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Abstract
Clinical, genetic and pathological studies all demonstrate that mutations in glucocerebrosidase
(GBA), which encodes the lysosomal enzyme deficient in Gaucher disease (GD), are an important
and common risk factor for Parkinson disease (PD) and related disorders. Some patients with GD
and Gaucher carriers develop parkinsonism. Furthermore, subjects with PD have a greatly
increased frequency of GBA mutations. GBA mutation carriers exhibit diverse parkinsonian
phenotypes, and have glucocerebrosidase-positive Lewy bodies. Although the mechanism for this
association is unknown, we present several theories, including enhanced protein aggregation,
prion transmission, lipid accumulation, and impaired autophagy, mitophagy or trafficking. Each
has inherent limitations, and an unknown “second hit” might be essential. Elucidating the basis for
this link will have important consequences and should provide new insights into lysosomal
pathways and potential treatment strategies.

Gaucher disease and parkinsonsm: an overview
Gaucher disease (GD) is a rare autosomal recessive storage disorder caused by the
deficiency of the lysosomal enzyme glucocerebrosidase (GCase) (EC.3.2.1.45), which
breaks down the glycolipid glucocerebroside (GC) into glucose and ceramide. The storage
of substrate primarily occurs in the cells of the reticulo-endothelial system. The classic
cellular hallmarks of GD are Gaucher cells, macrophages with substrate-laden lysosomes.
These macrophages accumulate in the spleen and liver causing organ enlargement, as well
as inflammation. Although GD is rare, it is the most common lyosomal storage disease, and
although pan-ethnic, the disorder is more common among Ashkenazi Jews, where about 1
per 855 have GD. In other populations the disease frequency is estimated as 1 per 40,000
individuals. The gene encoding glucocerebrosidase, GBA, is comprised of 11 exons, and
almost 300 distinct disease-causing mutations have been reported [1]. Remarkably, there is
not a strong correlation between the clinical phenotype, the molecular genotype, and the
residual enzyme activity observed. Vast phenotypic variations among patients with the same
genotypes have been reported, even in sib pairs and twins with the same genotype [2] [3]
[4], demonstrating the complexity of this disorder and supporting a role for genetic
modifiers [4] [5]. GD has classically been divided into three clinical subgroups reflecting the
degree and rate of progression of involvement in the central nervous system (Box 1). More
recently, the accepted classification of type 1 GD as non-neuronopathic has been challenged
by the association of type 1 GD and Parkinson disease (PD).
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BOX 1

The Three Types of Gaucher Disease

Gaucher disease type 1: OMIM#230800

Type 1 is the non-neuronopathic and most common form of GD. Clinical symptoms are
restricted to the hematopoietic and skeletal system and visceral organs. Commonly
encountered manifestations include hepatosplenomegaly, anemia, thrombocytopenia, and
bone involvement. Many subjects have few manifestations and do not reach diagnosis.
Pan-ethnic in occurrence, type 1 GD is more common in Ashkenazi Jews. [1] [4].

Gaucher disease type 2: OMIM#230900

Type 2 or acute neuropathic GD is the rarest and most severe type; it most often presents
in the first 6 months of life. Type 2 GD is associated with devastating and progressive
neurological manifestations leading to early death. Patients develop regression of
milestones, brainstem involvement, strabismus, and opisthotonus. Seizures, impaired gag
reflex, and aspiration are common. Type 2 GD also has a variety of clinical presentations
and can be associated with hydrops fetalis, which is characterized by an abnormal
accumulation of fluid in the fetus and congenital ichthyosis, a skin disorder characterized
by dry, thickened, and flaky skin. [1] [4].

Gaucher disease type 3: OMIM#2301000

Type 3 or chronic neuronopathic GD has a more slowly progressive course and manifests
with a spectrum of distinct clinical symptoms. Patients with type 3 GD have a
characteristic eye movement abnormality consisting of slowing of the horizontal
saccades. Type 3GD can also be associated with myoclonic epilepsy, cognitive
impairment or psychiatric disturbances. Patients within this subgroup develop
calcifications of the aorta, hydrocephalus and/or dysmorphic features. Type 3 GD is more
common in the Norbottnian region of Sweden.

