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The lysosomal enzyme glucocerebrosidase, encoded by the glucocerebrosidase gene, is involved in the breakdown of glucocer-
ebroside into glucose and ceramide. Lysosomal build-up of the substrate glucocerebroside occurs in cells of the reticulo-
endothelial system in patients with Gaucher disease, a rare lysosomal storage disorder caused by the recessively inherited
deficiency of glucocerebrosidase. Gaucher disease has a broad clinical phenotypic spectrum, divided into non-neuronopathic and
neuronopathic forms. Like many monogenic diseases, the correlation between clinical manifestations and molecular genotype is
not straightforward. There is now a well-established clinical association between mutations in the glucocerebrosidase gene and
the development of more prevalent multifactorial disorders including Parkinson’s disease and other synucleinopathies. In this
review we discuss recent studies advancing our understanding of the cellular relationship between glucocerebrosidase and o-
synuclein, the potential impact of established and emerging therapeutics for Gaucher disease for the treatment of the synu-
cleinopathies, and the role of lysosomal pathways in the pathogenesis of these neurodegenerative disorders.
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Abbreviations: CBE = conduritol-B-epoxide; ERAD = endoplasmic reticulum-associated degradation; GBA1 = glucocerebrosidase;
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(Horowitz et al., 1989; Winfield et al., 1997). Mutations in GBA1
cause glucocerebrosidase deficiency and the subsequent accumula-

Introduction

The enzyme glucocerebrosidase (EC 3.2.1.45) breaks down the
glycolipid glucocerebroside into glucose and ceramide inside lyso-
somes (Beutler and Grabowski, 2001). Glucocerebrosidase is
encoded by the glucocerebrosidase (GBA7) gene, which is located
on chromosome 1921 spanning 7.6kb and includes 11 exons.
A highly homologous pseudogene is located 16kb downstream
and presents challenges for the molecular analysis of GBAT

tion of the undegraded substrate glucocerebroside inside the lyso-
somes of cells composing the reticulo-endothelial system. This
accumulation of glucocerebroside substrate results in Gaucher dis-
ease (OMIM #606463), a rare pan-ethnic autosomal recessive lyso-
somal storage disorder (Beutler and Grabowski, 2001). The main
cell biological function of macrophages is phagocytosis-mediated
breakdown of senescent cells such as erythrocytes, which have
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glucocerebroside-rich membranes. Gaucher disease macrophages
that have accumulated glucocerebroside appear engorged and
are often referred to as ‘Gaucher cells’. Gaucher cells primarily
populate the spleen, liver and bone marrow, resulting in inflam-
mation and organomegaly (Lachmann et al., 2004; Sidransky,
2012). Although Gaucher disease is rare, it is the most common
lysosomal storage disorder with an estimated frequency of
1:40000-60000 live births in the general population and an ex-
ceptionally high prevalence in the Ashkenazi Jewish population
(1:850 individuals) (Beutler et al., 1993; Beutler and Grabowski,
2001). To date, over 300 GBAT pathogenic mutations and poly-
morphisms have been reported (Hruska et al., 2008), but correl-
ations between the clinical phenotype and molecular genotype
remain limited (Goker-Alpan et al., 2005; Hruska et al., 2008;
Sidransky, 2012). Indeed, studies have shown that patients with
identical genotypes can have vastly different clinical manifestations
and severity, even between siblings and twins (Lachmann et al.,
2004; Sidransky, 2004; Biegstraaten et al., 2011), whereas patients
with different molecular genotypes can share similar clinical
phenotypes (Hruska et al., 2008). Furthermore, there is not a
strong correlation between the amount of accumulated substrate
and/or residual glucocerebrosidase enzyme activity and clinical
manifestations in patients (Sidransky, 2012). This suggests that
Gaucher disease is not a ‘simple’ monogenic disorder, and that
additional factors such as epigenetics and/or genetic modifiers
may contribute to disease development and phenotype
(Koprivica et al., 2000; Sidransky, 2004; Goker-Alpan et al., 2005).

Gaucher disease is classified into three different types, based on
the absence (type 1) or the presence and severity of neurological
manifestations (types 2 and 3). Non-neuronopathic type 1
Gaucher disease (OMIM #230800) is the most common form
and accounts for >90% of cases in the USA and Europe
(Beutler and Grabowski, 2001; Cherin et al., 2010). Clinical mani-
festations include enlarged liver and spleen, bone complications,
anaemia and thrombocytopaenia (Pastores et al., 2000; Beutler
and Grabowski, 2001). The extent of symptoms is highly variable
and many affected individuals will never reach medical attention.
One common GBA7 mutation, N370S, seems to be exclusively
associated with type 1 Gaucher disease, although other mutations
can also be seen in patients with Gaucher disease type 1. It has
been reported that Gaucher disease type 1 is associated with an
increased risk of certain malignancies such as multiple myeloma,
hepatocellular carcinoma, non-Hodgkin's lymphoma, malignant
melanoma and pancreatic cancer (Zimran et al., 2005; de Fost
et al., 2006; Ayto and Hughes, 2013; Mistry et al., 2013;
Weinreb and Lee, 2013). Acute neuronopathic or type 2
Gaucher disease (OMIM #230900) is the rarest and most severe
form of the disease (Beutler and Grabowski, 2001) with rapidly
progressing neurological deterioration, resulting in death within
the first years of life (Beutler and Grabowski, 2001; Sidransky,
2004). The onset and progression of neurological symptoms in
chronic neuronopathic Gaucher disease type 3 (OMIM
#2301000) is later and slower compared with Gaucher disease
type 2 (Beutler and Grabowski, 2001; Sidransky, 2012). Clinical
manifestations can include myoclonic epilepsy and ataxia, devel-
opmental delay, intellectual deterioration, and learning disabilities,
in addition to skeletal and visceral involvement (Sidransky, 2004,
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2012; Gupta et al., 2011; Sidransky and Lopez, 2012). Patients
with type 3 Gaucher disease develop a specific oculomotor abnor-
mality consisting of the slowing or looping of the horizontal sac-
cades. It is often difficult to classify patients as a specific type of
Gaucher disease because of the broad range of manifestations
encountered (Sidransky, 2004). Thus it may be more appropriate
to view Gaucher disease-associated phenotypes as a continuum
because of the broad range of associated manifestations observed
(Sidransky, 2004, 2012).

