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Abstract: GBA gene variants were the first genetic risk factor for Parkinson’s disease. GBA encodes
the lysosomal enzyme glucocerebrosidase (GBA), which is involved in sphingolipid metabolism.
GBA exhibits a complex physiological function that includes not only the degradation of its sub-
strate glucosylceramide but also the metabolism of other sphingolipids and additional lipids such as
cholesterol, particularly when glucocerebrosidase activity is deficient. In the context of Parkinson’s
disease associated with GBA, the loss of GBA activity has been associated with the accumulation
of a-synuclein species. In recent years, several hypotheses have proposed alternative and comple-
mentary pathological mechanisms to explain why lysosomal enzyme mutations lead to a-synuclein
accumulation and become important risk factors in Parkinson’s disease etiology. Classically, loss of
GBA activity has been linked to a dysfunctional autophagy-lysosome system and to a subsequent
decrease in autophagy-dependent a-synuclein turnover; however, several other pathological mech-
anisms underlying GBA-associated parkinsonism have been proposed. This review summarizes
and discusses the different hypotheses with a special focus on autophagy-dependent mechanisms,
as well as autophagy-independent mechanisms, where the role of other players such as sphin-
golipids, cholesterol and other GBA-related proteins make important contributions to Parkinson’s
disease pathogenesis.
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1. Introduction

Autophagy involves the lysosome-associated degradation and recycling of intracel-
lular elements, including proteins, organelles and other components. Autophagy is an
evolutionarily conserved mechanism that is essential for the maintenance of cellular home-
ostasis through the continuous turnover of the cellular proteome and the selective removal
of malfunctioning proteins and organelles [1].

In mammalian cells, three major forms of autophagy have been described: macroau-
tophagy (MA), chaperone-mediated autophagy (CMA) and microautophagy. These au-
tophagy types comprise different and coexisting pathways through which intracellular
material is delivered to lysosomes for degradation, allowing the disassembly of macro-
molecules and the recycling of their constituents [2].

Malfunctioning of the autophagy pathways and lysosomal dysfunction has been
reported in several diseases, including neurodegenerative disorders such as Parkinson’s
disease (PD) [3]. Under normal physiological conditions, active neuronal autophagy
controls the turnover of organelles and proteins and prevents the conversion of neurotoxic
proteins associated with neurodegenerative diseases, such as x-synuclein, from their native
conformations to fibrillary aggregates.
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Several studies have shown that the genetic or pharmacological blockage of autophagy
leads to the accumulation of aggregates and is sufficient to cause neurodegeneration [4-8].
In this context, the functional decline of autophagy during aging [2] has been proposed to
be a primary risk factor for neurodegenerative diseases.

Hence, impaired autophagy caused by genetic mutations, environmental factors or
aging leads to a reduction in the ability to remove damaged organelles and pathogenic
proteins, contributing to the formation of the protein aggregates observed in affected
regions of the central nervous system (CNS) in different neurodegenerative diseases, such
as Alzheimer’s disease, PD, Huntington’s disease and amyotrophic lateral sclerosis [9,10].

In this review, we focus on autophagy-lysosome system dysfunction caused by muta-
tions in the GBA gene, the main genetic risk factor associated with PD. In summary, we
summarize the GBA-dependent mechanisms that can promote alterations in the autophagy—
lysosome system and contribute to PD pathogenesis.

2. Parkinson’s Disease and GBA
2.1. Parkinson’s Disease and the Lysosomal System

PD is the second most common neurodegenerative disease after Alzheimer’s disease,
affecting 2-3% of individuals over 65 years of age. PD is clinically characterized by motor
symptoms such as restful tremor, rigidity, bradykinesia and postural instability as well as
by nonmotor symptoms including neuropsychiatric alterations, autonomic dysfunction,
sleep disorders and hyposmia [11,12]. The disease is characterized by the selective and
progressive loss of dopaminergic neurons, mainly in the substantia nigra pars compacta
(SNpc), and in other regions, such as the locus coeruleus (LC) [13], and by intraneuronal
inclusions called Lewy bodies (LB) [14]. A LB is a complicated complex formed mostly
by aggregated proteins, with «-synuclein as the best-characterized protein and main LB
marker [15]. Notably, LBs also include nonproteinaceous materials such as lipids and
membranous organelles [16].

Because a-synuclein can self-assemble, oligomerize and form fibrils, a-synuclein
levels and conformations are considered to play central roles in PD pathogenesis [17]. The
progressive accumulation of x-synuclein neurotoxic species (i.e., oligomers, protofibrils
and fibrils) in the SNpc characterize PD as a synucleinopathy, a disease category that
includes other neurodegenerative disorders such as dementia with Lewy bodies (DLB), in
which o-synuclein aggregates accumulate mostly in the frontal cortex, and multiple system
atrophy (MSA), in which they accumulate in oligodendrocytes, forming glial cytoplasmic
inclusions [18].

The multifactorial etiology of PD involves different factors; however, among them,
aging remains the major risk factor for developing PD, in addition to environmental
factors and genetic predisposition. Recent advances in genetic research have significantly
improved our understanding of PD. In fact, several genes have been associated with both
autosomal dominant and recessive forms of PD [19,20], and several risk genes for sporadic
PD have been identified by genome-wide association studies [21-24].

With relevance to this review, a meaningful number of PD-associated genes, including
GBA, LRRK2, ATP13A2, TMEM175, VPS35, ATP6P2, RAB7L1, VPS13C, DNALC13, DNAJCE,
PINK1, PRKN, UCHL-1 and CTSD are involved in the autophagy-lysosome—endosomal
system [25]. This association highlights the relevant involvement of these pathways in PD
pathogenesis. Among all these genes, GBA is currently considered the most important
genetic risk factor for PD [26] because 5-30% of PD patients (depending on the ethnicity of
the population) present with GBA mutations, and GBA mutations are much more frequent
than mutations of other genes typically associated with familial PD, such as SNCA or
LRKK2 [27-29].

2.2. Parkinson’s Disease Associated with GBA

Biallelic mutations in the GBA gene cause autosomal recessive Gaucher’s disease (GD),
the most common lysosomal storage disorder (LSD). GD is characterized by a decrease in
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glucocerebrosidase (GCase) activity and the subsequent accumulation of its sphingolipid
substrate glucosylceramide (GlcCer) and, at even higher abundance, the deacetylated
derivative of GlcCer, glucosylsphingosine (GlcSph). These sphingolipids accumulate in
several organs, mostly the bone marrow, liver and spleen, but also in the CNS in patients
presenting with the neuropathic forms of GD [30].

