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Abstract

The finding that mutations in the Gaucher’s Disease (GD) gene GBAI are a strong risk factor for
Parkinson’s Disease (PD) has allowed for unique insights into pathophysiology centered on
disruption of the autophagic-lysosomal pathway. Protein aggregations in the form of Lewy bodies
and the effects of canonical PD mutations that converge on the lysosomal degradation system
suggest that neurodegeneration in PD is mediated by dysregulation of protein homeostasis. The
well-characterized clinical and pathological relationship between PD and the lysosomal storage
disorder GD emphasizes the importance of dysregulated protein metabolism in neurodegeneration,
and one intriguing piece of this relationship is a shared phenotype of autophagic-lysosomal
dysfunction in both diseases. Translational application of these findings may be accelerated by the
use of midbrain dopamine neuronal models derived from induced pluripotent stem cells (iPSCs)
that recapitulate several pathological features of GD and PD. In this review, we discuss evidence
linking autophagic dysfunction to the pathophysiology of GD and GBAI-linked parkinsonism and
focus more specifically on studies performed recently in iPSC-derived neurons.

Gaucher’s Disease: Clinical Description and Pathophysiology

GD is an autosomal recessive lysosomal storage disorder and is caused by mutations in
GBA1, a gene encoding the lysosomal hydrolase p-glucocerebrosidase (GCase) (Sidransky,
2012). GCase hydrolyzes glucosylceramide (GluCer) to ceramide and glucose, and its
deficiency causes GluCer to accumulate within lysosomes (Beutler, 1992; Murray and Jin,
1995; Willemsen et al., 1988). Peripheral accumulation of GluCer chronically activates
inflammatory pathways as GluCer cannot be digested by mutant macrophages, ultimately
leading to variable symptoms of hematopoietic imbalance such as hepatosplenomegaly,
pancytopenia, and bone abnormalities (Dandana et al., 2016; Pandey et al., 2017). These
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features reflect the classical presentation of GD, but variants have been further classified
according to disease severity, age-at-onset, and involvement of the nervous system. Adult-
onset non-neuronopathic GD is the most common presentation and is classified as Type I.
Types Il and 11 are characterized by severe early childhood neurodegeneration and later
onset ataxia with myoclonic seizures, respectively (Westbroek et al., 2011). GluCer
accumulates in affected tissues in each type of GD, but cellular and environmental factors
affecting phenotypic variation are not yet fully understood. While specific mutations do not
predict many phenotypic features, they have been correlated broadly with GD classification.
For example, the most common mutation, N370S, has been associated with Type | GD,
while the severely destabilizing L444P mutation is strongly associated with development of
Types Il and I11. This association could be due to the severity of each mutation related to
protein destabilizing effects or catalytic deficiency, where more damaging variants are
associated with early pediatric onset and severe neurodegeneration (Sidransky, 2012). While
there are over 300 distinct GBA. mutations known, they all result in loss of enzymatic
function and protein through either premature stop codons or premature degradation through
cellular quality control mechanisms (Grabowski, 2008).

Lysosomal proteins including GCase are synthesized in the endoplasmic reticulum (ER). For
proper folding to occur, the nascent peptide must be modified by N-glycosylation which aids
in the recognition by molecular chaperones including heat shock protein (Hsp) homologues,
ER lectins such as calnexin, and thiol oxidoreductases (Bendikov-Bar and Horowitz, 2012).
If the protein is not correctly folded, it is re-glycosylated to be folded by chaperones again,
and mutated GCase is misfolded and retained in the ER by these quality control
mechanisms. Following repeated cycles of glycosylation and attempted folding by
chaperones, the protein is exported from the ER and finally degraded by the ubiquitin-
proteasome pathway rather than maturing to lysosomes (Ron, 2005). In the most severe
GCase mutations, such as L444P, this results in near-complete depletion of lysosomal
GCase, resulting in lysosomal GluCer accumulation.

Given that ER processing and enzymatic activity of GCase play an essential role in the
pathogenesis of GD, the factors necessary for its maturation and optimal activity have been
the subject of many studies. Previous studies have shown that an ER localized Hsp40 co-
chaperone, ERd]3, interacts with GCase to enhance its degradation (Tan et al., 2014).
Reducing the interaction between ERdj3 and GCase increased lysosomal GCase activity by
promoting proper folding and trafficking through the calnexin pathway, but these effects
were notably observed only in the case of mutated GCase. Similarly, Hsp90 has been found
to preferentially recognize and bind mutant GCase, enhancing its degradation when Hsp90 is
deacetylated but allowing stabilization of the nascent peptide and increased GCase activity
when acetylated (Yang et al., 2013). Degradation is mediated through recruitment of Hsp27
to the Hsp90 complex, targeting mutant forms to the VVCP/26S proteasome pathway (Yang et
al., 2015). GCase trafficking beyond the ER is similarly relevant to GD pathogenesis. While
GCase is synthesized in the ER like other lysosomal enzymes, its transport from the ER to
lysosomes is uniquely mediated by lysosomal integral membrane protein type-2 (LIMP-2)
rather than the mannose-6-phosphate receptors that are responsible for the trafficking of
nearly all other lysosomal hydrolases (Blanz et al., 2015; Reczek et al., 2007; Rothaug et al.,
2014). GCase and LIMP-2 bind in a complex mediated by interactions between hydrophobic
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helical domains of both proteins in the neutral pH of the ER, and this complex is trafficked
to the Golgi and endosomes before dissociating in the acidic environment of the lysosome
(Reczek et al., 2007; Zunke et al., 2016). The activity of distinct phosphatidylinositol 4-
kinases (P14Ks) is required for these trafficking steps to occur, as deficiency in Pl4Klla
prevents exit from the Golgi and deficiency in P14KIIIp produces accumulation in
endosomes (Jovic et al., 2012). Other factors such as the GCase-LIMP-2 co-chaperone
progranulin have also been connected with abnormal GCase maturation in GD (Jian et al.,
2016).