The classification of type 1 as the non-neuronopathic form of
Gaucher disease has recently been questioned because of its asso-
ciation with synucleinopathies including Parkinson's disease and
dementia with Lewy bodies (Sidransky et al., 2009; Nalls et al.,
2013). The synucleinopathies include different disorders with par-
kinsonian features characterized pathologically by the presence of
Lewy body inclusions, composed of aggregates of the small unstruc-
tured protein a-synuclein (Puschmann et al., 2012). The association
between GBA7 mutations and parkinsonism was first established
based on longitudinal clinical studies, in which it was observed
that some patients with Gaucher disease developed parkinsonism
(Tayebi et al., 2001, 2003; Bembi et al., 2003). It was then recog-
nized that Parkinson's disease was more frequent in first-degree
relatives of patients with Gaucher disease. Studies in specific cohorts
of patients with Parkinson's disease and associated Lewy body dis-
orders indicated these patients had an increased frequency of GBAT
mutations compared with control groups (Goker-Alpan et al., 2004;
Lwin et al., 2004; Eblan et al., 2006; Ziegler et al., 2007). In 2009,
a large international collaborative group including 16 participating
centres performed molecular analysis of GBA7 on >5000 DNA
samples from patients with Parkinson's disease and an equal
number of controls including subjects with different ethnicities.
The resulting odds ratio (OR) of 5.43 clearly demonstrated a
strong association between GBA7 mutations and Parkinson's dis-
ease. Moreover, subjects with GBA7 mutations had an earlier
onset of Parkinson's disease symptoms and more frequent cognitive
changes (Sidransky et al., 2009). Interestingly, genome-wide asso-
ciation studies initially failed to identify GBAT as a genetic risk factor
for parkinsonism, but more recent genome-wide association studies
have identified specific GBA7T single nucleotide polymorphisms
(Pankratz et al., 2009; Satake et al., 2009; Simon-Sanchez et al.,
2009). Since then, this association persisted and has been repro-
duced in multiple cohorts around the world (Dos Santos et al.,
2010; Mao et al., 2010; Huang et al., 2011; Lesage et al.,
2011a, b; Moraitou et al., 2011; Noreau et al., 2011;
Anheim et al., 2012; Choi et al., 2012; Emelyanov et al., 2012;
Tsuang et al., 2012; Wang et al., 2012; Becker et al., 2013; Kumar
et al., 2013). It is now widely accepted that the frequency of GBA1
mutations in subjects with Parkinson's disease from varied ethnicities
is greater than any other genetic risk factor for Parkinson's disease,
once common risk variants of low effect are excluded. Recently,
this association was expanded to dementia with Lewy
bodies, with the identification of GBAT mutations in 3.5% to
23% of subjects in genotyping studies of various independent
cohorts (Goker-Alpan et al., 2006; Mata et al.,, 2008). Another
large international multicentre study of GBAT mutations in dementia
with Lewy bodies was undertaken. Eleven centres contributed a
total of 721 cases with dementia with Lewy bodies and 151 cases
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of Parkinson's disease with dementia, which were compared with
1962 control subjects, matched for age, sex and ethnicity. A signifi-
cant association between GBAT mutations and dementia with Lewy
bodies, as well as Parkinson's disease with dementia, was estab-
lished, with odds ratios of 8.28 and 6.48, respectively. Similar to
Parkinson's disease, the age of diagnosis of dementia with Lewy
bodies in patients with GBA7 mutations was younger compared
to dementia with Lewy bodies without GBA7T mutations (Nalls
et al., 2013). These GBA1 studies establish its involvement in sev-
eral synucleinopathies, although GBA7 mutations are not seen with
multiple system atrophy, an a-synucleinopathy with o-synuclein in-
clusions mainly in glial oligodendrocytes (Spillantini et al., 1998;
Beyer and Ariza, 2007; Segarane et al., 2009; Jamrozik et al.,
2010; Srulijes et al., 2013; Sun et al., 2013a).

The major pathological characteristics of Parkinson’s disease and
dementia with Lewy bodies are the presence of insoluble oligo-
meric and fibrillar a-synuclein-positive inclusions known as Lewy
bodies and Lewy neurites in neurons in the substantia nigra, cere-
bral cortex, and hippocampus and the selective loss of dopamin-
ergic neurons in the midbrain (Puschmann et al., 2012).
Aggregation of a-synuclein seems to correlate with the onset
and progression of synucleinopathies, and its direct role in disease
manifestation is clear from the association of familial Parkinson's
disease with mutations, duplications, and triplications in the
a-synuclein gene (Fearnley and Lees, 1991; Puschmann, 2013).
Monomeric a-synuclein is a small 14kDa protein that is highly
expressed in the brain, where it is likely involved in the regulation
of synaptic vesicle clustering and the release of neurotransmitters
through interaction with lipids and members of the soluble
NSF Attachment Protein Receptor complex assembly machinery
(Abeliovich et al., 2000; Cabin et al., 2002; Burre et al., 2010;
Garcia-Reitbock et al., 2010; Ito et al., 2012; Diao et al., 2013),
but its exact biological function remains elusive. Monomers, fibrils,
and aggregates of a-synuclein can undergo transmission between
cells, a process that may be facilitated by small 50-100 nm vesicles
called exosomes that are released into the extracellular environ-
ment upon exocytosis of multivesicular bodies (Desplats et al.,
2009; Alvarez-Erviti et al., 2011; Hansen et al., 2011; Russo
et al., 2012; Chang et al., 2013). The neuropathology in
Parkinson's disease with GBAT mutations is similar to other synu-
cleinopathies without GBA7T mutations; a-synuclein-positive Lewy
bodies are found in the brains of patients with Parkinson's disease
and dementia with Lewy bodies with GBAT mutations (Neumann
et al., 2009; Goker-Alpan et al.,, 2010). The exact molecular
mechanisms involved in the interaction between glucocerebrosi-
dase and a-synuclein remain unresolved, but experimental data
indicate that there is a reciprocal relationship between glucocer-
ebrosidase activity and a-synuclein. When the delicate balance of
a-synuclein homeostasis is disturbed, possibly by impairment of
essential protein turnover pathways such as the unfolded protein
response, endoplasmic reticulum-associated degradation and
autophagy, cell stress or environmental factors, an increase in
a-synuclein levels will inhibit translocation of glucocerebrosidase
from the endoplasmic reticulum to the lysosome. In turn, less
lysosomal glucocerebrosidase leads to a gradual increase in
glucocerebroside substrate and subsequent oligomerization and
accumulation of a-synuclein in the lysosomes. Eventually, the
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lysosomes become dysfunctional, and autophagy-mediated
a-synuclein turnover is impaired, leading to a-synuclein aggregates
in the cytoplasm, which, in turn, inhibit trafficking from the endo-
plasmic reticulum to the lysosome. This positive feedback loop of
dysfunctional glucocerebrosidase trafficking, impaired lysosomal
function, and progressive a-synuclein accumulation will eventually
cause neurodegeneration (Mazzulli et al., 2011) (Fig. 1). A recent
in vivo observation of reduced enzyme activity and protein levels
of glucocerebrosidase in the substantia nigra of brains from pa-
tients with Parkinson's disease without GBAT mutations supports
this reciprocal relationship, and expands our understanding of the
key function of glucocerebrosidase in the pathology of synunclei-
nopathies (Gegg et al., 2012).