During the past decade, different lines of evidence led to the recognition of an unanticipated
association between mutations in GBA and the development of PD and other Lewy body
disorders. This began with reports in the clinic of patients that exhibited both phenotypes.
The first series of six cases was reported by Neudorfer and colleagues in 1996 [6].
Subsequently, these findings were confirmed by studies in larger cohorts of patients with
GD [7] [8] [9]. Importantly, although the estimated number of patients with GD who
develop PD is higher than in the general elderly population, it is clear that the vast majority
of patients with GD never develop parkinsonism. Patients with GD exhibit different
associated Parkinson phenotypes, ranging from patients with sporadic PD responsive to
treatment with the neurotransmitter precursor L-3,4-dihydroxyphenylalanine (L-dopa), to
those manifesting with an early onset form of Lewy body dementia (LBD) [10].

Adding another layer of complexity were reports that even Gaucher carriers appeared to
have a higher frequency of PD. Family studies focusing on probands with GD revealed that
approximately 25% of families had a close relative who developed PD [11] [12]. Centers
around the globe then began to explore the frequency of GBA mutations among their
patients with PD. The first studies were relatively small, but suggested that GBA mutations
were present in as many as 12% of autopsied subjects with a diagnosis of PD [13] and 33%
of Ashkenazi Jewish patients with PD from Israel [14]. Over the next few years, multiple
other studies were conducted in clinics around the world [15], each showing an increased
frequency of GBA mutations in PD probands versus controls. However, most studies lacked
sufficient numbers to attain true statistical significance. The finding finally reached wide
acceptance after a large collaborative international multicenter study of over 5000 patients
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with PD and an equal number of matched controls demonstrated an odds ratio for carrying a
GBA mutation in Parkinson subjects of over 5, making mutations in GBA the number one
genetic risk factor for PD [16]. These results were reinforced by further large studies on
patients from various ethnicities [17] [18] [19] [20] [21] [22] [23]. An increased frequency
of GBA mutations was also observed in subjects with familial PD [22] [17], as well as
cohorts with early onset symptoms [24] [25]. Additionally, GBA mutations are more
frequent in patients with LBD [26] [10].

Generally, studies indicate that GBA mutations are associated with an earlier onset of PD
manifestations, with a mean age at diagnosis five years younger than individuals without
mutations [16]. Moreover, associated cognitive impairment is noted more frequently.
Otherwise, GBA-associated parkinsonism resembles sporadic or idiopathic PD with regards
to presence of tremor, bradykinesia, and rigidity, and also in preliminary imaging studies
[27] [28].

Both PD and LBD are synucleinopathies, which are characterized by the presence of Lewy
bodies in different areas of the brain (substantia nigra, cerebral cortex, and hippocampus)
and the loss of dopaminergic neurons [29]. The main components of Lewy bodies and Lewy
neurites are globular protein inclusions containing oligomerized, insoluble, alpha-synuclein
(α-syn) and about 550 various other proteins [30]. Mutations in the alpha-synuclein gene
(SNCA), as well as duplications and triplications of SNCA, are associated with PD [31] [32,
33] [34]. α-Syn is associated with presynaptic membranes, serving as a regulator of vesicle
size, membrane curvature [35], and neurotransmitter release through the mediation of
soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) complex
assembly [36]. The neuropathology in individuals with PD carrying GBA mutations does
not differ from other synucleinopathies. α-Syn positive Lewy bodies are found in the brains
of patients with GBA mutations and PD, although not in patients with GD without
parkinsonian manifestations[37, 38].

These findings have opened up a new field of research probing the mechanism for this
association. The link between GBA mutations and the risk for developing PD and DLB is
now being explored at the cellular level. In this review, we summarize the current state of
research investigating the potential role of GCase and GC in neurodegeneration, and the
different theories proposed to explain this association.