In addition to proper targeting to the lysosomal compartment, co-factors and post-
translational modifications influence catalytic activity of GCase. For instance, GCase
requires specific patterns of glycosylation to form a catalytically active site (Grace and
Grabowski, 1990). GCase is N-glycosylated at 4 of 5 available asparagine residues, and
mutation at the first residue, asparagine N19, prevents catalytic activity (Berg-Fussman et
al., 1993). Moreover, optimal GCase activity within lysosomes requires the presence of
negatively charged lipids such as phosphatidylserine and acidic pH, likely because these
conditions promote the proper conformation needed for hydrolysis (Basu et al., 1986; Qi and
Grabowski, 1998). A protein cofactor, saposin C (sap C), is also required for GCase
hydrolysis of GluCer both /in vitroand in vivo, most clearly illustrated by the finding that
mutations in sap C are associated with a rare form of GD (Blanz and Saftig, 2016; Tamargo
etal., 2012). Sap C localizes with both GCase and lipid membranes, and it remains unclear
whether this cofactor increases GCase activity directly by forming a complex with the
enzyme or indirectly by promoting GCase association with GluCer secondary to changes in
the phospholipid bilayer (Blanz and Saftig, 2016). The overall effect of sap C and the
lysosomal environment is thus to promote association of GCase with GluCer in catalytically
active conformations. In summary, physiologic GCase maturation and activity requires the
concerted action of folding machinery, trafficking proteins, and cofactors. Disruption of any
of these individual steps may contribute to the pathology and severity of GD.

Since GCase mutations lead to loss-of-function, current therapies have been focused on
restoring enzyme in lysosomes and thereby reducing substrate storage. Unfortunately,
currently approved therapies are only effective for treating visceral GD symptoms because
they largely fail to cross the blood brain barrier (Bennett and Mohan, 2013). There are two
broad approaches to treatment: 1) enzyme replacement therapy (ERT), which uses
recombinant GCase such as imiglucerase and velaglucerase alfa to increase catalytic activity,
and 2) substrate reduction therapy (SRT), which uses inhibitors of glucosylceramide
synthase such as miglustat and eliglustat to reduce production of GluCer (Shemesh et al.,
2015). Current goals of treatment are thus focused on reducing visceral symptoms,
maintaining quality of life, and preventing irreversible organ damage (Pastores et al., 2004).
However, given the growing understanding of ER stress and trafficking dysregulation in GD
pathogenesis, recent preclinical work has led to the development of small-molecule
chaperones and other substrate reducing agents capable of crossing the blood-brain barrier
which may be promising candidates as future neuronopathic GD therapies, discussed in the
therapeutics section below.
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The Relationship between Gaucher’s Disease, GBA1-linked Parkinsonism,
and idiopathic Parkinson’s Disease

PD is the second most common age-related neurodegenerative disorder, and is classically
associated with symptoms of bradykinesia, postural instability, tremor, and rigidity due to
the progressive neurodegeneration of midbrain dopaminergic (DA) neurons (Li et al., 2015).
While many details of PD pathophysiology remain unclear, its hallmark pathology is the
accumulation of intracellular aggregates called Lewy bodies, composed largely of the
presynaptic protein alpha-synuclein (a-syn) (Spillantini et al., 1997). A-syn is normally a
soluble protein, but converts into insoluble amyloid fibrils in PD and other synucleinopathies
through potentially neurotoxic intermediate oligomeric species (Forman et al., 2004). The
majority of PD is idiopathic although rare familial forms of the disease have been described
and represent about 10% of cases. The study of familial PD has provided critical clues into
the disease etiology and has implicated multiple cellular pathways that converge on vesicular
trafficking, protein clearance, and mitochondrial functions. In addition to the presence of
Lewy bodies, strong evidence linking a-syn accumulation to disease etiology is derived from
rare familial forms of PD caused by mutations in the SNCA gene that encodes a-syn
(Hernandez et al., 2016). Nearly all of the SNCA mutations linked to familial PD increase
the dose, stability, or aggregation of a-syn and are autosomal dominant, suggesting that a-
syn accumulation causes PD through a toxic gain of function. In addition to familial PD,
genetic studies have revealed several risk factors for idiopathic PD (iPD). Remarkably, the
majority of variants associated with iPD appear to converge on protein homeostasis
pathways, and in particular, the autophagic-lysosomal system (Chang et al., 2017; Robak et
al., 2017). While the contribution of several of these variants to PD pathogenesis has yet to
be determined, disruptions in the lysosomal system are expected to result in a-syn
accumulation since lysosomes are important for the degradation of physiological a-syn
(Cuervo et al., 2004). It is likely that predisposing genetic variants interact with each other,
or environmental factors, to influence iPD onset and severity.

The connection between GD and PD was first suggested by the observations of a significant
proportion of GD patients experiencing parkinsonian symptoms and a high incidence of PD
in heterozygous carriers of GBAI mutations (Halperin et al., 2006; Neudorfer et al., 1996;
Tayebi et al., 2001). Since that time, multiple genetic studies have demonstrated a strong
association between mutations in GBAZ1 and an increased risk for PD with aging, and
mutations at this locus are now understood to be one of the most common genetic risk
factors for developing disease (Clark et al., 2007; Goker-Alpan et al., 2006; Goker-Alpan et
al., 2004; Sidransky et al., 2009). GBAI mutations are commonly analyzed on genetic
screenings, and patients with PD and GBA1 polymorphisms can be subcategorized as having
“GBAL-linked parkinsonism” (GBA1-PD). GBA1-PD produces neurodegeneration in a
pattern similar to iPD, but has been associated with an earlier age of onset and an increased
incidence of neuropsychiatric symptoms (Migdalska-Richards and Schapira, 2016). Studies
of human brain pathology have corroborated and extended this connection. Lewy bodies
identical to those observed in iPD have been documented in patients with neuronopathic GD
(Wong et al., 2004), suggesting that a-syn aggregation is involved in neurotoxicity of GD.
Studies of iPD brain have shown that GCase expression and activity are both decreased in
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the substantia nigra (SNc), and reduced GCase is associated with inclusion-bearing regions
compared with unaffected brain regions (Alcalay et al., 2015; Gegg et al., 2012; Murphy et
al., 2014; Murphy and Halliday, 2014). Together, this demonstrates the similarity of PD and
neuronopathic GD at a pathological level, evidenced through the presence of a-syn
inclusions as well as reduced GCase activity in synucleinopathy patients expressing wild-
type GCase.