Homozygous and heterozygous GBA mutations confer an important and increasing
risk of developing PD; that is, heterozygous carriers present a cumulative risk of developing
PD of approximately 5% at age 60 years, which increased to 15-30% at age 80 years [31-33].

GBA mutations are present in 5-30% of PD patients according to the ancestry of the
population [34]. The neuropathological markers of PD associated with GBA mutations
(PD-GBA) are the same as those associated with idiopathic Parkinson’s disease (iPD); also
presenting dopaminergic cell loss and LB pathology. Moreover, PD-GBA patients show an
earlier age of onset than iPD patients with more rapid progression, increased involvement
of cognitive functions and more-severe motor and nonmotor symptoms and autonomic
dysfunction [35-39].

According to recent studies with large cohorts, the risk of developing PD and the sever-
ity of the clinical features of these patients (age at onset, motor phenotype, neuropsychiatric
symptoms, cognitive dysfunction, mortality, etc.) may be associated with the severity of
GBA mutation. Therefore, although more than 300 GBA gene variants have been described,
these variants can be stratified as risk variants (e.g., p.E326K and p.T369M), mild risk
variants (e.g., p. N370S and p. R496H) and severe risk variants (e.g., p.L444P, p.D409H,
p-V394L and RecTL) [33,40,41].

In addition to PD, increased risk associated with GBA variants has been analyzed
in other synucleinopathies. GBA mutations have been positively associated with DLB
and Parkinson’s disease dementia (PDD), but to confirm the association between GBA
mutations and MSA, further investigation is needed [42—46].

3. The GBA Gene Encodes the -Glucocerebrosidase Enzyme

The GBA gene, located on chromosome 1q21, comprises 10 introns and 11 exons. The
GBA gene carries two distinct promoters that are differentially activated depending on
the cell type. Of special interest in this review, the P2 promoter has been shown to harbor
CLEAR domains, which are recognized by the master regulator of lysosomal biogenesis,
the transcriptional factor EB (TFEB) [47]. Interestingly, the GBA gene carries a pseudogene
(GBAP) adjacent to it. GBAP shows 96% homology with GBA, but lacks translational
capacity, although its mRNA has been proposed to be a competing endogenous RNA
(ceRNA) that functions as an microRNA sponge, leading to a higher GBA gene translation
rate [48,49].

The GBA gene encodes (3-glucocerebrosidase (GCase), i.e., the GBA protein, a lysoso-
mal enzyme whose main catalytic function is the hydrolysis of GlcCer into ceramide and
glucose. The enzymatic function of this enzyme is pH dependent, with an optimal pH of
5.5, corresponding to the lysosomal pH [50]. The GBA protein comprises three structural
domains: domain I (residues 1-27 and 383-414), consisting of an antiparallel 3-sheet with
two disulfide bridges, whose function is thought to be structural; domain II (residues
30-75 and 431-497), which is an immunoglobulin-like structure, usually considered to
be an interaction domain; and domain III (residues 76-381 and 416-430), which is the
catalytic domain with a TIM barrel structure [51]. The structural features of GBA have been
reviewed extensively in [52].

As a lysosomal protein, GBA is synthetized within the ER, and after its translation,
GBA is recognized by its specific transporter LIMP-2 [53,54]. Both GBA and LIMP-2
are transported to their final destination: a lysosome [55] (Figure 1). The stability and
trafficking of the GBA-LIMP-2 complex is a pH-dependent process; that is, the interaction
between GBA and LIMP-2 is favored at a neutral pH but disfavored at an acidic pH, and
therefore, GBA-LIMP-2 binding is stable during trafficking through the ER and Golgi, but
the complex dissociates upon entry into the acidic environment of the lysosomal lumen [56].
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Studies performed to characterize the GBA-LIMP-2 complex have demonstrated that a
lack of interaction with LIMP-2 leads to the almost total abrogation of GBA activity and
mislocalization to the ER or extracellular milieu [54,57,58].
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Figure 1. Consequences of GBA deficiency in the autophagy-lysosome system: GBA is synthesized
in the ER, recognized by its specific transporter LIMP-2, and both are transported to the lysosome
where the GBA-LIMP-2 complex dissociates and GBA interacts with its coactivator saposin C. GBA
hydrolyzes GlcCer to ceramide and glucose. Under physiological conditions, CMA is the major
proteolytic pathway to degrade soluble synuclein (left). GBA mutations (right) activate different
pathogenic mechanisms that contribute to cell death; mutant GBA is partially retained in the ER,
generating ER stress. Loss of lysosomal GBA activity leads to accumulation of GlcCer and triggers
the abnormal increase of other lipids such as GlcSph, cholesterol and gangliosides inside and outside
the lysosome. In the lysosome, these changes in lipid metabolism can induce CMA blockade, increase
synuclein accumulation, promote synuclein-membrane interaction, increase lysosomal pH and lead
to lysosomal dysfunction. As a consequence, autophagy degradation is also impaired since lysosomes
are the terminal compartment where all autophagy pathways deliver intracellular components to
be degraded.

Once at a lysosome, GBA interacts with its coactivator saposin C (Sap C). The GBA-
Sap C complex is critical for GlcCer hydrolysis. The binding of Sap C to GBA seems to
decrease the pH from that of optimal GBA activity (pH 5.5) to a more acidic one at pH 4.
Furthermore, it has been demonstrated that the complex is markedly more active in the
presence of negatively charged membranes [59-62]. Related to PD, studies have shown that
the GBA N370S mutant exhibits diminished capacity to bind Sap C and negatively charged
membranes, suggesting a reason for the decreased catalytic activity of the mutant [63].