Does mutant glucocerebrosidase contribute directly to α-synuclein
aggregation?

One of the first theories proposed for the link between GD and PD was a gain- of- function
model, in which GBA mutations, resulting in misfolded mutant protein, contribute to the
enhanced aggregation of α-syn directly, by a biochemical interaction with α-syn (Figure 1,
arrow 7). Such a mechanism would require co-localization of α-syn and mutant
glucocerebrosidase in protein aggregates and Lewy bodies in subjects with GBA mutations
and PD. A recent immunohistochemistry study [37] provides support for this model. Brain
samples from three individuals with GD and four GBA mutation carriers were studied. At
autopsy, the diagnosis of PD and/or Lewy body dementia was confirmed. Moreover,
immunofluorescence laser scanning confocal microscopy revealed that in those subjects
homozygous for GBA mutations, 90% of the Lewy bodies showed a positive signal for
GCase. In these patients, significant co-localization between GCase and α-syn was also
detected in Lewy neurites and α-syn positive inclusions. Such co-localization was also
observed in GBA heterozygotes with PD, although the extent of co-localization ranged from
90–33%, with a mean of 75%. In patients with PD without GBA mutations, less than 10% of
the Lewy bodies were positive for GCase (in this case, the wild-type form). These data
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support a gain-of-function mechanism, in which mutant GCase might indeed directly
contribute to α-syn aggregation and subsequent Lewy body formation, thereby enhancing
PD-associated pathology.

An alternative explanation for increased GCase in the Lewy bodies of PD patients with
GBA mutations could be offered by the “misfolded trap” mechanism: this model posits that
soluble oligomers, in this case α-syn, can bind and trap misfolded proteins [39]. It is
plausible that soluble α-syn oligomers trap mutant GCase, which eventually reaches the
Lewy body where these oligomers might be converted to insoluble fibrils.

Do GBA mutations alter the lysosomal/autophagic pathway?
In lysosomes, degradation of proteins, lipids and organelles occurs through distinct
autophagic pathways including macroautophagy, microautophagy and Chaperone-Mediated
Autophagy (CMA) [40] (Box 2). It is established that proteins associated with PD such as α-
syn are degraded in part via CMA (Figure 1, arrow 4), whereas α-syn mutants A53T and
A30P bind to lysosome-associated membrane protein 2A (LAMP-2A), but fail to translocate
into the lysosomal lumen for breakdown, blocking further CMA-mediated degradation of
substrates [41]. In transgenic mice over-expressing wild type α-syn, LAMP-2A and heat
shock cognate 70 (HSC70) are up-regulated, thus increasing the elimination of α-syn
through lysosomal clearance [42]. Additionally, a postmortem study of seven brain samples
from subjects with PD and eight control brains showed that LAMP-2A and HSC70 were
significantly reduced in the substantia nigra and amygdala in PD brains, and that autophagy-
related proteins appeared to accumulate in Lewy bodies [43].

BOX 2

Autophagy and Mitophagy

Macroautophagy

In this intracellular process, double-membraned autophagosomes engulf lipids, proteins,
and damaged organelles in several steps. The outer membranes of autophagosomes fuse
with lysosomes to form the autophagolysosome, whose contents are eventually broken
down by acid hydrolases. The formation of double-membrane autophagosomes is
regulated by the mammalian target of rapamycin (mTOR) through either mTOR-
dependent or mTOR-independent signaling. The mTOR complex is an energy
housekeeping protein complex and a negative regulator of autophagy. Upon starvation,
mTOR is inhibited, and UNC51-Like Kinase (ULK) 1-Autophagy (ATG) 13-focal
adhesion kinase family interacting protein of 200 kD (FIP200) signaling promotes
autophagosome formation. By contrast, the mechanisms underlying mTOR-independent
signaling, a process which involves cytosolic homeostasis of calcium, cyclic adenosine
monophosphate (cAMP), and inositol triphosphate (IP3), remain unclear. Well-
characterized regulators of autophagosome formation and maturation include beclin-1
and Light Chain (LC3). Upon cell starvation, beclin-1forms a complex with Vacuolar
Protein Sorting 34 (VPS34), VPS15, and ATG14, which is then targeted to
autophagosomes. During autophagosome formation, the cytosolic form of LC3-I is
converted, with the aid of ATG3 and ATG7, into lipid-conjugated LC3-II. The decreased
concentration of soluble LC3-I reflects the number of autophagosomes in a cell
(reviewed in [74] [75]).