While the mechanisms of GBAI-induced neurotoxicity are not completely understood, two
main hypotheses have been advanced that are related to either toxic gain of function induced
by GBAI mutant expression, or loss-of-function leading to lysosomal dysfunction and
substrate accumulation. The toxic gain of function hypothesis suggests that misfolded
mutant GCase aberrantly interacts and interferes with cellular pathways involved in protein
homeostasis, such as quality control machinery in the endoplasmic reticulum (ER). This
may result in chronic ER stress which, in combination with other factors such as oxidation
and aging, could lead to widespread cellular dysfunction and cell death. A recent study using
GBAL1-PD patient-derived iPS neurons showed that accumulation of mutated GCase in the
ER is associated with markers of ER stress (Fernandes et al., 2016). Mutant GCase may also
aberrantly interact with a-syn to influence aggregate formation, since GCase has been
detected within Lewy bodies of PD brain (Goker-Alpan et al., 2010). While these studies
suggest that mutant GCase may induce toxicity through toxic gain of function, it is difficult
to gauge the contribution of this mechanism since all of the mutant GCase variants likewise
exhibit a loss-of-catalytic function producing compromised lysosomal activity.

The loss-of-function hypothesis proposes that reduced GCase activity and GluCer substrate
accumulation leads to cell death. Our previous studies have shown that GCase depletion
reduces lysosomal proteolysis and stabilizes oligomeric intermediates of a-syn in mouse
neuronal culture models and patient-derived iPS neurons (Mazzulli et al., 2011). The effect
on a-syn oligomers was specific to GCase depletion, since non-specific lysosomal inhibition
with leupeptin increased overall a-syn without stabilizing its oligomeric form, indicating that
the lysosomal dysfunction alone was not sufficient to produce the same pathology as GCase
depletion. Levels of another aggregation-prone protein and lysosomal substrate, tau, only
mildly changed by GCase deficiency, further indicating the specificity of this effect at the
initial stages of GCase depletion. However, it is possible that prolonged GluCer
accumulation may result in secondary pathologies such as tau and amyloid-beta inclusions,
that have been observed in GD mouse models (Sardi et al., 2013; Xu et al., 2014). Using
cell-free /n vitro assays, GluCer was found to directly interact and stabilize soluble
oligomeric intermediates of a-syn preferentially under acidic conditions similar to the
lysosome (Mazzulli et al., 2011). Other studies supporting the loss-of-function view show
that targeted homozygous GBAI knockout in mice produces a-syn oligomer aggregation,
neuronopathic GD symptoms, and neurodegeneration in brain regions similar to PD (Farfel-
Becker et al., 2014; Osellame et al., 2013). Similarly, chemical inhibition of wild-type
GCase activity using the inhibitor conduritol-b-epoxide (CBE) increases a-syn accumulation
and causes neurotoxicity in SH-SY5Y, mouse primary cortical neurons, and /n vitro mouse
models (Cleeter et al., 2013; Magalhaes et al., 2016; Manning-Bog et al., 2009). Loss of
activity has also been shown to induce pathology in iPSC models (Schéndorf et al., 2014;
Woodard et al., 2014). In summary, there is evidence that both gain of function and loss of
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function mechanisms may contribute to GD neurotoxicity, and it should be noted that these
pathological mechanisms are not mutually exclusive, although one may be found to
predominate.

In addition to mutated GCase leading to loss-of-function, a-syn accumulation alone in the
context of wild-type GCase, can also reduce GCase activity. Our previous studies indicated
that a-syn overexpression decreases maturation of wild-type GCase through the early
secretory pathway, leading to a decline of activity in lysosomal enriched fractions of iPD
brain (Mazzulli et al., 2011). This effect is consistent with previous observations
demonstrating that a-syn inhibits protein trafficking between the ER and Golgi (Cooper et
al., 2006). Aggregation of a-syn potentiates this process, as dysfunction was observed
following overexpression of A53T and WT a-syn, but not an aggregation-incompetent form
of a-syn (Mazzulli et al., 2011). This suggests that GCase deficiency not only causes an
increase in a-syn oligomers, but that a-syn aggregates also inhibit the trafficking of GCase to
lysosomes, exacerbating the primary dysfunction. Subsequent studies have likewise verified
reduced GCase activity in synucleinopathy animal models and other iPS models (Mazzulli et
al., 2016a; Sardi et al., 2013).

Other studies found that a-syn did not selectively affect GCase, but also decreased the
maturation and activity of multiple lysosomal hydrolases including cathepsin B, B-
galactosidase, and hexosaminidase by inhibiting ER-Golgi trafficking in patient iPSC-
derived neurons (Mazzulli et al., 2016a). Immature (ER) forms of these enzymes were found
to accumulate while a-syn aberrantly co-localized with vesicle tethering factor GM130 at
fragmented Golgi structures, suggesting that a-syn decreases lysosomal activity by
disrupting COPII vesicle fusion early in the secretory pathway. Significantly, accumulation
of a-syn altered the staining pattern of the ER trafficking regulator Rabla, causing it to move
from its normal ER-Golgi location into a diffuse cytosolic distribution. Rabla
overexpression was sufficient to completely reverse Golgi pathology, further demonstrating
that a-syn-induced lysosomal dysfunction occurs through disrupted trafficking. Overall, this
suggests a-syn causes lysosomal hydrolase dysfunction by specifically disrupting trafficking
through Rabla and ER-Golgi pathways. a-Syn-induced trafficking and lysosomal
dysfunction may interact with other genetic variants associated with iPD, including GBA1
mutations, to amplify protein homeostasis imbalance and ultimately lead to Lewy body
pathology observed in PD brain.

The involvement of autophagic dysregulation in PD

Interplay between alpha-synuclein and autophagy

Studies have indicated that a-syn accumulation can be induced by disruptions in autophagic-
lysosomal pathways. Conditional deletion of Atg7, an essential factor in autophagosome
formation, increased pathogenic a-syn protein levels in neuronal processes in mice
(Friedman et al., 2012). In a distinct model, deletion of Atg7 specifically within midbrain
DA neurons resulted in neurodegeneration with movement abnormalities reminiscent of PD
(Savitt et al., 2012). Other studies in mice have shown that depletion of PD-linked VPS35, a
retromer component involved in intracellular trafficking, leads to a-syn accumulation and
midbrain neurodegeneration through interfering with the trafficking of LAMP-2A, the
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receptor for substrates degraded through chaperone mediated autophagy CMA (Tang et al.,
2015b). As a-syn has been shown to be degraded through CMA /n vitro (Cuervo et al.,
2004), it is possible that VPS35-induced a-syn accumulation could occur through LAMP-2A
deficiency. However, VPS35 depletion likely influences multiple trafficking steps, and a-syn
accumulation may occur through LAMP-2A independent mechanisms. Studies in the human
brain have further suggested a connection between CMA and a-syn accumulation in PD. The
levels of CMA markers are decreased in idiopathic PD brain, an effect that correlates with a-
syn accumulation (Alvarez-Erviti et al., 2010; Murphy and Halliday, 2014). These findings
suggest that the autophagic-lysosomal system plays an important role in the degradation of
a-syn, and disruptions in this pathway may lead to synucleinopathies.

