesions. Brain 2016.
[CrossRef]

161. Orlacchio, A.; Babalini, C.; Borreca, A.; Patrono, C.; Massa, R.; Basaran, S.; Munhoz, R.P.; Rogaeva, E.A.; St George-Hyslop, P.H.;
Bernardi, G.; et al. SPATACSIN mutations cause autosomal recessive juvenile amyotrophic lateral sclerosis. Brain 2010, 133,
591–598. [CrossRef]

162. Montecchiani, C.; Pedace, L.; Lo Giudice, T.; Casella, A.; Mearini, M.; Gaudiello, F.; Pedroso, J.L.; Terracciano, C.; Caltagirone, C.;
Massa, R.; et al. ALS5/SPG11/ KIAA1840 mutations cause autosomal recessive axonal charcot–marie–tooth disease. Brain 2016,
139, 73–85. [CrossRef]

163. Hanein, S.; Martin, E.; Boukhris, A.; Byrne, P.; Goizet, C.; Hamri, A.; Benomar, A.; Lossos, A.; Denora, P.; Fernandez, J.; et al.
Identification of the SPG15 gene, encoding spastizin, as a frequent cause of complicated autosomal-recessive spastic paraplegia,
including kjellin syndrome. Am. J. Hum. Genet. 2008, 82, 992–1002. [CrossRef]

164. Słabicki, M.; Theis, M.; Krastev, D.B.; Samsonov, S.; Mundwiller, E.; Junqueira, M.; Paszkowski-Rogacz, M.; Teyra, J.;
Heninger, A.-K.; Poser, I.; et al. A genome-scale DNA repair RNAi screen identifies SPG48 as a novel gene associated with
hereditary spastic paraplegia. PLoS Biol. 2010, 8, e1000408. [CrossRef] [PubMed]

165. Murmu, R.P.; Martin, E.; Rastetter, A.; Esteves, T.; Muriel, M.-P.; El Hachimi, K.H.; Denora, P.S.; Dauphin, A.; Fernandez, J.C.;
Duyckaerts, C.; et al. Cellular distribution and subcellular localization of spatacsin and spastizin, two proteins involved in
hereditary spastic paraplegia. Mol. Cell. Neurosci. 2011, 47, 191–202. [CrossRef] [PubMed]

166. Hirst, J.; Borner, G.H.H.; Edgar, J.; Hein, M.Y.; Mann, M.; Buchholz, F.; Antrobus, R.; Robinson, M.S. Interaction between AP-5
and the hereditary spastic paraplegia proteins SPG11 and SPG15. Mol. Biol. Cell 2013, 24, 2558–2569. [CrossRef] [PubMed]

167. Pérez-Brangulí, F.; Mishra, H.K.; Prots, I.; Havlicek, S.; Kohl, Z.; Saul, D.; Rummel, C.; Dorca-Arevalo, J.; Regensburger, M.; Graef,
D.; et al. Dysfunction of spatacsin leads to axonal pathology in SPG11-linked hereditary spastic paraplegia. Hum. Mol. Genet.
2014, 23, 4859–4874. [CrossRef]

168. Pozner, T.; Regensburger, M.; Engelhorn, T.; Winkler, J.; Winner, B. Janus-faced spatacsin (SPG11): Involvement in neurodevelop-
ment and multisystem neurodegeneration. Brain 2020, 143, 2369–2379. [CrossRef] [PubMed]

169. Khundadze, M.; Kollmann, K.; Koch, N.; Biskup, C.; Nietzsche, S.; Zimmer, G.; Hennings, J.C.; Huebner, A.K.; Symmank,
J.; Jahic, A.; et al. A hereditary spastic paraplegia mouse model supports a role of ZFYVE26/SPASTIZIN for the endolysosomal
system. PLoS Genet. 2013, 9, e1003988. [CrossRef] [PubMed]

170. Branchu, J.; Boutry, M.; Sourd, L.; Depp, M.; Leone, C.; Corriger, A.; Vallucci, M.; Esteves, T.; Matusiak, R.; Dumont, M.; et al.
Loss of spatacsin function alters lysosomal lipid clearance leading to upper and lower motor neuron degeneration. Neurobiol. Dis.
2017, 102, 21–37. [CrossRef]

171. Stavoe, A.K.H.; Holzbaur, E.L.F. Autophagy in neurons. Annu. Rev. Cell Dev. Biol. 2019, 35, 477–500. [CrossRef]
172. Tooze, S.A.; Abada, A.; Elazar, Z. Endocytosis and autophagy: Exploitation or cooperation? Cold Spring Harb. Perspect. Biol.

2014, 6. [CrossRef]
173. Fader, C.M.; Colombo, M.I. Autophagy and multivesicular bodies: Two closely related partners. Cell Death Differ. 2009, 16, 70–78.

[CrossRef]
174. Ravikumar, B.; Imarisio, S.; Sarkar, S.; O’Kane, C.J.; Rubinsztein, D.C. Rab5 modulates mutant huntingtin aggregation/toxicity in

cell and fly models via macroautophagy. J. Cell Sci. 2008, 121, 1649–1660. [CrossRef]
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