Microautophagy

During microautophagy, a process well studied in yeast, cytosolic soluble material, or
organelles, are recruited for breakdown by invagination followed by budding of the
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lysosomal membrane into the lumen. Yeast mutants defective in genes involved in
microautophagy helped to elucidate the pathway involved in formation of
microautophagic vesicles, but in mammalian cells the process remains poorly understood
[76]. A very recent study uncovers the existence of a similar mechanism to lysosomal
microautophagy in late endosomes named endosomal-microautophagy (e-MI). During e-
MI cytosolic proteins undergo in bulk or HSC70-mediated selective internalization
through membrane invagination during biogenesis of multivesicular bodies (MVB). Once
internalized into intraluminal vesicles (ILVs) the proteins can undergo degradation or
ILVs [77]

Chaperone-mediated autophagy (CMA)

CMA, a process described only in mammals, selectively delivers proteins with the
KFERQ consensus sequence directly across the lysosomal membrane via the specific
receptor, lysosomal-associated membrane protein 2A (LAMP2A), aided by chaperones
including HSC70. Cytosolic HSC70 forms a complex with proteins destined for CMA-
mediated breakdown; this complex is targeted to the lysosomal membrane where it
interacts with monomeric LAMP2A. This promotes LAMP2A oligomerization, a process
which is required for membrane translocation of the CMA substrate. Once the substrate
has crossed the membrane, lysosomal lys-HSC70 induces the disassembly of LAMP2A
from the oligomeric complex, thus releasing the proteins destined for breakdown into the
lumen of the lysosome [78]. A very recent study that used a co-immunoprecipitation
assay discovered two new crucial LAMP2A regulators that regulate the translocation
machinery: glial fibrillary acidic protein (GFAP) stabilizes high molecular weight
LAMP-2A complexes, whereas elongation confirmed factor 1 alpha (EF1α) regulates
GFAP–LAMP2A in a Guanosine triphosphate (GTP)-binding dependent manner [79].

Mitophagy

Mitophagy is a form of autophagy that eliminates damaged mitochondria. Both parkin
and the mitochondrial-targeted serine-threonine kinase PTEN-induced putative kinase 1
(PINK1) are regulators of mitophagy; mutations in these genes are associated with
recessive familial PD. Under normal conditions with intact mitochondrial potential,
PINK1, which has a mitochondrial import sequence, is translocated from the outer
membrane to the inner membrane of the mitochondria, where it is rapidly degraded by
protease presenilin-associated rhomboid-like protein (PARL). In impaired mitochondria
with disrupted membrane potential, full-length PINK1 is not translocated to the inner
membrane and instead accumulates on the outer mitochondrial membrane, with
subsequent recruitment of cytosolic parkin to the mitochondrial membrane [80].
Mitophagy is subsequently induced by parkin-dependent polyubiquitination of
mitochondrial proteins. The ubiquitin- and LC3-binding protein p62 is recruited to the
mitochondrial membrane and mediates aggregation of damaged mitochondria. [81].

The CMA pathway has been proposed as a therapeutic target for PD and LBD [44].
Constitutive expression of beclin-1 induces macroautophagy, and in neuronal cells over-
expressing α-syn, as well as in brains from SNCA transgenic mice, beclin-1 expression
results in autophagy, lysosomal activation, reduction of α-syn accumulation, and reduced
synaptic and dendritic pathology [45].