4. Lipid Metabolism Alterations Associated with GBA Deficiency
4.1. Sphingolipid Alterations

Metabolically, GBA is the enzyme critical for the last step in the catabolism of most
glycosphingolipids, including gangliosides and globosides. Complex glycosphingolipids
are modified by sugars via the actions of multiple enzymes to ultimately generate GlcCer.
Then, GlcCer is cleaved by GBA to generate free ceramide (Figure 2). As previously
mentioned, in GD, the loss of enzymatic activity causes the profound accumulation of
GlcCer, predominantly in macrophages called Gaucher cells [64]. However, lipid alterations
in GD are not limited to excessive GlcCer accumulation; they also affect different points
in sphingolipid and glycosphingolipid metabolic pathways [65-67]. Indeed, under lipid-
altering conditions, accumulated GlcCer is naturally deacetylated to generate GlcSph
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(Figure 2), also known as lyso-Gb1, which is used in clinical practice because it is the
most sensitive and specific biomarker for the diagnosis and monitoring of patients with
GD [68-70].
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Figure 2. GBA-related lipid metabolism. (3-D-Glucosylceramide (GlcCer) is cleaved by glucocere-
brosidase enzyme (GCase or GBA, encoded by GBA1 gene) to generate free ceramide (Cer) (A reaction
in red). In a healthy condition, there is a fast hydrolysis of GlcCer into Cer, which is then converted
to sphingosine (Sph) by acid ceramidase enzyme (aCDase, encoded by ASAHI1 gene) (reaction in
black). In absence of GBA /GCase activity, GlcCer cannot be converted into Cer and its conversion
to B-D- Glucosylsphingosine (GlcSph) by aCDase is favored The direct conversion of GlcSph into
Sph is still under debate (reaction in dotted black). GBA /GCase secondary enzymatic activity in the
transglycosidation reaction between GlcCer and cholesterol (Chol), producing Cer and glucosylated
cholesterol (GlcChol) (B reaction in red). This reaction has been shown to act in both directions, the
inverse reaction being more physiologically relevant.

In a PD-GBA background, where GBA mutations appear during heterozygosis and
where its enzymatic activity is partially maintained, lipid accumulation is not as clear as it
is in homozygous mutants. Nonetheless, although several studies failed to find significant
changes in sphingolipid levels, other studies reported alterations in the levels of specific
lipids, such as GlcCer, GlcSph, sphingosine (Sph) and sphingosine-1-phosphate (S1P), or
complex glycosphingolipids, such as the gangliosides GM1 and GM3, in patient-derived
samples, including serum, cerebrospinal fluid (CSF) and postmortem brain tissue. For a
detailed summary, please see the extensive review in [71]. In addition to alterations due to
GBA mutations, the aging process in healthy subjects produces a marked decrease in GBA
activity and lipid accumulation. These alterations are more pronounced in the SNpc and
the putamen, areas in the brain related to PD [72].

Although the literature on glycosphingolipid accumulation or ceramide metabolism
alterations in the context of PD-GBA has been inconclusive, several considerations are
needed when making conclusions on the basis of these experimental data. First, the
extent of lipid accumulation differs by cell type; for example, in a postmortem analysis of
homogenate samples from the whole brain, the lipidomic results of the total tissue can mask
an alteration in a specific cell type, such as a neuron. Second, the abnormal accumulation
of these lipids in cells can be exacerbated in particular subcellular compartments, such
as lysosomes, as shown in an in vitro PD-GBA neuronal model, where the pronounced
accumulation of glycosphingolipids was detected in the lysosomal compartment, while
analysis of whole-cell lipids showed small or negligible accumulation of these lipids [73]

Regarding the relationship of glycosphingolipids with autophagy, some studies have
pointed to GlcSph but not GlcCer as a toxic byproduct of GBA dysfunction that alters,
among other pathways, autophagic signaling pathways [74]. Under physiological condi-
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tions, GlcSph is not detected in cells since GlcCer is cleaved into glucose and ceramide by
GBA under basal conditions. The ceramide generated is thus deacylated by acid ceramidase,
producing Sph and fatty acids. However, under GBA-deficient conditions, where ceramide
cannot be generated from GlcCer, the substrate for acid ceramidase becomes GlcCer, and
thus, GlcSph, a toxic byproduct, is generated [75-77] (Figure 2). The accumulation of GlcCer
and GlcSph has been directly related to many deleterious mechanisms in cells, and several
of these mechanisms affect the autophagy-lysosome system. For example, increased levels
of such lipids are related to altered lysosomal pH [78,79], altered membrane trafficking [80],
CMA dysfunction [73] and also the hyperactivation of mTORC]1, the master regulator of
autophagy, leading to an MA inhibition [74] (Figure 1).

Supporting this hypothesis, the pharmacological reduction of these sphingolipid levels
by the inhibition of upstream enzymes in the metabolic pathway of GlcCer formation or the
enzyme producing toxic GlcSph can partially correct these multiple defects [64,74,81,82].

4.2. GBA and Lysosomal Cholesterol Metabolism

Lysosomes are not merely degradative and recycling organelles; they also have an
important role in cell metabolism as nutrient-sensing and metabolic signal transduction
hubs [83]. These functions are coordinated by mTORCI1 on the lysosomal surface [84,85]. In
response to different metabolic signals, such as nutrient, ATP or cholesterol levels, mnTORC1
can trigger the activation/inhibition of several cellular pathways, including autophagy
pathways [86,87].

In this context, lysosomes play an important role in cholesterol metabolism [88] and
GBA deficiency can affect lysosomal cholesterol metabolism, as evidenced in different cell
and animal models where high levels of lysosomal cholesterol have been described under
GBA-deficient conditions [63,73,89].

In addition to the well-characterized activity of the GBA protein in the catabolism of
glucosylceramide, GBA shows other types of enzymatic activity, such as in the transgly-
cosidation reaction between GlcCer and cholesterol, producing ceramide and glucosylated
cholesterol (GlcChol) [90-92]. Notably, this reaction can work both ways, showing that
GBA is also able to degrade GlcChol to generate free cholesterol and glucose (Figure 2).
In fact, cellular studies on GlcChol synthesis have shown that the inhibition of GBA was
accompanied by an increase in GlcChol level, while the inhibition of GBA2 (nonlysosomal
glucocerebrosidase located in the ER) led to a reduction in GlcChol level [91]. These results
suggest that under physiological conditions, GlcChol is generated by GBA2, while GBA
may also hydrolyze GlcChol to generate free cholesterol.