As most subjects with Gaucher disease never develop Parkinson’s
disease, GBAT mutations and a reduction in glucocerebrosidase
enzyme activity alone cannot be the cause of Parkinson's disease
or dementia with Lewy bodies. As Parkinson's disease and dementia
with Lewy bodies are disorders associated with ageing, it is likely
that cellular processes impacted during the ageing process are linked
with Parkinson's disease pathogenesis. Indeed, it has been reported
that ageing is associated with the diminished function of tightly
regulated protein and organelle homeostasis pathways such as
autophagy-lysosomal function (Cook et al., 2012), endoplasmic re-
ticulum stress (Lu et al., 2014), and mitochondrial stress (Lu et al.,
2014; Venkataraman et al., 2013). The critical balance between
a-synuclein proteostasis and optimal function of the proteasome
and/or autophagy-lysosome-mediated breakdown may become
compromised during ageing. Mutant, absent, or downregulated glu-
cocerebrosidase could contribute to this scenario by further compro-
mising these cellular pathways. In this review, we will discuss new
insights into the reciprocal relationship between glucocerebrosidase
and a-synuclein, the implications of deficient a-synuclein break-
down in key quality control and turnover pathways, modifiers of
GBA1 that might contribute to the development of Parkinson's dis-
ease, Gaucher disease therapeutics and their implications for the
treatment of synucleinopathies, and the expansion of Parkinson's
disease risk factors to enzymes involved in other lysosomal storage
disorders.

Cellular role of
glucocerebrosidase in the
neuropathology of
synucleinophathies

The reciprocal relationship between
glucocerebrosidase, a-synuclein and
lysosomal impairment

The involvement of glucocerebrosidase in the pathogenesis
of the synucleinopathies is still not completely understood.
Initially, arguments were made for either a gain-of-function or
loss-of-function model. The gain-of-function model implies that

the aberrant enzyme is directly involved in a-synuclein
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Figure 1 The reciprocal relationship between glucocerebrosidase and a-synuclein. (1 and 2) Glucocerebrosidase (GCase) is sorted via
the endoplasmic reticulum and Golgi to the lysosomes. (3) In lysosomes, glucocerebrosidase interacts with its substrate glucocerebroside
(GC) as well as monomers of a-synuclein, facilitating the breakdown of both at acidic pH. (4) Decreased levels of glucocerebrosidase
will result in a slowdown of a-synuclein degradation and a gradual build up of glucocerebroside substrate, with the eventual formation of
a-synuclein oligomers and fibrils. (4) Impaired lysosomes, as a result of build up of substrate and/or a-synuclein oligomers and fibrils, will
show impaired chaperone-mediated autophagy and autophagosome fusion, which implies that a-synuclein cannot undergo autophagy-
mediated degradation, resulting in an increased accumulation of a-synuclein in the cytoplasm. (5) These soluble monomers will eventually
assemble in oligomers and will block trafficking of glucocerebrosidase from the endoplasmic reticulum (ER) to the Golgi.

ECE = extracellular environment; CM = Cell Membrane; SAPC = saposin C.

aggregation through a biochemical interaction with a-synuclein or
interference with a-synuclein homeostasis pathways such as the
unfolded protein response and autophagy. Evidence for gain-
of-function was provided in a comprehensive study by Cullen
et al. (2011) where it was shown that transient over-expression
of different GBAT mutant constructs in MES23.5 and PC12 cells
expressing wild-type o-synuclein promoted accumulation of
a-synuclein in a time- and dose-dependent manner that was
independent of glucocerebrosidase enzyme activity status.
Furthermore, an in vivo mouse model with mutant Gba
(GbaPo9V/P4%%Vy - demonstrated age-dependent accumulation of
a-synuclein. However, the contribution of reduced enzyme activ-
ity, which was 20% of control, to the a-synuclein accumulation
process could not be ruled out in this model (Cullen et al., 2011).
In the loss-of-function model, the progressive build up of gluco-
cerebroside substrate in lysosomes may directly promote
a-synuclein aggregation, or have an indirect effect because of
altered lysosomal pH and/or diminished function of lysosomal
and autophagy-mediated breakdown pathways. Studies on cell
and mouse models, as well as patient samples, have provided
evidence for both models (Westbroek et al., 2011). In the context
of these two models, the E326K mutation deserves special

mention as it has long been the subject of controversy.
Independent studies have established that E326K is associated
with Parkinson's disease (Horowitz et al., 2011; Pankratz et al.,
2012; Duran et al., 2013), but this mutation is believed to be non-
pathogenic (Park et al., 2002; Liou and Grabowski, 2012) with
only a significant effect on enzyme activity when found in com-
bination with other pathogenic GBA7T mutations (Montfort et al.,
2004; Horowitz et al., 2011; Liou and Grabowski, 2012; Malini
et al., 2013). This suggests that in the case of E326K, reduced
glucocerebrosidase activity might not be the principal factor con-
tributing to the development of Parkinson's disease.