No studies on autophagic pathways in models of GD with PD have been published.
However, alterations in autophagy have been reported in some, but not all, models of GD. In
fibroblasts from patients with GD, beclin-1 and LC3-II protein levels remain unchanged
after starvation compared to control fibroblasts [46]. Saposin C (Sap C) is an activator
protein that enhances the activity of GCase, aiding its interaction with GC. By perturbing the
lysosomal lipid membrane bilayer, Sap C exposes GC to facilitate its breakdown by GCase.
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Interestingly, in four fibroblast cell lines derived from patients with atypical GD with
different SAP C mutations, LC3-II levels were significantly up-regulated compared to
control fibroblasts after starvation, as well as following treatment with lysosomal proteases
[47]. Additionally, Sap C null mice homozygous for the GCase V394L amino acid
substitution are a model for neuronopathic GD [48]. Electron microscopy revealed an
accumulation of undigested material in axons in brain sections of these mice. Accumulation
of the macroautophagic markers LAMP-2 and p62 suggests impairment of autophagy due to
storage of the GCase substrates GC and glucosylsphingosine. It was speculated that
impaired autophagy causes the degeneration of axons and the subsequent pathogenesis of
neuronopathic GD in this mouse model [49]. These observations remain to be confirmed in
brains of patients with neuronopathic GD.

Do GBA mutations cause dysfunctional mitophagy?
Dysfunctional mitochondria are involved in the pathogenesis of several neurodegenerative
diseases, but the experimental evidence for a role in altered mitochondria dynamics is
especially strong in PD. Although mitochondria in the neurons of the substantia nigra are
reported to have a higher somatic mitochondrial DNA mutation rate compared to other brain
regions [50], overall there is no significant difference in the amount of somatic mutations in
patients with PD compared to aged-matched controls [51]. However, an increase in
mitochondrial DNA damage has been linked to the development of PD [52]. The elimination
of damaged mitochondria is needed in post-mitotic neurons because progressive
accumulation of damaged mitochondria might lead to eventual cell death. Macroautophagy
plays a role in the elimination of damaged mitochondria in a tightly regulated process called
mitophagy (Box 3). In vitro models demonstrate that both wild type and A53T α-syn can
localize to the inner membrane of mitochondria, and interfere with mitochondrial function
by interacting with complex I of the electron transport chain [53]. In vivo, in transgenic mice
overexpressing α-syn A53T in dopaminergic neurons, A53T α-syn localizes to the
mitochondria both as a monomer and oligomer. Oligomerization is favored in the presence
of proteasome inhibitors, which leads to inhibition of complex I function, and an increase in
mitophagy in midbrain dopaminergic neurons [54]. No experimental evidence is available
regarding mitochondrial damage, mitophagy and the degree of localization of Parkinson
protein 2 (Parkin), PTEN-induced putative kinase 1 (PINK) or α-syn in PD patients with
GBA mutations.

BOX 3

Prion Transmission

α-Synuclein as a prion

α-Syn aggregates might have a prion-like mechanism of cell-to-cell transmission. This
hypothesis is supported by the Braak staging scheme for parkinsonism, whereby α-syn
aggregates progressively, before and after visible symptoms appear. This proposed
pattern of disease progression is compatible with prion transmission. This theory was
expanded and it was suggested that α-syn acts as a prion when it spreads between
neurons in the gut and nose, to the temporal lobe and caudal brainstem, respectively [82]
[83]. It was shown that α-syn aggregates can be transmitted between neurons, possibly
between filamentous neuronal connections. Indeed, when transplanted in vivo, mouse
cortical neuronal stem cells were shown to contain GFP-labeled α-syn from the host
brain. Similar results were found in cell culture [84]. Although α-syn aggregates acting
like prions is an attractive model, evidence exists that refutes this hypothesis. Only
artificial in vitro and in vivo models have been used to show intercellular α-syn transfer.
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Evidence for the uptake of α-syn by post-mitotic dopaminergic neurons in animal models
is lacking (Reviewed by [69]).