Moreover, not only GBA deficiency can affect lysosomal cholesterol, but other GBA-
related proteins are also involved in cholesterol metabolism. In addition to its function
as a GBA transporter, LIMP-2 has been shown to be a cholesterol transporter. LIMP-2
shares high homology with SR-BI, a protein related to cholesterol export from low-density
lipoproteins (LDLs), and this activity has also been reported for LIMP-2 [93-95]. This
cholesterol export function seems to be coupled to NPC1, the key lysosomal cholesterol
exporter. Indeed, NPC1 seems to be related to GBA and LIMP-2, as NPC1 dysfunction
negatively affected GBA enzymatic activity and LIMP-2 function, demonstrating reciprocity
between these systems [96] Additionally, alterations in cholesterol transport found under
NPC1-deficient conditions were accompanied by glycosphingolipid and Sph accumulation
inside lysosomes, disrupting endosomal trafficking and increasing lysosomal pH, similar
to the effects of GBA deficiency [89].

Dysregulated levels of lysosomal cholesterol can affect autophagy machinery at sev-
eral steps. In the lysosomal context, the mechanistic regulation of mTORC1 activity via
changes in lysosomal cholesterol levels has been established. SLC38A9 is a lysosomal trans-
membrane protein and a component of the lysosomal amino acid sensing machinery that
controls the activation of the mTORC1 controlling the uncoupling of the Ragulator complex
from v-ATPase at the lysosomal surface [97]. In the presence of cholesterol, SLC38A9 allows
the disassembling of the Ragulator complex from v-ATPase and the consequent activation
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of mTORCT1 resulting in the inhibition of MA initiation. In contrast, in the absence of
cholesterol, Ragulator is sequestered by v-ATPase through SLC38A9, impeding mTORC1
activation and promoting autophagic induction [87]. In this context, NPC1 exporting choles-
terol from the lysosome plays a role as an inhibitor of mTORC1 that leads to autophagy
activation [97]. Analogously, CMA can also be modulated by abnormal levels of lysosomal
cholesterol that favor the degradation of LAMP-2A proteins at the lysosomal membrane
and diminish CMA activity [73,98,99].

5. a-Synuclein Metabolism
5.1. a-Synuclein Protein

a-Synuclein is an unstructured 140 amino acid protein comprising three domains.
The N-terminal domain (residues 1-60) carries a multiply repeated consensus sequence
(KTKEGYV) and shows the propensity to form an alpha-helix. The central domain (residues
61-95), called the non-amyloid- component (NAC), is highly hydrophobic and critical
for the 3-sheet conformation of aggregated «-synuclein. The C-terminal domain (residues
96-140) is enriched in negatively charged residues and is involved in protein recognition
and interaction [100]. a-Synuclein has been classically described as a totally unstructured
protein in solution. Nonetheless, this intrinsically unstructured structure is lost upon
interaction with lipidic membranes [101].

5.2. a-Synuclein Interaction with Lipid Membranes

a-Synuclein binding to lipid bilayers is highly dependent on the lipid composition of
the membranes. «-Synuclein can sense the net charge of a head group, binding strongly to
negatively charged membranes [102]. In the PD context, multiple studies have shown that
a-synuclein shows a marked preference for lipid microdomains [103-105]; this preference
is guided by two interaction domains in «-synuclein. The first of these domains is located
in the N-terminus of the protein. A glycosphingolipid binding domain (GBD) comprises
residues 3445 of the protein. This GBD recognition sequence shows affinity for various
gangliosides, but it has a strong affinity for the GM3 lipid. In the presence of GM3,
a-synuclein shows the capacity to enter the lipid bilayer through the integration of T39 [106]
Insertion of a-synuclein in the lipid bilayer produces «-synuclein channels that act as ion
channels. In this context, the x-synuclein E46K mutant, with relevance in PD, exhibits
enhanced affinity for GM3. This increased affinity modifies «-synuclein channel selectivity
for cations possibly explaining, in part, its toxicity [107]. The second domain is a cholesterol
recognition region in the NAC domain. This region is particularly interesting, as cholesterol
binding is possible only at a 45° angle with respect to the membrane, which makes this site
of interaction similar to a membrane fusion domain [108].

Although the nature of a-synuclein binding to lipid membranes remains to be fully
elucidated, the proposed functions of x-synuclein include membrane fusion, membrane
shape remodeling and lipid extraction from membranes via a mechanism resembling that
of apolipoproteins [103,106,107,109]. In relation to its preferential binding affinity for lipid
rafts, a-synuclein has been shown to act as a cholesterol-lowering agent. «-synuclein
overexpression either in astrocytic or neuronal cells promotes a decrease in total cholesterol
levels [110,111].

Other authors pointed to the interaction between x-synuclein and the membrane
as a toxicity-inducing mechanism, with the binding sites acting as seeding points for
a-synuclein oligomerization and fibrillation, leading to toxicity and ultimately to cellular
dysfunction. In this regard, membrane lipid composition seems to modulate «-synuclein
aggregation [112-115]. In a GBA-PD context, GlcCer and GlcSph seem to induce a-synuclein
aggregation both in vitro and in vivo [81,116,117] (Figure 1).

5.3. Direct GBA—a-Synuclein Interaction

Multiple studies have suggested a direct interaction between GBA and o-synuclein in
a lysosomal context. In the first such study, performed in 2011, NMR experiments revealed
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that the C-terminal region of a-synuclein interacted with GBA at pH 5.5 but not at pH 7
when incubated in solution. Additionally, GBA coprecipitated with «-synuclein in healthy
brain samples but this interaction was reduced under mutant GBA conditions despite that
higher a-synuclein levels were present under these conditions [118]. Subsequent studies
confirmed these data in the presence of negatively charged vesicles demonstrating that
a-synuclein favored the interaction of GBA to membranes. Studies have shown that in the
absence of GBA, x-synuclein was located at membranes in the form of a double antiparallel
alpha-helix. Binding to GBA maintains the first alpha helix at the membrane, but the second
helix extrudes from the membrane during x-synuclein interaction with GBA, leaving only
residues 1-37 in contact with the membrane [119,120].

Studies analyzing GBA activity upon its interaction with «-synuclein (in the presence
of negatively charged vesicles) seemed to indicate that the GBA catalytic pocket is oriented
to the membrane, suggesting capacity to interact with its substrates. Nonetheless, in these
studies, a-synuclein seemed to inhibit GBA activity. Sap C addition relieved this inhibition
by displacing the «-synuclein [121,122]. Although a-synuclein seems to act as a GBA
inhibitor in this context, the physiological role of the x-synuclein-GBA interaction remains
to be elucidated.