Pathologic a-syn itself has been shown to dysregulate both autophagic-lysosomal activity.
For example familial-linked mutant forms of a-syn, A53T and A30P, bind with high affinity
to LAMP-2A on lysosomes, but fail to translocate, competitively inhibiting a portion of
CMA machinery (Cuervo et al., 2004). These a-syn mutants are also degraded at a slower
rate compared to the wild-type protein (Li et al., 2004), and mutating the CMA targeting
domain of mutant a-syn also impedes a-syn clearance (Xilouri et al., 2009). Dopamine-
modified a-syn oligomers generated from the wild-type protein can also impede substrate
uptake through blocking LAMP-2A, implicating this process in idiopathic PD (Martinez-
Vicente et al., 2008). A-syn may also interfere with autophagy through impeding the
function of rabla and Atg9, resulting in decreased autophagosome formation (Winslow et
al., 2010). In a synucleinopathy mouse model, conditional overexpression of A53T in
dopaminergic neurons using the dopamine transporter promoter (DAT) demonstrated
mitochondrial inclusions that colocalized with the autophagic marker LC3 and adapter
protein p62 (Chen et al., 2015). This pathology notably appears prior to neurodegeneration
of DA neurons, suggesting a causative role for neurotoxicity in this model. These studies
indicate that a-syn can impede protein degradation through autophagy. Since the autophagic
process is particularly critical for neuronal health (Komatsu et al., 2006), this indicates a
potential toxic mechanism for a-syn-induced neurotoxicity.

Other canonical PD mutations related to autophagic-lysosomal dysfunction

Further suggesting a contribution of autophagic-lysosomal dysfunction to PD
pathophysiology, several other canonical mutations associated with PD are within
autophagic pathways. Mutations in LRRKZ2encoding leucine-rich repeat kinase 2 have been
shown to cause familial PD in an autosomal dominant manner and are also common genetic
risk factors for iPD (Zhang et al., 2015). One of the most common LRRK2 mutations,
G2019S (LRRK2G20195) 'has been shown to inhibit CMA in similar manner as mutant a-
syn, through impeding the uptake of substrates by LAMP-2A receptor blockade (Orenstein
etal., 2013). Interestingly, LRRK2 has recently been shown to phosphorylate trafficking
mediator rab10 (Steger et al., 2016), which may explain LRRK2-mediated effects on
vesicular trafficking and autophagic flux (Roosen and Cookson, 2016). While rab10 is
known to mediate trafficking between the trans-Golgi network and the plasma membrane,
recent studies have also linked its function to autophagic degradation of lipids (Kinghorn et
al., 2016). Studies using patient-derived iPS neurons found an increase in LC3 positive
puncta and p62 expression by immunofluorescence in both LRRK2-PD (LRRK2620195) and
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iPD lines compared to controls. This finding was reinforced by electron microscopy showing
an increase in autophagic vacuoles, lipid accumulation, and dilated ER in PD-derived
neurons (Sanchez-Danes et al., 2012).

In addition to LRRK2, other canonical mutations have been tied to autophagic dysfunction
through different mechanisms. Autosomal recessive forms of PD caused by loss-of-function
PINK1 or Parkin mutations are known to impede mitochondrial turnover through mitophagy
(Pickrell and Youle, 2015). Studies in iPSC-derived midbrain neurons carrying the PINK1 or
Parkin mutations show abnormal mitochondria and elevated oxidant stress, consistent with
disrupted mitophagy (Chung et al., 2016). While much less common, several other familial
PD mutations are more directly implicated in the autophagic-lysosomal pathway. ATP13A2/
PARKY is a lysosomal ATPase whose loss-of-function causes Kufor-Rakeb syndrome,
characterized by early onset parkinsonism (Park et al., 2011; Ramirez et al., 2006).
Deficiency in ATP13A2 observed in patient fibroblasts and primary cortical neurons produce
an accumulation of enlarged lysosomes, reduced proteolysis, and decreased LC3 clearance,
ultimately increasing a-syn aggregation and toxicity (Usenovic et al., 2012). Autosomal
dominant parkinsonism is also associated with mutation of vacuolar protein sorting 35
(Vps35), a component of the retromer system that participates in mediating retrograde
transport of endosomes and recycling of cargoes related to the autophagy-lysosomal
function, including LAMP-2A and soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNARESs) (Pan and Yue, 2014; Tang et al., 2015b). While its contribution
to PD pathogenesis remains incompletely understood, Vps35 mutation has been shown to
produce DA neurodegeneration with deficits in mitochondrial function and turnover that
may relate to disrupted mitophagy (Tang et al., 2015a; Wang et al., 2016). In addition to
familial PD, recent large-scale genetic studies have implicated disrupted autophagic-
lysosomal pathways in iPD. Variants in lysosomal hydrolases, transmembrane proteins, and
trafficking regulators show a significant association with iPD (Chang et al., 2017; Robak et
al., 2017). While these variants may not be capable of inducing pathogenesis individually, a
combination of predisposing factors may culminate in autophagic-lysosomal dysfunction in
PD, leading to the formation of Lewy bodies.

The majority of evidence indicates that a-syn and other PD mutants can inhibit autophagy;,
however it should be noted that some studies have shown that PD-linked proteins may
aberrantly elevate the autophagic process leading to cell death. For example, A53T
expression in primary neurons can increase mitophagy in a parkin-dependent manner, while
inhibiting autophagic activity can partially block cell death (Choubey et al., 2011; Xilouri et
al., 2009)). Such findings suggest that autophagic activity may be increased through a
compensatory response to neurotoxic a-syn conformations, potentially leading to over-
digestion of necessary cytosolic proteins and healthy organelles (Xilouri et al., 2016).
Similarly, LRRK262019S gxpressing SH-SY5Y cells and iPSC -derived DA neurons
exhibited increases in autophagic vacuoles with neurite shortening that was reversed by
knockdown of autophagy related genes or prevention of aberrant mitochondrial fission
(Plowey et al., 2008; Su and Qi, 2013). These studies indicate that while autophagic activity
may provide benefit by reducing protein accumulation, over-activation of this system in an
uncontrollable manner can also lead to deleterious effects resulting in the elimination of
essential cellular components and toxicity.
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Autophagic dysregulation characterizes GD and GBA1-PD