GBA mutations and impaired ER-associated degradation (ERAD)
At the endoplasmic reticulum (ER), misfolded proteins are detected by the ER quality
control machinery, which then attaches polyubiquitin chains, formed through sequential
additions at ubiquitin residue K48 by an E3 ubiquitin ligase [55]. The potential involvement
of the ERAD and the ubiquitin-proteasome (UPS) degradation pathways in the development
of PD remains obscure because data from animal models treated with proteasome inhibitors
has been controversial. In one study, adult rats treated with proteasome inhibitors developed
clinical features of PD and the loss of dopaminergic neurons in the substantia nigra. These
results were partially confirmed by two groups, although one was unable to detect α-syn
inclusions in treated rats. Three other groups, using proteasome inhibitors in rats and
primates, failed to observe any clinical or pathological features of PD [56]. In another study,
a conditional substantia nigra knock-out mouse model for the 26S proteasomel did induce
Lewy-like inclusions and significant neurodegeneration [57].

Another avenue of evidence for the involvement of ERAD and UPS dysfunction in PD
involves mutations in PARK2, the gene encoding parkin, a cytosolic protein E3 ubiquitin
ligase, which is associated with an autosomal recessive juvenile form of PD. [58]. Over a
dozen substrates of parkin-mediated ubiquination have been identified, but it is still unclear
whether parkin is involved in K48-specific ubiquitination (which marks cells for
proteasome-mediated degradation). Emerging evidence indicates that parkin is associated
with the outer membrane of damaged mitochondria, where it is involved in mitophagy, a
process, when de-regulated, contributes to the development of PD [59].

Limited evidence is available on the involvement of ERAD in GD or PD associated with
GBA mutations. It has been reported that in fibroblasts derived from patients with GD,
mutant GCase undergoes ERAD; it was proposed that disease severity might correlate with
the degree of ER retention [60] [61]. For the GCase amino acid substitution L444P, which is
associated with severe type 3 GD when homozygous, Ambroxol, a pharmacological GCase
chaperone, enhanced the removal of the mutant enzyme from the ER with sporadic
increased enzymatic activity [61].

Only one report is available regarding the link between GD and PD that involves ERAD.
Using immunoprecipitation assays, it showed that both wild type and N370S GCase interact
with parkin; however, only mutant GCase undergoes K48-mediated poly-ubiquitination and
subsequent proteasome-mediated degradation (Figure 2). Mutant, non-functional (“ligase-
dead”) parkin interacts with mutant GCase, but does not mediate its breakdown. The authors
proposed that mutant GCase, rather than the wild type protein, was a substrate for parkin-
mediated ERAD degradation (Figure 2 and Figure 1, arrow 2). Mutant GCase interaction
with parkin could block interactions with other parkin substrates, interfering with their UPS-
mediated breakdown, which could lead to ER stress and eventual cell death (Figure 2 and
Figure 1, arrow 3) [62].

GBA mutations and altered lipid metabolism
Both in vitro and in vivo data show that α-syn directly interacts with lipid membranes under
physiological, as well as pathological, conditions. α-Syn binds preferentially to anionic
lipid-containing membranes, where it assumes an alpha-helical conformation, and under
certain conditions, shows an increased tendency to aggregate. Lipid composition and
curvature are important factors for the affinity of α-syn binding. Altered lipid composition,
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due to aging or changes in lipid metabolism, could significantly alter α-syn binding to
membranes. It is known that α-syn interacts with pre-synaptic vesicles and assists in the
maintenance of pools of pre-synaptic vesicles available for release [63] [64]. It also plays a
key role in the formation and regulation of SNARE complexes, the regulatory machinery for
fusion between the presynaptic vesicle and the plasma membrane [36]. Breakdown of α-syn
occurs in part via the CMA pathway, and, interestingly, it was shown that LAMP-2A protein
levels were down-regulated at the lysosomal membrane with age, pointing to reduced CMA
efficacy with aging. This reduction probably stems from decreased levels of cholesterol in
lipid raft microdomains, where LAMP-2A normally associates [65].