Several experimental observations have expanded on the model
of a reciprocal relationship as the basis for a mechanistic link be-
tween glucocerebrosidase and a-synuclein. The effect of manipu-
lation of glucocerebrosidase enzyme activity or expression levels
on a-synuclein accumulation was demonstrated in mice and
neuroblastoma cells treated with the glucocerebrosidase inhibitor
conduritol-B-epoxide (CBE), which showed significant accumula-
tion of a-synuclein protein, but no change in messenger RNA
levels (Manning-Bog et al., 2009; Cleeter et al., 2013).
However, a-synuclein accumulation or compromised lysosomal
function could not be observed in long-term CBE-treated
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SH-SY5Y neuroblastoma cells or primary rat cortical neurons, indi-
cating that deficient glucocerebrosidase activity alone does not
alter a-synuclein in these cell models (Dermentzaki et al., 2013).
Interestingly, primary mouse neurons silenced for GBA7 expression
showed enhanced a-synuclein accumulation that was not
observed in the neuroblastoma cell line (Mazzulli et al., 2011;
Cleeter et al., 2013). Cullen and co-workers showed that over-
expression of wild-type GBAT in HEK293 cells expressing A53T
a-synuclein and PC12 cells expressing wild-type a-synuclein
induced down-regulation of a-synuclein levels. However, this ob-
servation appeared to be cell-model specific, since this was not
observed with transiently transfected wild-type GBAT in MES23.5
cells expressing wild-type a-synuclein (Cullen et al., 2011). In vivo
studies by Sardi et al. (2011, 2013) showed that adenovirus-
mediated expression of wild-type glucocerebrosidase in the CNS
of mice with features of neuronopathic Gaucher disease corrected
substrate accumulation, cognitive impairment, and a-synuclein ag-
gregation in the brain, and in transgenic mice over-expressing
A53T a-synuclein without GBAT mutations, adenovirus-mediated
expression of wild-type glucocerebrosidase reduced o-synuclein
levels (Sardi et al., 2011, 2013). Additionally, increasing
a-synuclein levels downregulated glucocerebrosidase activity and
protein levels in several in vitro and in vivo models of Parkinson's
disease. Biophysical studies indicate that at acidic pH, there is
a direct interaction between wild-type «-synuclein and gluco-
cerebrosidase that is speculated to be beneficial for a-synuclein
turnover in the lysosome. Additional biophysical evaluations indi-
cate that o-synuclein inhibits glucocerebrosidase activity in a
dose-dependent manner (Yap et al., 2011, 2013). In cells,
increased levels of a-synuclein caused a reduction in wild-type
glucocerebrosidase activity, and to a lesser extent, glucocerebrosi-
dase protein levels (Mazzulli et al., 2011; Gegg et al., 2012).
Studies performed in a limited number of post-mortem brain sam-
ples from subjects with sporadic Parkinson's disease without GBA7
mutations, show a significant decrease in glucocerebrosidase ac-
tivity and protein levels in the substantia nigra and cerebellum
(Gegg et al., 2012). The pivotal experimental evidence regarding
the reciprocal relationship between glucocerebrosidase and
a-synuclein came from an elaborate and comprehensive study
by Mazzulli and co-workers (2011), where it was shown that par-
tial loss of glucocerebrosidase activity in primary mouse neurons,
or human neuronal cultures derived from induced pluripotent stem
cells, interfered with protein degradation in the lysosome, pro-
moted accumulation of a-synuclein, and enhanced -synuclein-
mediated neurotoxicity. In vitro, glucocerebroside substrate was
shown to promote stabilization of o-synuclein oligomers and ag-
gregation. Over-expression of a-synuclein inhibited endoplasmic
reticulum-to-Golgi trafficking of glucocerebrosidase, presumably
by inhibiting formation of soluble NSF attachment protein receptor
complexes (Cooper et al., 2006; Thayanidhi et al., 2010), which
resulted in the downregulation of lysosome-resident glucocerebro-
sidase. Analyses of brain samples indicated that soluble a-synuclein
oligomers were increased in both subjects with neuronopathic
Gaucher disease and subjects with Parkinson's disease with
GBA7 mutations; however, brain samples from subjects with
Parkinson's disease without GBA7 mutations were not included
in this study (Mazzulli et al., 2011). This is in contrast with a
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study where a-synuclein solubility was measured in brain samples
from patients with Gaucher disease as well as patients with synu-
cleinopathies with and without GBAT mutations, demonstrating
the presence of a-synuclein aggregates exclusively in the brains
from subjects known to have synucleinopathies (Choi et al.,
2011). It should be noted that both studies used different methods
for brain lysate preparation and analysis. An in vivo study on
induced pluripotent stem cells-derived cortical neurons from a pa-
tient with the A53T mutation in a-synuclein showed an increase in
the ratio of endoplasmic reticulum-resident to post-endoplasmic
reticulum glucocerebrosidase compared to isogenic gene-edited
wild-type cortical neurons. This was also observed in brain samples
from a subject with A53T a-synuclein and in cortex samples from
patients with sporadic Parkinson's disease. These observations sug-
gest that glucocerebrosidase trafficking from the endoplasmic re-
ticulum to the lysosomes was significantly reduced in A53T cells as
well as Parkinson's disease brain samples (Chung et al., 2013).
Thus, a majority of the studies described provide evidence sup-
porting a reciprocal relationship model between glucocerebrosi-
dase and a-synuclein (Fig. 1). The central player in this
reciprocal relationship model is the lysosome, which is the main
organelle responsible for the degradation of proteins, lipids and
organelles such as defective mitochondria (Dehay et al., 2013).
Lysosome-mediated degradation of a-synuclein occurs through
both macroautophagy and chaperone-mediated autophagy.
Proteins destined for chaperone-mediated autophagy, such as
a-synuclein, form a complex with heat shock cognate 70, which
is targeted to the lysosomal membrane where it interacts with
lysosomal associated membrane protein 2A, and undergoes trans-
location to the lysosome, followed by degradation (Arias and
Cuervo, 2011); impaired chaperone-mediated autophagy has
been reported in Parkinson's disease brain samples (Alvarez-Erviti
et al., 2010). In macroautophagy, double-membraned autophago-
somes carry engulfed proteins, lipids and organelles destined for
breakdown to lysosomes. This occurs via the formation of the
autophagolysosome, resulting from the fusion of autophagosomes
with lysosomes (Yang and Klionsky, 2010). Accumulating evidence
indicates that lysosomal impairment contributes to the neuropath-
ology of Parkinson's disease (Tofaris, 2012) and in turn, o-synu-
clein aggregation can impair autophagy and lysosomal function
(Winslow et al., 2010). A well-illustrated example of the implica-
tions of lysosomal dysfunction in Parkinson's disease is the PARK9
gene, which encodes the ATP13A2 protein, a lysosomal P-type
ATPase. Mutations in PARK9 have been shown to cause severe
lysosomal impairment and accumulation of a-synuclein, and are
associated with Kufor-Rakeb syndrome, a rare genetic form of
parkinsonism (Schultheis et al., 2013). Autophagy and lysosomal
dysfunction have been reported in models and in tissue samples
from subjects with GBA7-associated Parkinson's disease. In pri-
mary cortical wild-type mouse neurons infected with lentiviral
a-synuclein and GBAT short hairpin RNA, resulting in 50% reduc-
tion in glucocerebrosidase protein levels, lysosomal protein turn-
over capacity was impaired, and enlarged lysosomal-associated
membrane protein 1-positive structures accumulated. These results
were validated in dopaminergic neurons generated from induced
pluripotent stem cells derived from Gaucher disease fibroblasts
(Mazzulli et al., 2011). Inhibiting glucocerebrosidase with CBE or
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partial GBA17 silencing in SHSY-5Y neuroblastoma cells did not
change the lysosomal content or the levels of LC3-II, which cor-
responds to the number of accumulated autophagosomes (Cleeter
et al., 2013). Dermentzaki et al. (2013) saw a slight but significant
increase in LC3-II levels in SHSY-5Y cells treated with CBE for 100
days. Similar observations were made in brain samples from sub-
jects with both sporadic Parkinson's disease and GBA7-associated
Parkinson’s disease (Gegg et al., 2012). In a Gba™~ mouse model
representative of neuronopathic type 2 Gaucher disease, impair-
ment of autophagy, mitophagy and also the proteasome-mediated
degradation pathway were observed in midbrain neurons and
astrocytes. This resulted in the accumulation of fragmented mito-
chondria and a-synuclein. Although this model does not represent
Parkinson's disease, it should be noted that a-synuclein pathology
was present. This finding clearly illustrates that dysfunction in the
reciprocal balance between glucocerebrosidase and a-synuclein
can lead to neurodegeneration (Osellame et al., 2013).