Finally, GBA can affect x-synuclein metabolism through the modulation of the autophagy—
lysosome pathway. The following sections summarize our understanding of the major
consequences of GBA deficiency on autophagy pathways and «-synuclein turnover.

6. GBA Deficiency and Macroautophagy Dysfunction
6.1. Macroautophagy in Parkinson’s Disease

MA is the mechanism by which cytoplasmic material is sequestered within double-
membraned vesicles named autophagosomes and delivered to lysosomes for degradation.
Complex machinery regulates the initiation of MA, autophagosome formation and elonga-
tion, cargo recognition and trafficking and fusion with lysosomes [123]. The intracellular
material degraded by MA can comprise large portions of the cytoplasm during “bulk” MA
but can also be selective, where specific cellular components are targeted for lysosomal
degradation. According to the selective cargo recognized and eliminated by MA, different
forms of MA have been described: mitophagy, aggrephagy, ER-phagy, ferritinophagy, gly-
cophagy, lipophagy, pexophagy, ribophagy, RN/DNautophagy, xenophagy, etc. [124,125].

As previously mentioned, genetic studies have identified several genes associated
with Mendelian and sporadic forms of PD as well as PD risk variants; among these genes,
numerous genes, such as Parkin, PINK1 and LRRK?2, have been linked to MA pathways [3,25].

6.2. Macroautophagy in Parkinson’s Disease Associated with GBA

Although GBA is not directly involved in the MA machinery, in recent years, several
works have claimed that the loss of GBA activity is linked to MA dysfunction. One of the
main hypotheses suggests that the accumulation of «-synuclein in conjunction with GBA
deficiency is related to the deregulation of MA, which impairs the degradation of the high-
molecular-weight species of a-synuclein and thus promotes its accumulation. The literature
on the effect of GBA deficiencies on the development of MA defects is very diverse; in
addition, the studies are performed using several different types of biosamples and cellular
or patient-derived biosamples and as a result, most of the outcomes are inconclusive. In
this review, we analyze and summarize the controversial results on the basis of the sample
and strategy used to analyze the effect of GCase loss (Table 1).
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Table 1. Macroautophagy alteration in vitro and in vivo GBA models.

Model Sample MA markers Interpretation Reference
. H-SY5Y cell =LC3-II N
CBE In vitro s cirt?c alc fl ei?:r?smt =Syn No alterations in MA nor CMA [126]
g 1 LC3-II, p62, Syn defect in the “autolysosome
SH-SY5Y cells J mTORC1 reformation machinery” [127]
In vivo 1 LC3-II, p62 (SNpc) )
Mouse T proteinase-K resistant Impaired MA flux [128]
agg-Syn
. GCase depletion causes a
shRNA In vitro Human neuroglioma (H4) 4 LC3-11 and LAMPs decline in lysosomal [129]
+shRNA GBA proteolysis that affects syn
homeostasis
L LC3I Autophagy pathway is
SK-N-SH and rat cortical | autophagic flux ) sex_/e.re.ly comp_romisgd [130]
neuron T -5 inhibiting MA induction
yn ~ via-mTORC1
SH-SY5Y cells 4 LC3-11, p62 Impairment of the lysosomal [127]
. Mixed cultures of cortical L LC3-1I, Atg5-12 .
KO In vitro neurons and astrocytes 1 p62, Autop?agy pathway g’ [131]
from GBA-/- mice + o-Syn aggregated severely compromise
HEK293 GBA-KO 1 MA markers (LAMP-2, Attributed to the accumulation [81]
LC3B, p62, Rab?7) of toxic GlcSph
. T LC3-II Altered lysosomes and
Immortalized neurons hyperactivated mTORC1 autophagy, decrease [82]
BE(2)M17 GBA-KO cells = L?’F'lg;( p62 MA is affected very lightly (73]
In vivo Drosophila blzclf((eig—ll\z, E%ZUX Failure ir(ti ;/SIfAu rz:?t(;lolgsosomal [132]
Mutant GBA In vitro Flbrobgzﬁzrll’tlg—GBA —LC31 Lysosonﬁ/e[llAdifé?ei?:r(:: but no [133]
Fibroblasts from GD and 1 LC3-II Impaired autophagic flux [134]
GBA-PD patients MA flux blockade paired autophagic tu -
Fibroblasts from PD-GBA 1 LC3-I1, p62, &x-Syn Defect in the “autolysosome [127]
patients 1 mTORC1 reformation machinery”
Fibroblasts from N370/WT 1 LC3-II, p62 Autophagy impairment [89]
) patier_lt small effect on MA flux cholesterol accumulation
Fi;b]g_)glg?;spl;gr?gd impaired autophagic flux Impaired Ia)l]l)t_ogﬁgglc fluxin [135]
MA induction probably as a
PBMCs from PD patients T LC3—}I)IrértréIi{rll\)IA and compensatory mechanism of [136]
CMA impairment
J Mitophagy . .
SH-SY5Y + GBAL444P  MA flux is working but in M‘f{ﬂg;g}lig;’gfor;z;’;;“d [137]
L444P is lower.
Neural crest stem cell J} CatD: GBA1 mutations lead to a
derived dopaminergic =CatB lower level of cathepsin D [138]
neurons =LAMP-1 protein and activity
MA flux is slighted affected,
BE(2)M17 GBA-N370S and = LC3-1II, p62 MA induction activated to (73]
L444P cells J Flux compensate lysosomal :
dysfunction.
SH-SY5Y +
GBA-WT/N370S, L444P, . .
D409H and mouse T MA flux MA is OK ang overdact;lvate.d to [139]
primary neurons + compensate CMA dysfunction.
WT/N370S GBA
iPSC-DA T p62 Lysosomal dysfunction [140]
iPSC-DA from GBA-PD .
patients (N370S/WT and T LFC13—H Autophagic and lysosomal [141]
L444P/WT) J Flux defects.
. LC3-1I
iPSC-DA from T .
R J Flux Lysosomal dysfunction [142]
neuronopathic GD | TFEB expression .
iPSC-DA N370S 1 LC3-I1, beclin 1, p62 Autophagic/lysosomal [143]
perturbations.
In vivo No differences in lysosomal
Mouse D409V knock-in =LC3, p62, I.“AMP_z an.d MA markers ?X(;ePt. fqr [144]
J Beclin beclin (impairment in initiation
) of autophagosome).
4 basal LC3-I, p62 1mpla1red baszlildauto%higy and
GBA L444P knockinmice ~ Other markers: mTOR, YA Flux boakeed [137]
beclin. mitophagy impairment
Mouse D409V knock-in =LAMP-2 No changes in [145]
autophagy-lysosomal system
Mouse D409V (+ — LAMP-2 No changes in [146]