Animal models of GD demonstrate autophagic dysfunction

Autophagy is the major cargo delivery system for the transport of damaged proteins,
organelles, and other macromolecules into lysosomes for degradation. Therefore, it is not
unexpected that autophagic dysfunction is a prominent feature of several lysosomal storage
disorders. In the case of GD, multiple studies in animal models have demonstrated
autophagic dysfunction can be induced by loss-of-function GBAZ mutations and by
complete GCase knockout. Initial studies in a neuronopathic mouse model expressing a
homozygote V394L GBAI mutation combined with saposin C haploinsuffiency (4L/PS-NA)
demonstrated storage of both GluCer, glucosylsphingosine and accumulation of
membranous vesicles reminiscent of dysfunctional autophagosomes (Sun et al., 2010). The
intraneuronal accumulation of p62 was noted in affected regions of the nervous system,
occasionally associated with inflammatory markers. As p62 is a well-established autophagy
adaptor protein responsible for cargo delivery of ubiquitinated substrates (Komatsu et al.,
2007), this suggested that neurotoxicity in this model could be due to disruption of substrate
delivery or fusion with lysosomes. In a distinct neuronopathic GD mouse model where
GCase was knocked-out specifically within neurons, ultrastructural analysis demonstrated
accumulation of autophagosomes that occurred concomitantly with substrate storage, within
degenerating regions of the nervous system. Similar phenotypes in the 4L/PS-NA and GCase
knock-out mice indicate that the autophagic phenotype and associated neurodegeneration
likely occurs through loss-of-enzymatic activity and substrate accumulation.

Other studies have shown that complete knock-out of GCase in mice can specifically
influence the turnover of mitochondria, likely through disrupting their autophagic
degradation via mitophagy. Using primary neuronal cultures isolated from these mice,
reduced autophagic flux was documented through measuring the response of LC3-I1 levels
to the lysosomal inhibitor, bafilomycin Al (Osellame et al., 2013). The number and size of
mitochondria were increased in GBA ™/~ neurons observed by confocal microscopy, an effect
that was accompanied by functional respiratory chain defects. Mitochondria in GBA™~
neurons demonstrated decreased co-localization with LC3, and there were no changes in
mitochondrial expression at the mRNA level, suggesting that this represents the disruption
of mitochondrial turnover through mitophagy (Osellame et al., 2013). Similar to the genetic
GD models, pharmacologic inhibition of wild-type GCase by injection of CBE in mice
caused concomitant increases in GluCer substrate with LAMP-2A, LC3-Il, and a-syn
accumulation, suggesting that reduction of enzymatic activity alone can influence
autophagic activity and turnover of a-syn (Rocha et al., 2015). These studies provide
evidence that GCase deficiency in mice likely disrupts the autophagic-lysosomal system,
resulting in the accumulation of protein inclusions, a-syn, and neurodegeneration. These
deficits may contribute to neurodegeneration that occurs in neuronopathic GD as well as
GBA1-PD.

Studies in non-mammalian models have also demonstrated an association between loss of
GCase and autophagy disruption. Knock-out of the GBAI ortholog in Drosophila produces a
reduction in lifespan, behavioral deficits, neurodegeneration, and increased ubiquitinated
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protein aggregates (Davis et al., 2016). A concomitant increase in Ref(2)P, the Drosophila
homolog of p62, without changes in the activity of lysosomal enzymes Cathepsin D and
hexosaminidase suggests that disrupted autophagic flux may contribute to increased
aggregation. A second more extensive study of GBAI knock-out flies reproduced features of
neuronopathic GD, including GluCer accumulation, lysosomal dysfunction, and motor
abnormalities. Measures of autophagic function in this model showed the accumulation of
LC3II and only a minor response to starvation, suggesting dysfunctional autophagic-
lysosomal turnover (Kinghorn et al., 2016). Similar to the phenotype observed in GBAI
knock-out mice, the fly model also demonstrated signs of mitochondrial dysfunction and
vulnerability to oxidative stress, as well as increased levels of p62 and ubiquitin.
Collectively, these data indicate that GCase deficiency and substrate accumulation lead to
autophagic lysosomal dysfunction /n vivo. Further studies are will be required to delineate
the precise mechanistic relationship between substrate accumulation, disrupted cellular
clearance, and neurodegeneration.

Autophagic dysfunction in GD and GBA1-PD iPSC-derived neurons

Early studies of iPSCs that were reprogrammed from GD patients and differentiated into
midbrain dopamine neurons demonstrated a disruption in long-lived protein degradation,
consistent with dysfunction in the autophagic-lysosomal system (Mazzulli et al., 2011).
iPSC-derived GD midbrain cultures recapitulated several features of neuronopathic GD
brain including substrate accumulation, enlarged lysosomes, and the accumulation of a-syn
(Mazzulli et al., 2011; Mazzulli et al., 2016a). Subsequent studies using iPSCs derived from
GD and GBA1-PD heterozygote carriers demonstrated substrate accumulation, elevated a-
syn, and deficient autophagic flux (Schondorf et al., 2014). Importantly, these studies used
genome editing techniques to generate isogenic corrected controls and methods to isolate
pure populations of midbrain dopamine neurons, which is critical for the identification of
potentially subtle biochemical changes that may occur in heterozygote GBAI carriers. This
study also identified critical baseline differences in the glycosphingolipid profile of patient
fibroblasts compared to fully differentiated dopamine neurons, emphasizing the importance
of using relevant neuronal culture models for the study of GBAZ-induced neurotoxicity.

Other studies using iPS neurons derived from GBA1-PD patients demonstrated elevated
levels of ER chaperones BiP, and calreticulin as well as markers commonly associated with
ER stress including PDI, IRE1, and calnexin, compared to healthy control individuals
(Fernandes et al., 2016). The ER stress phenotype was accompanied by disturbances in the
autophagic-lysosomal system, as indicated by decrease autophagic flux, enlarged lysosomes,
and p62 accumulation, perhaps suggesting a disruption in the ability to engulf or deliver
autophagic cargo to lysosomes for degradation. Although intracellular a-syn aggregates were
not observed in this study, a-syn was found to be increased in the media, suggesting that
autophagic dysfunction may cause the release and the cell-to-cell propagation of pathology,
consistent with other studies (Bae et al., 2014). Consistent with disturbances in the ER of
cells expressing GBAI mutations, other studies using both iPS neuronal cultures and mouse
models have found elevated cytosolic Ca2+ levels (Liou et al., 2016; Schondorf et al., 2014).
Inhibiting ryanodine receptor-mediated Ca2+ release from the ER through dantrolene could
mitigate phenotypes of neuropathic GD including improved motor behavior and reduced
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inflammatory response in the brain (Liou et al., 2016). Interestingly, ER mediated Ca2+
release could also be improved by reducing the synthesis of GluCer, indicating that substrate
accumulation may be responsible for these effects. These studies indicate that in addition to
autophagic-lysosomal dysfunction, perturbations in the ER, either through stress associated
with expressing a misfolded protein or through accumulation of GluCer substrates, can lead
to cellular dysfunction in GBA1-PD patient neurons.