The unfolded protein response

Chaperones, lectins and foldases all assist with the protein folding
process, but it is believed that about one-third of all newly synthe-
sized proteins are still damaged or misfolded (Schubert et al.,
2000). To maintain balanced cell proteostasis, aberrant proteins
are turned over via endoplasmic reticulum-associated degradation
(ERAD) through ubiquitination by ubiquitin ligases and subsequent
26S  proteasome-mediated degradation (Kaufman, 2002;
Goldberg, 2003). In the case of persistent accumulation, the un-
folded protein response is activated through three endoplasmic
reticulum transmembrane sensor proteins: activating transcription
factor 6 (ATF6), type | transmembrane protein kinase and endor-
ibonuclease (IRE1), and RNA-activated protein kinase-like endo-
plasmic reticulum kinase (PERK), which are negatively regulated by
binding of BiP, a member of the heat shock protein 70 protein
family. In the presence of excessive unfolded proteins, BiP is re-
cruited to the endoplasmic reticulum lumen, where it activates
IRE1, ATF6 and PERK by its dissociation. The three sensors initiate
various signalling pathways, which include restoration of endoplas-
mic reticulum homeostasis by the regulation of the endoplasmic
reticulum folding load recovery process through induction of ERAD
and protein folding chaperones, attenuation of protein translation,
and, if the restoration of endoplasmic reticulum homeostasis
fails, cell death (Germain, 2008; Chakrabarti et al., 2011;
Brodsky, 2012; Sano and Reed, 2013).

Several recent studies indicate that both ERAD and the unfolded
protein response play crucial roles in the cellular pathology of
Parkinson's disease. Experimental cell and mouse models and stu-
dies in post-mortem Parkinson's disease brain samples indicate
that the first stages of a-synuclein accumulation and aggregation
lead to induction of the unfolded protein response, with upregula-
tion of unfolded protein response markers in dopaminergic neu-
rons and eventual neurodegeneration (Bellucci et al., 2011; Colla
et al., 2012a, b; Gorbatyuk et al., 2012; Hoozemans et al., 2012).