ATP13A2)

autophagy-lysosomal system
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6.2.1. GBA Inhibition by Conduritol-3-Epoxide (CBE)

CBE is a covalent inhibitor of GBA and has been used as a strategy to mimic GBA
deficiencies. Studies in vitro using this CBE in differentiated SH-SY5Y cells and rat cortical
neurons showed that the LC3-II and a-synuclein levels remain unchanged after CBE
inhibition with no alterations in MA or CMA [126]. Nonetheless, later studies using the
same cell model showed an increase in LC3-II and p62 levels and accumulation of «-
synuclein with a reduction in mTORC1 activity, suggesting a defect in the autolysosome
reformation machinery, according to authors [127]. In vivo studies inducing the chronic
inhibition of GBA in mice revealed increased LC3-II and p62 levels in the SN with increased
proteinase-K-resistant «-synuclein aggregates [128] suggesting that the inhibition of GCase
activity impaired MA flux and led to the accumulation of MA markers (Table 1).

6.2.2. Inhibition of GBA Expression

Another strategy that has been used to assess GBA deficiencies is the use of short
interfering RNA (shRNA) to induce abrogate GBA expression. Different studies have used
short interfering RNA against GBA (siRNA-GBA) in vitro with opposite results but the
same interpretation suggests a blockage of the MA flux.

Some works using human neuroblastoma or neuroglioma cell lines showed that
knocking down GBA expression led to increases in p62 and LC3-II levels, which were
attributed to MA blockage [127,129]. In contrast, other works concluded that MA was
inhibited; they showed a reduction in the LC3-II level and in the autophagic flux in SK-
N-SH cells and rat cortical neurons treated with shRNA-GBA. According to the authors,
the decrease in ceramide due to the loss of GCase activity inactivated PP2A, an indirect
inhibitor of the MA-induction inhibitor mTORC1 [130] (Table 1).

6.2.3. GBA-Knockout Models

GBA-KO models have been used to determine the effects of GCase loss in MA. Notably,
the results and interpretations of different studies were inconsistent.

In vitro studies with cortical neurons from mouse GBA™~ mice showed decreased
levels of total LC3 and ATG5/12 (MA-initiating proteins) and accumulation of p62 and
aggregated a-synuclein, suggesting impaired MA [131]. In contrast, other in vitro models
based on GBA-KO cells showed no significant changes in LC3-II levels in mouse embryonic
fibroblasts or BE(2)M17 GBA-KO cells [73]. Other works showed a clear increase in MA
markers in the absence of the GBA protein [81], which was attributed to the accumulation
of toxic GlcSph. These observations implicate lipid substrates in MA defects in GBA-KO
cells, which had also been observed in GBA-KO immortalized neurons. In the latter study;,
cells showed increased LC3-II and hyperactivated mTORCI levels.

Substrate reduction therapy (SRT) targeting and inhibiting glucosylceramide synthase
(GCS) reduced the levels of GlcCer and GlcSph. The SRT therapy is currently and success-
fully used in patients with GD to avoid the accumulation of GBA substrates [147,148] and
when used in vitro, authors observed partial restoration of LC3-II levels and reduction in
mTORCT1 hyperactivation [82].

In vivo, GBA-KO flies showed increases in LC3-II and p62 levels, which were inter-
preted to be MA failure and lysosomal dysfunction. Treatment with rapamycin ameliorated
the GBA-KO phenotype [132] (Table 1).

6.2.4. Mutant GBA Models

In contrast with the experimental pharmacological or genetic inhibition of GBA, several
studies aimed to analyze the role played by GBA in PD based on cell and animal models
carrying clinically relevant GBA mutations.

These in vitro models were composed of patient-derived cells such as fibroblasts and
peripheral blood mononuclear cells (PBMCs), different immortalized cell lines carrying
mutant GBA and induced pluripotent stem cells (iPSCs) or neuronal-derived cells.
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Fibroblasts derived from PD patients carrying GBA mutations (analyzed in parallel
with GD patients and/or idiopathic PD patients) have been broadly used to investigate the
effect of GCase activity on lysosomal/autophagic function [89,127,134,135,149]. However,
since the genetic program of fibroblasts differs markedly from the genetic program of
dopaminergic neurons, analyses with fibroblasts present important limitations to analyze
several neuronal features. According to the authors of a study, fibroblasts from neu-
ronopathic GD with a homozygous L444P mutation presented blocked MA flux. This MA
blockade seemed to be linked to late stage MA, as the expression of ATG5/12 (MA-initiating
proteins) was increased, suggesting that autophagy initiation was not blocked [134]. An-
other study using N370/WT fibroblasts from a GBA-PD patient revealed increased levels of
LC3-II but failed to show blocked autophagic flux. This study also showed altered lysoso-
mal function including higher levels of cholesterol inside the lysosomes and accumulation
of multilamellar bodies (MLB) [89].

Studies on peripheral PBMCs from sporadic PD patients showed an increase in the
LC3-II mRNA and protein levels, which was related to an increase in MA, probably because
of a compensatory mechanism [136]. In line with previously established models, different
in vitro immortalized neuronal cells, namely SH-SY5Y and BE(2)M17 cells, carrying GBA
mutations showed diverse effects on MA and lysosomal function but both works showed
an attempt by the cell to activate MA to compensate for CMA impairment [73,139].