A unique study utilized iPSCs from a set of monozygotic twins that harbored a heterozygote
N370S GBAI mutation but were discordant for PD (Woodard et al., 2014). Interestingly,
both twins had the same 50% reduction in GCase activity and overall elevated a-syn levels,
however the affected twin demonstrated elevated a-syn specifically within neurites. The
affected twin also showed differences in dopamine metabolism through elevated levels of
monoamine oxidase, the enzyme responsible for degrading dopamine, which may be
responsible for the Parkinsonism phenotype in this patient. Another study compared iPS
neurons from GD patients that exhibited Parkinsonism to those patients without PD (Aflaki
et al., 2016a). While similar reductions in GCase activity were observed between lines, those
exhibiting a neuronopathic or PD phenotype demonstrated elevated a-syn, which may
underlie the neurodegeneration that occurs in these patients. Collectively, these studies
suggest that heterozygote GBAI mutations alone are insufficient to cause a neuronopathic
phenotype or aberrant a-syn accumulation. This is consistent with genetic studies of GBA1-
PD, which indicate that GBAI mutations only predispose one to develop PD, while many
GBA carriers will never develop the disease. This indicates that other environmental
factors, epigenetic modifications, or additional damaging genetic variants likely combine
with GBAI mutations to result in neurodegeneration. These studies emphasize a critical
advantage of using iPSCs for disease modeling by enabling the ability to isolate and study
neurons from patients with similar predisposing genetic variants but with distinct, individual
phenotypes. The study of isogenic corrected lines of GBAI carriers should help to uncover
the contribution of other factors that lead to disease onset and neuronopathic phenotypes by
refining controls and reducing unanticipated variability. While these findings represent an
important first step in deciphering the complexity of idiopathic PD, further mechanistic
studies will be required to uncover the cause of disease heterogeneity in GD and GBAI
carriers. Accelerating our understanding of specific disease processes through the study of
individualized patient-derived iPS models may lead to the development of future
personalized therapies.

and challenges of modeling GD and GBA1-PD in iPSC-derived neurons

While animal models and cell lines have provided useful tools for the study of GD
pathogenesis, artificial genetic manipulations that are required to simulate the pathogenic
effect of the disease-causing mutations limits their utility and relevance to human disease. In
the case of loss-of-function mutations such as those that cause GD, knock-out models may
faithfully recapitulate some features of the disease, however there is potential for
compensation or alterations in other cellular pathways that are not involved in the human
disease. Using patient-derived material that harbors naturally occurring mutations provides
the advantage of studying the pathobiological functions of these mutations in a context that
is closer to its natural state. Since the reprogramming of somatic cells into induced
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pluripotent stem cells (iPSCs) has now become standardized (Shi et al., 2017), the study of
disease-causing mutations has been dramatically facilitated. In the case of modeling
synucleinopathies, previous cell and mouse models relied on dramatic overexpression of the
wild-type or mutant proteins to induce pathology driven by artificial promotors. Although
the study of these models has proven valuable for certain disease processes, it is possible
that such a dramatic overexpression and rapid formation of pathological a-syn may lead to
phenotypes that are not associated with PD and therefore have little human relevance. The
study of iPSn from familial PD, such as SNCA triplication and A53T mutant carriers, has
demonstrated that pathological aggregation can occur as neurons mature in culture.
Similarly, models of GD have shown GluCer and a-syn accumulation occurs through
naturally expressed GBAI mutations. Using patient-derived iPSCs also facilitates the study
of PD variants that occur within non-coding regions, that would otherwise be very difficult
to generate in cell lines or primary cultures, such as SNVCA intron variants that lead to
increased a-syn expression (Soldner et al., 2016).

Recent advancements in our understanding of the factors that drive the development and
differentiation of embryonic stem cells and iPSCs into neuronal phenotypes has offered
more accurate models to study neurodegeneration. In the case of PD, pioneering studies
outlining the development of midbrain dopamine neurons in animals (Joksimovic et al.,
2009) have provided the foundation to develop standardized protocols for the differentiation
of human iPSCs into homogeneous populations of patient-derived midbrain neurons at a
scalable level required for biochemical and cellular-based studies (Kriks et al., 2011).
Employing these methods to differentiate iPSCs into dopamine neurons has shown that they
exhibit many properties of brain-derived neurons, including co-expression of the midbrain
markers tyrosine hydroxylase, FOXA2, and LMX1A (Kriks et al., 2011). These neurons
exhibit electrical activity, and can synthesize, store, and release dopamine similar to brain-
derived neurons. In addition, they also show synaptic a-syn that colocalizes with synapsin
and other markers of nerve terminals as cultures mature in vitro (Mazzulli et al., 2016a).
While current protocols can achieve ca. 80% midbrain-type dopamine neurons from well-
characterized iPSCs, some studies have employed flow cytometry to further purify the
culture population (Schéndorf et al., 2014). These models facilitate methods that involve
large-scale biochemical analysis required for the study or purification of proteins from
human cells in a disease-relevant background. iPSC models also permit the discovery of
cell-type specific phenotypes that would otherwise be difficult to detect in primary culture
midbrain models, where most of the cells are non-dopaminergic, or brain tissues, which
contain mixtures of many cell types.