The role of glucocerebrosidase in endoplasmic reticulum stress
and neurodegeneration has only recently begun to emerge. Under
normal conditions, newly synthesized glucocerebrosidase is cor-
rectly folded in the endoplasmic reticulum and is then translocated
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to the lysosomes. Aberrant glucocerebrosidase fails to fold
correctly, is arrested in the endoplasmic reticulum and is redirected
to undergo polyubiquitination, followed by degradation.
Studies on fibroblasts derived from patients with Gaucher disease
have established that glucocerebrosidase mutants undergo
polyubiquitination and proteasomal degradation via ERAD (Ron
and Horowitz, 2005; Bendikov-Bar et al., 2011; Bendikov-Bar
and Horowitz, 2012). Heat shock protein 90B was identified as
the key chaperone for the redirection of aberrant glucocerebrosi-
dase for breakdown via ERAD (Lu et al., 2010, 2011; Yang et al.,
2013). Several E3-ubiquitin ligases such as ITCH, c-Cbl, and parkin
recognize mutant glucocerebrosidase as their substrate for polyu-
biquitination (Lu et al., 2010; Ron et al., 2010; Maor et al., 2013).
As a result of ERAD, lysosomal levels of glucocerebrosidase are
significantly decreased, resulting in the accumulation of glucocer-
ebroside substrate. It was suggested that the severity of Gaucher
disease symptoms might correlate with the degree of endoplasmic
reticulum retention of mutant glucocerebrosidase (Ron and
Horowitz, 2005; Bendikov-Bar et al., 2011; Bendikov-Bar and
Horowitz, 2012). Persistent accumulation of aberrant proteins
can activate the unfolded protein response, which has been re-
ported in human fibroblasts derived from patients with Gaucher
disease and carriers of GBAT mutations (Brady et al., 1974; Mu
et al., 2008; Wei et al., 2008; Lee et al., 2011; Maor et al., 2013).
Fly models corresponding to GBA17 carriers and transgenic flies
expressing human N370S or L444P glucocerebrosidase mutants
both showed unfolded protein response activation and both the
development of a locomotion impairment reminiscent of parkinso-
nian features and an early death (Maor et al., 2013). Activation of
the unfolded protein response in Gaucher disease and carriers of
GBA1 mutations support a previous report demonstrating that the
interaction of mutant glucocerebrosidase with the E3-ubiquitin
ligase parkin leads to K48-mediated polyubiquitination of gluco-
cerebrosidase, before breakdown in the proteasome. It was pro-
posed that this interaction might impair interactions with other,
potentially neurotoxic, parkin substrates, and that interference
with their breakdown would result in endoplasmic reticulum
stress, followed by unfolded protein response activation and the
subsequent elevation of ERAD. This, in turn, would lead to further
accumulation of neurotoxic substrates, resulting in cell death (Ron
et al., 2010). However, a study performed on parkin-deficient
fibroblasts provided evidence that parkin is not a crucial E3-
ubiquitin ligase for glucocerebrosidase (McNeill et al., 2013).
Not every Gaucher disease model demonstrates unfolded protein
response activation. CBE-treated cultured primary mouse neurons
and astrocytes show no changes in expression of common un-
folded protein response makers (Farfel-Becker et al., 2009). The
same was observed for select brain regions of the two mouse
models representative of neuronopathic Gaucher disease; the
Gba™~ knock-out (Tybulewicz et al., 1992) and the conditional
Gba™'~ knock-out, which is restricted to neural and glial progenitor
cells (Enquist et al., 2007) as well as the Gba“***""****"mouse, a
model with partial enzyme deficiency and no neurological involve-
ment (Mizukami et al., 2002; Farfel-Becker et al., 2009). Cullen
et al. (2011) failed to detect activation of the unfolded protein
response in MES23.5 cells expressing wild-type o-synuclein that
were transiently transfected with mutant GBAT constructs.
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Finally, an increase in unfolded protein response markers was seen
in post-mortem brain samples from subjects with sporadic
Parkinson's disease with and without GBA7 mutations (Gegg
et al., 2012). ERAD of aberrant glucocerebrosidase protein, or
endoplasmic reticulum retention of wild-type glucocerebrosidase
as a result of a-synuclein mediated blocking of trafficking, might
contribute to the increased unfolded protein response. This re-
mains speculative because increased unfolded protein response
could also be induced by other pathways associated with
Parkinson's disease, such as a malfunction in Ca?* release, meta-
bolic stress, inflammation, and mitochondrial oxidative stress
(Doyle et al., 2011; Wang and Kaufman, 2012). The exact rela-
tionship between glucocerebrosidase, o-synuclein accumulation,
and the role of the unfolded protein response remains to be
fully determined.

Mitochondrial dysfunction

Growing evidence indicates that mitochondrial turnover, dysfunc-
tion, and oxidative stress play key roles in the development and
progression of Parkinson's disease. Indeed, mutations in three
genes (PINK1, PARK2 and PARK?) involved in these pathways
cause familial Parkinson's disease (Puschmann, 2013). The expres-
sion, activity and mitochondrial localization of the DJ-1 protein,
which is encoded by the PARK7 gene, are regulated by oxidative
stress. DJ-1 is a neuroprotective protein that protects cells from
oxidative stress-induced death by positively regulating pathways
such as mitophagy. High levels of oxidation or genetic mutations
can inactivate DJ-1, which induces impairments in complex | ac-
tivity and subsequent reactive oxygen species production, reduced
membrane potential and fragmented mitochondrial morphology
(Ariga et al., 2013). In healthy cells, mitochondrial turnover is
regulated by PTEN-induced putative kinase 1 (PINK1) and the
E3-ubiquitin ligase parkin in a process called mitophagy, which is
the autophagy of damaged mitochondria. In functional mitochon-
dria, PINK1 is translocated from the outer membrane to the inner
membrane for degradation, while in dysfunctional mitochondria
with a reduced membrane potential, PINK1 will accumulate on
the outer mitochondrial membrane and serve as a receptor for
recruitment of parkin (Jin et al., 2010; Lazarou et al., 2012).
Parkin-mediated polyubiquitination of mitochondrial proteins
recruits p62, which induces the aggregation of damaged mito-
chondria (Narendra et al., 2010). Failure of the turnover of accu-
mulated damaged mitochondria by mitophagy leads to cell death.

Evidence for mitochondrial involvement in GBA7-associated
Parkinson's disease has now emerged (Gegg et al., 2012;
Cleeter et al., 2013; Osellame et al., 2013). To mimic glucocer-
ebrosidase deficiency, Cleeter and co-workers (2013) treated the
human neuroblastoma SHSY-5Y cell line with the glucocerebrosi-
dase suicide inhibitor CBE. Long-term treatment with CBE resulted
in fragmentation of mitochondria, significant progressive decline in
mitochondrial membrane potential, reduction of ATP synthesis
and an increase in reactive oxygen species production. Although
a-synuclein levels increased by ~50%, surprisingly, the major
routes for protein degradation and turnover such as the ERAD
and the autophagy-lysosomal pathways were not affected.
Although a stable partial GBAT knockdown of 62% of enzyme
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activity confirmed the decline in mitochondrial membrane poten-
tial and increase in oxidative stress, it failed to show significant
accumulation of a-synuclein (Cleeter et al., 2013). Another study
performed on cultured primary midbrain neurons and astrocytes
derived from a mouse model representative of acute neurono-
pathic Gaucher disease, revealed severe impairments in autophagy
and ubiquitin-proteasome-mediated protein breakdown pathways,
resulting in the accumulation of insoluble a-synuclein and ubiqui-
tinated proteins. Mitochondrial dysfunction, due to defective mito-
chondrial complex |, led to increased reactive oxygen species
production. Fragmented and dysfunctional mitochondria were
not turned over by mitophagy because of a failure of recruitment
of parkin to the mitochondrial membrane (Osellame et al., 2013).
Both studies provide evidence for a link between mitochondrial
function and the turnover and inhibition or absence of glucocer-
ebrosidase. These studies indicate that there are similarities in cel-
lular pathophysiological mechanisms in both type 2 Gaucher
disease and Parkinson's disease with regard to protein and organ-
elle turnover pathways and energy homeostasis. To date, no
studies using relevant neuronal cell and animal models or brain
samples representing Parkinson's disease with GBAT mutations
have addressed mitophagy and energy homeostasis. However,
a study on SHSY-5Y cells silenced for PINK7, a cell model for
familial Parkinson's disease, showed significant reduction of gluco-
cerebrosidase protein levels and activity that could be rescued by
exogenous expression of wild-type PINKT (Gegg et al., 2012).