Finally, neurons derived from iPSCs of GD patients or GBA-PD patients have also
been shown to be excellent tools for the study of MA defects in cell culture. In 2014, a
study with neurons derived from iPSCs of GBA-PD patients (N370S/WT and L444P/WT
cells) showed a consistent increase in lysosomal content and basal LC3-1I levels [141]. MA
blockade was confirmed by a reduction in macroautophagic flux in these cells, an effect that
was reversed by treatment with recombinant GBA. In 2015, using neurons derived from
iPSCs of neuronopathic GD patients, a similar increase in LC3-II and decrease in autophagic
flux were observed [142]. Furthermore, and related to lysosomal dysfunction, a decrease
in TFEB expression was identified, with a subsequent decrease in lysosomal biogenesis.
These results showing lysosomal function, including an LC3-II increase and autophagic
flux decrease, seemed to be consistent, as later studies with this type of cell model showed
the same effect. However, these alterations may be related to other cellular events, such
as ER stress induced by misfolded proteins stacked in the ER or with the hyperactivation
of the mTORC1 pathway [142,150] Furthermore, the presence of enlarged lysosomes and
autolysosome structures observed via transition electron microscopy seemed to confirm
macroautophagy blockade in the latter step of autolysosome degradation [143,151]. These
alterations in the mTORC1 pathway seemed to be related to the accumulation of the
toxicity-inducing substrate GlcSph, as the defects were ameliorated by acid ceramidase
inhibition (which is the enzyme critical for GlcSph generation upon GlcCer accumulation
inside lysosomes). Exogenous GlcSph addition to the cell culture led to phenocopied MA
alterations in these cells [74].

In vivo studies using mouse models carrying mutant GBA were focused mostly
on the analysis of synuclein levels and lipid alterations. Few studies analyzed MA
markers [137,144-146]; with the GBA-D409V knock in mouse, most works failed to de-
tect abnormal MA [144-146]. Only in the GBA-L444P model, authors detected an alteration
in the MA flux, mitophagy impairment and lysosomal dysfunction [137] (Table 1).

The variability in findings from MA studies based on different models and strategies
might reflect some previously established known problems with monitoring MA activity
with in vitro and in vivo models [152]. Most studies revealed an alteration in MA, but
the interpretation was sometimes made on the basis of data that were contradictory; for
example, in some cases, elevated basal levels of LC3-1I/p62 were attributed to MA blockage,
and in other cases, MA blockade was attributed to decreased basal LC3-II levels, which
corresponded to a lower number of autophagosomes.

Works based on depletion of GBA activity, such as studies using CBE, siRNA or GBA
KO, seem to reveal a stronger effect on the MA pathway (see (Table 1); however, total loss
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of GCase activity did not recapitulate the PD-GBA context, in which most patients carry a
heterozygous mutation and thus, maintain partial GBA activity. In this PD context with
mutant GBA, the formation of autophagosomes and the autophagosome-lysosome fusion
was apparently largely preserved.

In many of these studies, a more in-depth analysis of MA was performed via au-
tophagic flux assays. As with the aforementioned work, despite a general interpretation
claiming impairment to MA flux, in almost all studies, autophagosomes had clearly formed
and later fused with lysosomes, indicating that MA was active but possibly showed lower
effectiveness. Certainly, complementary assays such as autophagic cargo flux assays [153]
or long-term proteolysis assays [154] can provide supplementary information to analyze
the MA function in the presence of GBA mutations or GCase activity loss.

6.2.5. Other Pathways Related to Macroautophagy Dysfunction in PD-GBA

Another characteristic of PD-GBA is altered mitochondrial function. Alterations in
the respiratory capacity, ATP production and fusion/fission mechanism of mitochondria
seem to be consistent in the context of GBA deficiency [82,131,134,137,155-158]. This mito-
chondrial dysfunction has been suggested to be a consequence of mitophagy impairment
since autophagy-lysosome function has been shown to be dysregulated in GBA-related
models. Whether the mitochondrial dysfunction observed in PD-GBA models and patient-
derived tissues was caused directly by mitophagy impairment or by another mechanism,
however, remains to be elucidated. To date, few works have directly detected impairment
to mitophagy flux in cell models [134] or in postmortem brain tissue from PD patients
carrying heterozygous GBA mutations [137]. Notably, several works have shown consis-
tent mitochondrial dysfunction but not clear MA failure, suggesting that non-mitophagy
mechanisms must be involved in the generation of mitochondrial dysfunction caused by
GBA mutations.

Another interesting research topic emerging from studies on GBA-related MA im-
pairment involves the deregulation of the exocytosis mechanism. Increasing evidence has
pointed towards a key role for the cell-to-cell transmission of x-synuclein in promoting
PD pathology in the brain, and importantly, in the PD-GBA context, GCase deficiency has
been shown to increase the propagation of x-synuclein accumulation through cell-to-cell
transmission [140,159-161]. The impairment of the autophagy-lysosome system can result
in an increase in the number of released exosomes [160,162,163], and indeed, pharmacolog-
ical inhibition of autophagic-lysosomal machinery with bafilomycin A; has been shown
to increase the level of extracellular «-synuclein and the association of x-synuclein with
extracellular vesicles (EVs) derived from neuronal cells [164]. The extracellular release of
a-synuclein has been linked to ceramide metabolism and to GBA mutant cell lines, with
MA impairment as the leading factor triggering this effect [143,159,165].

7. Chaperone-Mediated Autophagy Impairment Related to GBA Dysfunction
7.1. CMA Pathway

CMA is an autophagic mechanism by which selective long-lived cytosolic proteins
are recognized and internalized into lysosomes for recycling [166]. Only selective pro-
teins carrying specific KFERQ-like targeting undergo degradation via CMA [167]. This
degradative process is crucial for cells, since approximately 30% of cytosolic proteins in
the mammalian proteome carry a CMA-targeting motif and are candidates for selective
degradation through this pathway. Additionally, the targeting motif can be generated after
posttranslational modification, increasing the number of potential CMA substrates [168].

CMA is a multistep process that is initiated when the cytosolic hsc70 chaperone, to-
gether with other cochaperones, recognizes the KFERQ-like motif in cytosolic proteins [166].
Upon recognition, the substrate protein is transported to the lysosome, where Hsc70 inter-
acts with monomeric LAMP-2A, one of three isoforms of the LAMP-2 gene. The interaction
drives the multimerization of LAMP-2A to form the CMA translocation complex and facili-
tates the translocation of the substrate across the lysosomal membrane, which is facilitated
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by lysosomal hsc70. Once in the lysosome, the targeted protein is degraded by lysosomal
proteases [169].

CMA activity depends on the translocation complex, and accordingly, LAMP-2A
is the rate-limiting factor in this selective pathway. Therefore, changes in the rates and
dynamics of LAMP-2A at the lysosomal membrane modulate CMA activity. LAMP-2A
levels at the lysosomal membrane are regulated mostly via its degradation, which is tightly
regulated and involves sequential cleavage by cathepsin A and a membrane-associated
metalloprotease that only takes place when LAMP-2A is present inside lipid microdomains.
In contrast, outside lipid microdomains, LAMP-2A interacts with the substrate—chaperone
complex and assembles the translocation complex to complete the degradation of the
substrate [99,170].