While there are clear advantages of using iPSC derived midbrain models for the study of
certain pathogenic pathways such as protein aggregation, their utility may be limited for
other pathways. Advanced age is a primary risk factor for developing PD, and important
age-related changes may be lost by reprogramming patient cells to a naive state. Protocols
have been developed to maintain and mature iPSC-derived neurons in long term cultures
(Mazzulli et al., 2016a; Sanchez-Danes et al., 2012) and to induce aging phenotypes through
expression of the truncated nuclear envelope protein progerin, mutated in the premature
aging disorder Hutchinson-Gilford progeria syndrome (Miller et al., 2013). The contribution
of environmental influences, particularly minor exposures that compound dysfunction over
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time, can be difficult to address in iPSC models. However some iPSC studies have tested
additive effects of mitochondrial toxins with genetic mutations to identify and rescue
pathogenic pathways (Chung et al., 2016; Cooper et al., 2012; Ryan et al., 2013). Another
concern involves changes that may occur during prolonged culturing of embryonic or iPSCs,
such as epigenetic modifications that can alter disease phenotypes (Mekhoubad et al., 2012).
Aberrant DNA and histone methylation can be observed in iPSC-derived cultures due to
early errors that are maintained through differentiation (Lister et al., 2011), and
hypermethylation has been connected to differential expression of transcription factors in
DA neurons from iPSCs of LRRK2-PD and iPD patients (Fernandez-Santiago et al., 2015).
Current protocols address aberrant epigenetic modification by analyzing multiple clones of
each line, but the importance of epigenetic changes in PD remains largely unknown. Finally,
variable differentiation efficiency across different pluripotent cell lines may produce
significant differences in neuronal properties. For example, the use of identical
differentiation protocols on two distinct embryonic stem cell lines produced different types
of neurons in vitro, suggesting that cell lines may be preprogrammed or biased towards
developing certain types of neurons (Wu et al., 2007).

Additional challenges associated with pluripotent cell-based modeling involve the study of
age-related pathogenic processes of multiple cell types, such as inflammation between
microglia and neurons, which has proven difficult to model using co-cultured iPSCs due to
the aggressive nature of microglia. Phenotypes that require interactions between multiple
neuronal types or networks, such as pace-making properties exhibited by midbrain dopamine
neurons, may be difficult to recapitulate using iPSC-derived neurons. Some of these
challenges can be overcome by newly developed models, such as the development
neurospheres or midbrain organoids that exhibit similar features to human midbrain
including multicellular composition, electrical activity, and the formation of neuromelanin
(Jo et al., 2016). Furthermore, the development of 3-demensional culture systems have
enabled the detection of extracellular pathology, such as amyloid-beta plaques that occur in
Alzheimer’s disease brain (Choi et al., 2014). These technical advances have provided novel
ways to study the mechanism of human-specific disease phenotypes, and allow for the
development of novel therapies that can be translated into treatments for PD and GD.

Therapeutic developments for the treatment of GD and GBA1-PD

Therapeutic efforts for GD and GBA1-PD have been focused on restoring enzyme activity
and reducing glycosphingolipid substrates. In addition to those potential therapies that aim
to enhance GCase function and / or reduce lipids, general enhancement of the autophagic
system may also provide benefit in GD and GBA1-PD through reducing protein and
substrate accumulation. Previous studies have shown that autophagy enhancers such as
rapamycin (an inhibitor of the mTOR pathway), trehalose, or metformin can reduce protein
accumulation that occurs in several neurodegenerative disease models (Menzies et al., 2017).
Studies of other proteinopathies have shown that rapamycin can reverse nuclear blebbing
and an early senescence phenotype of patient fibroblasts derived from Hutchinson-Gilford
progeria syndrome, a disease characterized by lamin aggregates and an accelerated aging
phenotype (Cao et al., 2011). Rapamycin was found to clear lamin accumulations through
enhancing autophagic flux and the binding of autophagy adaptors p62 and Alfy (Cao et al.,
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2011), two proteins that are putatively involved in the selective removal of aggregates
(aggrephagy) (Yamamoto and Yue, 2014). Selective activation of aggrephagy may provide
therapeutic benefit in PD and other protein aggregation disorders by reducing pathological
inclusions, but without the complications of general over-activation of macroautophagy.

Considering the growing understanding of ER stress and disrupted lysosomal component
trafficking in GD and PD pathogenesis, recent preclinical work has led to the development
of small molecule chaperones and other substrate reducing agents capable of crossing the
blood-brain barrier, which may be promising candidates as future therapies for
synucleinopathies. As proof of principle, mutant GCase lysosomal localization and activity
in patient derived fibroblasts can be increased by treatment with the iminosugar, N-nonyl-1-
deoxynojirimycin (NN-DNJ) or by altering ER environment to promote GCase stability
(Sawkar et al., 2002; Sawkar et al., 2006). These chaperones exhibit high specificity and
desirable blood-brain penetrance, however they are active-site binders that inhibit enzyme
activity and rely on wash-out once translocated to the lysosomes. These inhibitory strategies
complicate treatment by requiring a finely tuned balance between enzyme stabilization and
competitive inhibition of endogenous substrate (Jung et al., 2016). The iminosugar
isofagomine (IFG) is one such inhibitory chaperone shown to facilitate GCase folding,
lysosomal transport, and activity in both N370S and L444P fibroblasts (Khanna et al., 2010;
Steet et al., 2006). Oral administration of IFG to L444P mice reduced hepatosplenomegaly
and increased GCase activity in affected tissues, including the brain (Khanna et al., 2010). A
following study testing IFG in the neuronopathic VV394L/V394L + saposin C—/- Gaucher
mouse model found similar increases in peripheral and central GCase activity, a ~34%
increase in lifespan, and a reduction in proinflammatory measures, although these changes
were notably not associated with changes in lipid accumulation (Sun et al., 2011). In the
Thy1-aSyn mouse synucleinopathy model, IFG administration increased GCase trafficking
and lysosomal activity, and ameliorated motor deficits (Richter et al., 2014). While IFG
treatment in this study reduced the percentage of DA neurons exhibiting elevated levels of a-
syn-postive immunofluorescence, overall brain a-syn levels remained unchanged. The
expectorant ambroxol is another inhibitory pharmacological chaperone shown to increase
GCase lysosomal localization and activity in GD Type | and Type Il fibroblasts (Bendikov-
Bar et al., 2013). These findings were confirmed in GD fibroblasts and extended to show
similar effects in fibroblasts heterozygous for GCase mutation derived from carriers with
and without parkinsonism (McNeill et al., 2014). Two clinical pilot studies testing ambroxol
treatment in GD patients have been published. In a study of 12 Type | patients, ambroxol led
to variable individual improvement of peripheral symptoms without significantly affecting
global outcome measures at 6 months (Zimran et al., 2013). In four patients selected for
neurological GD symptoms and a positive /n vitro response to ambroxol observed in
fibroblasts, individualized ambroxol dosing regimens improved clinical measures of
myoclonus and neuro-opthalmologic function with variable effects on seizure activity,
overall improving patients’ quality of life (Narita et al., 2016). While preliminary, such
results suggest the therapeutic potential of inhibitory chaperone treatment for
synucleinopathies, providing that these agents can efficiently dissociate from the GCase
active site at acidic pH.
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Given the limitations of inhibitory chaperone therapy, recent efforts have been focused on
the development of non-iminosugar small molecule chaperones that promote GCase
maturation through other mechanisms. For example, a high throughput screening assay
testing the effect of small molecule candidates on GCase activity in patient spleen revealed a
number of non-inhibitory compounds in the pyrazolopyrimidine family with direct GCase
activation and chaperoning activity (Goldin et al., 2012; Patnaik et al., 2012). Lead molecule
NCGC758 was subsequently confirmed to increase GCase activation and translocation while
reducing lipids in macrophages and monocytes derived from GD iPSCs (Aflaki et al., 2014).
Similar effects in macrophages were observed following treatment with another lead
candidate, NCGC607, and these findings were translated to iPS-derived DA neurons from 6
GD Type | and Type Il patients with and without parkinsonism, demonstrating increased
GCase activity and translocation with reductions in both lipid substrates and a-syn
accumulation (Aflaki et al., 2016b). A related study tested the effects of NCG758 in iPS DA
neurons derived from patients with Type | GD, familial PD mutations, or iPD, and observed
specific GCase activation with reduced a-syn accumulation and rescue of other downstream
phenotypes across synucleinopathies (Mazzulli et al., 2016b). A chaperoning strategy
focuses on modifying the activity of endogenous ER chaperones. For example, a small-
molecule activator of the heat-shock response, celastrol, increased GCase activity in GD
fibroblasts (Mu et al., 2008) by inhibiting Hsp90 mediated degradation of mutant GCase and
increasing transcription of a number of stabilizing heat shock elements, such as BAG3 (Yang
et al., 2014). Non-inhibitory small molecule chaperone therapy thus represents a promising
approach for treating GCase dysfunction. As a main thesis of this review is the
interrelationship between GD and PD pathogenesis, the variety of models used in these
studies notably illustrates the potential of GCase chaperoning not only in cases of GBA1
mutation, but also as a treatment for iPD and synucleinopathy more generally (Barkhuizen et
al., 2016; Sybertz and Krainc, 2014).