In GD, diminished or loss of GCase enzymatic activity leads to the accumulation of the
substrate GC in macrophages. It has been proposed that the accumulation of this substrate
alters lipid metabolism in GD. A model of GD, generated by treatment of human THP-1
macrophages with the specific inhibitor of GCase, conduritol β epoxide (CBE), showed GC
accumulation in lysosomes as well as other sub-cellular fractions. Secondary elevations in
ceramide, dihexosylceramide, trihexosylceramide and phosphatidylglycerol levels were
observed both in the lysosome and in other sub-cellular compartments where GC was
elevated (Figure 1, arrows 1 and 5). It was proposed that the accumulation of excess
substrate saturates the lysosomal trafficking pathway of GC, shunting it to other subcellular
compartments where it accumulates specifically in lipid microdomains (rafts), causing other
sphingolipids to eventually experience a similar fate. Lipid rafts are regulators of protein and
lipid sorting and trafficking, and impaired lipid raft function due to altered lipid composition
could interfere with membrane curvature and the normal sorting and trafficking of proteins
and lipids [66] [67]. Indirect evidence was provided by experiments showing that CBE
treatment of mice, as well as cultured neuroblastoma cells, led to elevated α-syn levels and
α-syn aggregates (Figure 1, arrow 4 and 6) [68].

Does mutant GCase play a role in the transmission of prions?
The basis of the pathogenesis of prion diseases is protein misfolding. The misfolded protein
or prion spreads in an infectious fashion between cells of the affected organism as well as
between species. In the host cells, the transmitted prion stimulates the misfolding of WT
proteins into the prion form. Eventually, proteins will polymerize into amyloid aggregates.
Prion diseases progress gradually and are degenerative [69]. Recently, it has been suggested
that α-syn might behave like a prion (Box 3). These new insights could provide another
explanation for the molecular link between GD and PD. It was proposed that macrophages,
which are the cells affected in GD, might be the carriers of α-syn prions. Endogenous, as
well as ingested exogenous α-syn might aggregate in the presence of accumulated anionic
lipids in Gaucher cells. However, this would not explain why GBA carriers also have an
increased predisposition to develop PD. Therefore, it was proposed that a “second-hit”
might occur in the GBA gene, producing a disease-causing somatic mutation in a subset of
macrophages [70]. Over time, misfolded GCase, lipids, and aggregated (toxic) α-syn would
all accumulate in the “second-hit” macrophages. The rate -limiting step in this proposed
model is α-syn unloading into the extracellular environment near neurons. This could occur
as a result of the cellular death of the macrophages or by enhanced transfer via exosomes,
small intralumenal membranous vesicles (50nm–100nm) that are released into the
extracellular environment upon exocytosis of intracellular multivesicular bodies (MVBs)
(Figure 3). Indeed, infectious prions are known to be associated with exosomes [71], and it
has been reported that macrophages release prion proteins via exosomes [72]. Rigorous
experimental testing will be necessary to test the prion-like hypothesis of disease
progression in patients with GD and Gaucher carriers with PD.
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Concluding remarks and future perspectives
Although it is clear that elucidating the mechanism for the link between GBA mutations and
the risk for the development of parkinsonism will ultimately yield important insights, each
of the pathways and models proposed to date has significant limitations.