Alterations in lipid levels and lysosomal membrane composition can affect the num-
ber of lipid microdomains, the level and stability of LAMP-2A and ultimately CMA
activity [73,98,99].

7.2. CMA in Parkinson’s Disease: CMA-Dependent Degradation of a-Synuclein

PD has been linked to altered CMA machinery in multiple studies. Specifically, a
reduction in the CMA-related proteins LAMP-2A and hsc70 has been observed in post-
mortem SN samples of PD brains, in contrast to the levels in healthy brains [171,172].
Decreased LAMP-2 gene expression has been found in peripheral leukocytes from sporadic
PD patients, and in these samples, LC3 gene and protein level expression was increased,
consistent with impaired CMA and upregulated MA [136].

LAMP-2A gene expression and protein levels have also been found to be decreased in
other PD brain samples. In this study, the decrease was selective, as indicated because the
levels of the other isoforms, LAMP-2B and LAMP-2C, were not affected and because the
change was accompanied by a decrease in the level of the chaperone hsc70 and an increase
in the level of a-synuclein, revealing CMA impairment associated with PD [172].

Additional studies in which PD-derived samples, such as lymphomonocytes and
PBMCs, were analyzed, showed changes in CMA-associated gene expression and
proteins [173-175].

To explain the connection between PD and CMA, different studies have shown that a
decrease in a-synuclein turnover mediated by CMA might be a mechanism underlying the
accumulation of «-synuclein in PD.

In 2004, x-synuclein was described as a CMA substrate [176]. Wild-type ax-synuclein
carrying the KFERQ-like motif can be recognized by hsc70 and can bind LAMP-2A at the
lysosomal membrane, leading to a-synuclein degradation via CMA machinery (Figure 1).
However, although the pathogenic a-synuclein A30P and A53T mutants as well as post-
translationally modified a-synuclein bound to LAMP-2A, they were not translocated
into the lysosome for degradation. Additionally, although both mutant «-synuclein and
dopamine-modified x-synuclein species were able to bind LAMP-2A at the translocation
complex, these x-synuclein species are not able to be translocated into the lysosomes and
remain stacked, blocking CMA machinery and avoiding the degradation of other CMA
substrates [176,177]. Overall, a decrease in the degradation of these «x-synuclein species
favored an increase in x-synuclein forms in the cytosol and promoted the formation of
oligomeric protofibrillary intermediates, which usually form insoluble x-synuclein fibrils.
Consistent with these findings, different studies have confirmed a key role for CMA in
a-synuclein turnover in cell and animal models [178-181].

Confirming the link between CMA activity and «-synuclein turnover, the activation
of CMA has been shown to be a new strategy to promote the rescue of normal levels of
a-synuclein. LAMP-2A overexpression protected against a-synuclein-induced toxicity
in different in vitro and in vivo models, including dopaminergic cells, primary cortical
neurons and nigral dopaminergic neurons in the rat brain [73,179,182].
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7.3. CMA in Parkinson’s Disease Associated with GBA

Recently, a link between the loss of GBA function and CMA activity has been proposed
to explain the increase in a-synuclein levels associated with the loss of GBA activity.

Initially, some authors proposed that GBA loss of function can affect lysosomal func-
tion and that this lysosomal impairment can affect CMA activity, leading to a decrease in
a-synuclein turnover; however, the molecular mechanisms underlying this link was not
shown [89,127]. Recently, other works have proposed new mechanisms to explain the link
between GBA mutations, CMA activity and a-synuclein accumulation in the context of
PD associated with GBA. In vitro dopaminergic cell lines expressing mutant or with GBA
knocked out showed extensive lysosomal dysfunction that favored the enrichment of sphin-
golipids and cholesterol organized as lipid microdomains in the lysosomal membrane [73].
Under these conditions, monomeric LAMP-2A was recruited to the lipid-enriched mi-
crodomains, where it underwent degradation by cathepsin A [99], preventing the assembly
of the CMA-translocation complex and abrogating CMA activity. As previously shown
in other models, this inhibition of CMA activity promoted the abnormal accumulation
of a-synuclein and is among the alternative and convergent pathways that contribute to
altering x-synuclein turnover and metabolism [73] (Figure 1).

As a complementary hypothesis compatible with the aforementioned hypothesis, other
authors have described a new mechanism of CMA inhibition based on the gain-of-function
of a mutant GBA protein [139]. In this model, the GBA protein is retrotranslocated from
the ER to the cytosol and then degraded via CMA. However, mutant GBA, in contrast to
wild-type GBA, binds to CMA machinery but is not translocated into the lysosome, thereby
blocking CMA machinery; this mechanism is analogous to other previously observed
mechanisms with mutant x-synuclein, mutant LRRK2 and UCHL-1 [176,183,184].

8. Conclusions

In conclusion, several mechanisms initiated by mutations in the GBA enzyme can
promote a-synuclein accumulation and aggregation. The direct role of abnormal levels
of sphingolipids and cholesterol can directly favor an increase of x-synuclein neurotoxic
species. In addition, lysosomal dysfunction clearly contributes to a decrease in the efficacy
of lysosomal degradation during the final phase of the autophagy pathways. In addition,
MA and CMA pathways can also be directly affected by a gain-of-function mutant GBA
that induces toxicity and by alterations in lysosomal lipids. Therefore, the lysosomal-
dependent degradation of a-synuclein is compromised, and a-synuclein accumulation
over the pathogenic threshold is favored.

However, the link between GBA and PD is not limited to a-synuclein metabolism.
Numerous pathological processes, in addition to «-synuclein levels, conformation or
localization, underlie PD-GBA etiology. Wide-ranging lysosomal dysfunction not only
affects all autophagic pathways and cellular proteostasis but also exerts an important impact
in other systems where lysosomal function plays a key role, such as the endosomal and
exocytic pathways. Finally, many other lysosome-independent mechanisms, not evaluated
in detail in this review, such as ER stress caused by mutant GBA, mitochondrial dysfunction,
oxidative stress, dysregulated calcium metabolism and many other converging cellular
mechanisms, all contribute to the pathogenesis of PD and can be influenced and amplified
by GBA mutations.
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