In addition to the development of GCase lysosomal activators, another strategy to reduce
GluCer is by inhibiting the Golgi-resident enzyme glucosylceramide synthase (GCS). GCS
inhibitors have been under development for the treatment of Gaucher disease, Fabry disease,
and other lysosomal diseases characterized by accumulation of glycosphingolipids. Using a
GCS inhibitor that is FDA approved for the treatment of type | GD (eliglustat), we recently
showed that reducing GluCer in patient-derived iPSn can diminish a-syn pathology, and
restore physiological conformations of a-syn (Zunke et al., 2017). Another study used an
iminosugar that inhibits GCS, miglustat, to show that GluCer reduction could inhibit a-syn
pathology that is artificially induced by the addition of synthetic pre-formed seed fibrils
(Kim et al., 2018). While eliglustat and miglustat are effective in neuronal cell culture
models, their ability to treat neuronopathic forms of GD or PD are limited due to the lack of
penetrance of the blood-brain barrier. A recently developed GCS inhibitor that can pass the
blood-brain barrier has been tested in animal models of GD and PD, and can reduce a-syn,
tau, and improve cognitive function (Sardi et al., 2017). Therapeutic efficacy of GCS
inhibitors will be assessed through a recently initiated clinical trial for PD patients that carry
a GBAI mutation (NCT02906020 on clinicaltrials.gov).
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Concluding Remarks

Significant progress has been made over the past several years regarding the mechanisms
that cause neuronal dysfunction in GD and GBA1-PD. Much of the evidence indicates that
loss-of-enzymatic activity of GCase leads to lysosomal substrate accumulation, disruption of
autophagic-lysosomal function, and induction of p62 and a-syn pathology that could
contribute to downstream disruption of essential cellular pathways (see the figure). Several
studies have documented perturbations in the ER, including distorted ER morphology and
elevated ER-derived cytosolic calcium, implicating a role for ER dysfunction as a
contributor to cell death (see the figure). Emerging data over the last several years has shown
that a-syn accumulation disrupts lysosomal function through direct or indirect (ie protein
trafficking disruptions) mechanisms. A combination of damaging genetic variants, including
GBA1 mutations, along with other factors that contribute to a-syn accumulation may dictate
the onset and severity of parkinsonism in GBAI carriers. Together, this indicates that GBAZ
mutations disrupt nearly all pathways that are essential for maintaining protein homeostasis,
including protein folding in the ER, trafficking at the level of autophagic-lysosome or ER-
Golgi, and cellular degradation through lysosomes. Compounds that specifically enhance
each of these pathways in a controllable manner, including GCase chaperones, lysosomal
activators, or general autophagic enhancers may have potential as promising therapies for
GD and PD. Further development of GluCer reducing agents including brain-penetrant GCS
inhibitors may hold promise for the treatment of neuronopathic GD and GBA1-PD. The use
of patient-derived iPSn models to test therapeutic efficacy of these agents /n7 vitro may help
to guide future clinical trials in optimizing patient selection, by measuring how patient
neurons respond to these treatments using established pathogenic phenotypes including a-
syn accumulation and neurotoxicity.
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Figure. Mechanisms of GBA1-mutant induced disruption in GD and PD
Mutated GBAI (mt) may induce cellular dysfunction through perturbing multiple cellular

pathways including ER stress, cytosolic calcium release from the ER, or disrupting
lysosomal function. Expression of the mt GBAZ itself or the accumulation of its substrate,
GluCer, may cause disruptions in the autophagic-lysosomal system at many steps of the
clearance process including substrate engulfment (as indicated by accumulation of
ubiquitinated (Ub) and p62 inclusions), disrupted mitophagy leading to reactive oxygen
species (ROS), or blocked autophagic lysosomal function. A-syn, once accumulated in
pathogenic conformations of oligomers or fibrils, can further amplify dysfunctional cellular
clearance through impeding the ER-Golgi trafficking of hydrolases such as wild-type (WT)
GBA1 into lysosomes, or interfering directly with the autophagic delivery system. GBA1
mutations likely combine with other cellular perturbations including oxidation or a-syn
aggregation, leading to neurotoxicity. Red text indicates possible pathogenic functions
induced by GBAI mutations. ER, endoplasmic reticulum; GluCer, glucosylceramide.
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