Regulators of GBA1 and/or
glucocerebrosidase expression
and their implications in the
synucleinopathies

It is now clear that Gaucher disease encompasses a broad spec-
trum of clinical phenotypes, with limited correlation between
genotype and phenotype (Sidransky, 2004, 2012). This suggests
the involvement of modifier genes that can interact with the dis-
ease-causing allele and influence its phenotypic expression (Goker-
Alpan et al., 2005). Several potential modifiers for Gaucher disease
have been proposed (Latham et al., 1990; Winfield et al., 1997;
Montfort et al., 2004). Although mutations in GBA7 are a
common risk factor for the development of Parkinson's disease,
only a fraction of patients with Gaucher disease and carriers for
GBAT mutations develop Parkinson's disease (Sidransky et al.,
2009). This leads us to speculate that potential disease modifiers
in this process might serve as additional risk factors that, in com-
bination with GBAT mutations, might favour the development and
progression of synucleinopathies.

SCARB2/LIMP2: a genetic modifier
of GBA1

Although the majority of lysosomal enzymes reach their destin-
ation via the mannose-6-phosphate receptor pathway, a subset
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gets sorted through mannose-6-phosphate receptor-independent
pathways (Coutinho et al., 2012). One of these enzymes is glu-
cocerebrosidase, which reaches the lysosome via lysosomal integral
membrane protein type 2 (LIMP-2) mediated trafficking (Reczek
et al., 2007) (Fig. 2). LIMP-2, encoded by the scavenger receptor
class B member 2 (SCARB2) gene located on chromosome 4q13-
21, belongs to the CD36 family of scavenger receptor proteins
(Fujita et al., 1991; Febbraio et al., 2001; Berkovic et al., 2008).
LIMP-2, which is ubiquitously expressed, is one of the most abun-
dant transmembrane proteins in the lysosomal membrane
(Eskelinen et al., 2003); mutation and over-expression studies sug-
gest that it plays a role in the biogenesis and maintenance of late
endosomes and lysosomes (Kuronita et al., 2002; Eskelinen et al.,
2003), as well as in the fusion between lysosomes and autopha-
gosomes (Gleich et al., 2013).

It was not until 2007 that LIMP-2 was identified as the receptor
required for the trafficking of glucocerebrosidase to the lysosomes
(Reczek et al., 2007). Protein interaction studies showed a pH-
dependent interaction between LIMP-2 and glucocerebrosidase,
which was regulated by the pH-sensor amino acid histidine 171
(Zachos et al., 2012). This direct interaction between glucocereb-
rosidase and LIMP-2 is initiated at neutral pH within the endo-
plasmic reticulum, and is disrupted upon reaching the acidic
lysosome (Reczek et al., 2007; Blanz et al., 2010; Zachos et al.,
2012). Studies of SCARB2 knock-out mice showed GBAT messen-
ger RNA levels were not affected, but there was a decrease in
glucocerebrosidase activity and protein levels along with lysosomal
accumulation of glucocerebroside (Reczek et al., 2007).
Conditioned media taken from SCARB2 knock-out cells in culture
demonstrate that glucocerebrosidase is secreted into the extracel-
lular environment as a result of impaired trafficking of glucocer-
ebrosidase (Reczek et al., 2007; Velayati et al., 2011). Mutations
in SCARB2 are associated with action myoclonus-renal failure
syndrome (OMIM #254900), an autosomal recessive disorder
characterized by renal pathology, progressive myoclonus epilepsy
and ataxia (Berkovic et al., 2008; Blanz et al., 2010). Studies
on four different mutant SCARB2 lines showed that the mutant
proteins are retained in the endoplasmic reticulum and affect glu-
cocerebrosidase activity in the lysosomes by binding to glucocer-
ebrosidase in the endoplasmic reticulum and preventing its
translocation to the lysosomes (Balreira et al., 2008; Blanz et al.,
2010). SCARB2 was recently identified as a genetic modifier for
GBAT1 in a study of a unique pair of siblings who had discordant
Gaucher disease phenotypes but identical genotypes. One sib suf-
fered myoclonic seizures and sequencing of his SCARB2 gene re-
vealed a novel heterozygous ¢.1412A>G (p.Glu471Gly) mutation
in one allele, which was absent from the brother. Expression stu-
dies in fibroblasts from this patient revealed significant downregu-
lation of LIMP-2 and glucocerebrosidase protein levels, as well as
glucocerebrosidase enzyme activity. Secretion of mature glucocer-
ebrosidase into the extracellular environment was observed
(Velayati et al., 2011). As LIMP-2 is crucial for the correct traffick-
ing of glucocerebrosidase, and LIMP-2 malfunction can lead to a
reduction in glucocerebrosidase levels and activity, it is tempting to
speculate a role for LIMP-2 in the development of Parkinson's
disease. SCARB2 mutations and Parkinson's disease could be
related through the modulation of glucocerebrosidase protein
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levels and activity in the cell. LIMP-2 deficiency could lead to
glucocerebrosidase secretion instead of proper delivery to the
lysosome, which could result in accumulation of glucocerebroside
substrate, alterations in lysosomal function, and aggregation of
proteins such as a-synuclein inside the lysosomes. It was demon-
strated in a cell model over-expressing a-synuclein that less glu-
cocerebrosidase was bound to LIMP-2, which indicates less
translocation of glucocerebrosidase to the lysosome (Gegg et al.,
2012).