The gain-of-function mechanism of mutant GCase and its direct role in α-syn aggregation,
as well as the “misfolded trap” mechanism, both have shortcomings, given that only a
fraction of patients and carriers with GBA mutations develop PD. GBA mutations therefore
contribute to, but do not initiate, the development of α-syn pathology. Second, this model
does not explain why carriers and patients with null GBA alleles resulting in absent GCase,
such as those with c.84dupG, also develop PD. Neither theories related to lipid alterations
nor malfunctions in degradation pathways adequately explain why only a fraction of
individuals with GBA mutations develop PD. Moreover, the lack of substrate accumulation
in GBA carriers makes the involvement of altered lipid metabolism in PD development
difficult to explain. The current models can only be supported if GBA mutations, or
subsequent substrate accumulation, have an enhanced effect on α-syn pathology, but are not
the initiator. The prion model seems attractive because of the involvement of the
macrophage, which is the diseased cell in GD, but the mandatory second hit somatic
mutation in GBA which must occur in about 5 to 10% of macrophages in the carriers seems
very high and may be unlikely. This model also lacks an explanation for the development of
PD in only a fraction of patients with GD.

It must be stressed that only a small percentage of GBA carriers and patients with GD
develop PD. Therefore, we suggest that presence of aberrant GCase and/or the subsequent
alteration in enzyme activity and elevation of substrate add to the pathology of α-syn in a
secondary fashion. Although much progress has been made in the past few years, the rate-
limiting step and major limitation in this field of research is the lack of cell and animals
models that closely represent either GD and/or PD. Recently, a conditional knock-out mouse
model was developed that reflects many aspects of GD pathology [73]. However, there is no
GCase produced in this model; thus if aberrant protein folding plays a role, this model, too,
might be inadequate. Moreover, most animal models of PD do not develop Lewy bodies,
which might be due to the short lifespan of mouse models compared to humans.

The future challenge will be to identify other risk factors that, in combination with GBA
mutations, favor development of parkinsonism. Once we better understand how these factors
each contribute to or interact in the pathogenesis of parkinsonian manifestations, we can
then tackle the challenging task of identifying therapeutic targets that can alleviate or halt
the progression of this disorder.
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Figure 1. Putative models for α-syn turnover pathways that could be affected in Gaucher disease
When GBA is mutated, there is impaired localization of misfolded GCase to the lysosome
(1). Instead misfolded GCase undergoes ERAD via the UPS pathway through parkin-
mediated ubiquitination (2). Accumulation of natural parkin substrates in the ER could cause
ER stress followed by eventual cell death (3). The impaired localization of mutant GCase to
the lysosome causes the substrate GC, and eventually other glycolipids, to accumulate in the
lysosome (1). α-syn is degraded in part via CMA; altered lipid metabolism might interfere
with the CMA pathway, resulting in impaired breakdown of α-syn (4). Altered lipid
metabolism and accumulation in lysosomes can affect the composition of lipid
microdomains on other endosomal vesicular compartments, causing elevated α-syn levels
and aggregates (5). This can occur through impaired breakdown via the UPS (6) or via the
CMA pathway (4). Mutant GCase might then contribute to α-syn aggregation and
subsequent Lewy body formation (7).
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Figure 2. Impaired ERAD-mediated breakdown of GCase
Wild type GCase enzyme gets transported to the lysosomes. Mutant misfolded GCase
enzyme undergoes parkin-mediated poly-ubiquitination and subsequent proteasome-
mediated degradation. The presence of mutant GCase might cause build-up of other parkin
substrates causing ER-stress and eventual apoptosis of the neurons.

Westbroek et al. Page 15

Trends Mol Med. Author manuscript; available in PMC 2012 May 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. A theoretical model for α-syn as a prion in GBA- associated parkinsonism
Gaucher macrophages, which are present in patients with GD and might be acquired in
carriers by a second hit, contain large lipid-laden structures owing to deficient glycolipid
metabolism. In a Gaucher cell, large amounts of exogenously-ingested or endogenous α-syn
could aggregate and acquire the prion form in the presence of an abundance of lipids. In a
small number of patients, cellular death or enhanced transfer via exosomes could cause these
Gaucher cells to unload the prion form of α-syn into the extracellular environment near
neurons. Adapted with permission from Ref. [70]
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