It still remains unclear how a variation near or inside SCARB2
could be associated with Parkinson's disease (Hopfner et al.,
2013). Recent genetic-based evidence has suggested an associ-
ation between SCARB2 and Parkinson's disease. Genome-wide
association studies identified an association between rs6812193,
a single nucleotide polymorphism located upstream of the
SCARB2 gene, and Parkinson's disease (OR =0.84) in a popula-
tion of European ancestry (Do et al., 2011). The single nucleotide
polymorphism is located in an intron of FAM47E, a gene encoding
a protein of unknown function (Do et al., 2011). This association
was confirmed by the International Parkinson's Disease Genomics
Consortium (2011) in a two-stage meta-analysis, and further sup-
ported by an independent genotyping study of 984 patients with
Parkinson's disease and 1014 controls of German/Austrian descent
(Hopfner et al., 2013). However, the association was not seen in a
Chinese study of 449 patients with Parkinson's disease and 452
controls (Chen et al., 2012; Hopfner et al., 2013). A candidate
gene screen, performed on 347 subjects with sporadic Parkinson's
disease and 329 controls from Greece, revealed an additional
single nucleotide polymorphism, rs6825004, located within intron
2 of SCARB2, that appeared to be associated with Parkinson's
disease (OR = 0.68). However, the authors recognized the limita-
tions in their study because of the small sample size (Michelakakis
et al., 2012). In another small study, the presence of rs6812193
and/or rs6825004 single nucleotide polymorphisms and corres-
ponding SCARB2 and LIMP-2 expression levels were assessed in
15 lymphocyte and leucocyte samples derived from individuals
without Parkinson's disease. There was no indication that the
SCARB2 single nucleotide polymorphism genotypes described
were associated with the modulation of SCARB2 messenger
RNA and LIMP-2 protein expression levels (Maniwang et al.,
2013).

Saposin C: an activator of
glucocerebrosidase

Mature saposin C (SAPC) is a glucocerebrosidase enzyme activator
in lysosomes and is essential in the hydrolysis of glucocerebroside
(Beutler and Grabowski, 2001; Sidransky, 2004; Vaccaro et al.,
2010), but the mechanism for this activation is not fully under-
stood. Saposin A, B, C, and D are small homologous glycoproteins
with six cysteine residues forming disulphide bridges. The bridges
are crucial for saposin C function (Tamargo et al., 2012). Saposin
proteins are generated through proteolytic cathepsin D-mediated
cleavage of its precursor prosaposin (Hiraiwa et al., 1997; Yuan
and Morales, 2011). Biophysical experimental evidence indicates
that saposin C-mediated extraction and solubilization of
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Figure 2 Regulators of GBAT expression and glucocerebrosidase activity and trafficking. (1) Phosphorylated TFEB is located in the
cytoplasm. Under starvation conditions, dephosphorylated TFEB translocates to the nucleus where it regulates the transcription of genes
involved in the CLEAR network, including GBAT. (2) GBAT messenger RNA is translated into glucocerebrosidase. The interaction with its
receptor LIMP-2 facilitates translocation of glucocerebrosidase to the lysosomes via the endoplasmic reticulum (ER), Golgi and late
endosomes (LE). (3) In the lysosomes, glucocerebrosidase dissociates from LIMP-2. The glucocerebrosidase activator, saposin C (SAPC),
lifts glucocerebroside from the lysosomal membrane and/or membranes within the lysosome and makes it available for glucocerebrosi-
dase-mediated breakdown. (4) When LIMP-2 is deficient or absent, the glucocerebrosidase enzyme cannot be correctly sorted to the
lysosomes. As a consequence, glucocerebrosidase is secreted into the extracellular environment (ECE). (5) Saposin C deficiency leads to the
impairment of glucocerebroside degradation since the substrate is not available to glucocerebrosidase and subsequently accumulates

inside the lysosomes. CM = Cell Membrane.

glucocerebroside exposes the lipid substrate to glucocerebrosidase
for subsequent hydrolysis (Alattia et al., 2006, 2007) (Fig. 2). An
additional role for saposin C is the protection of glucocerebrosi-
dase against proteolytic breakdown, which is demonstrated by a
significant reduction in levels of glucocerebrosidase protein and
enzyme activity in saposin C-deficient cells (Sun et al., 2003,
2010). Because of its essential role as a glucocerebrosidase activa-
tor, saposin C could be a modifier gene for Gaucher disease and
potentially Parkinson's disease. Indeed, crossbreeding studies with
a mouse model of saposin C, created by a knock-in mutation in
exon 11 of the prosaposin gene, and the V394L homozygous
Gaucher mouse (Xu et al., 2003; Hruska et al., 2008; Sun
et al., 2010), revealed that the combined deficiencies exacerbate
the Gaucher disease phenotype, with progressive neurological
complications resulting in early death, greater glucocerebrosidase
activity reduction, significant defects in glucocerebroside 18:0
species breakdown in the brain, and increased storage of the sub-
strates glucocerebroside and glucosylsphingosine (Sun et al.,
2013b). This model confirmed that saposin C could act as a dis-
ease modifier for Gaucher disease. Only six patients with saposin

C deficiency have been described in the literature and a correlation
was observed between the type of mutation and the nature of
their Gaucher-like phenotype. Patients with mutations in the cru-
cial cysteine residues in the saposin C domain of prosaposin had a
clinical phenotype similar to Gaucher disease type 3, whereas
those with other mutations resembled non-neuronopathic type 1
Gaucher disease (Christomanou et al., 1986, 1989; Schnabel
et al., 1991; Rafi et al., 1993; Diaz-Font et al., 2005; Tylki-
Szymanska et al., 2007, 2011; Vaccaro et al., 2010). Complete
deficiency of prosaposin and consequently all saposins, resulted in
a severe fatal neurological infantile sphingolipidosis (Hulkova
et al., 2001). As patients with both saposin C and glucocerebro-
sidase deficiencies have never been identified, it is difficult to
assess the role of saposin C as a modifier gene in human samples.
Interestingly, patient fibroblasts with cysteine saposin C mutations
showed an accumulation of autophagosomes, which was believed
to be caused by reduced protein levels and enzymatic activity of
both cathepsin B and D (Tatti et al, 2011, 2012, 2013).
Exogenous over-expression of both cathepsins restored autolyso-
somal degradation (Tatti et al., 2013). This secondary effect of
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saposin C deficiency is of great interest as malfunctions in the
autophagy clearance pathway and their role in the development
of Parkinson's disease are well documented (Lim and Zhang,
2013), as is the role of cathepsin D in proteolytic breakdown of
a-synuclein (Cullen et al., 2009). Although saposin C can act as a
modifier gene for Gaucher disease in a mouse model (Sun et al.,
2010), appropriate saposin C expression studies on samples from
patients with Gaucher disease with discordant phenotypes are
currently lacking. Also, considering the recent observations of
reduced wild-type glucocerebrosidase activity in Parkinson's dis-
ease models and patient samples, it is possible that altered saposin
C levels in patients with Parkinson's disease (with or without
GBAT mutations) could be a crucial determinant in the develop-
ment of synucleinopathies.

TFEB: a regulator of GBA1/
glucocerebrosidase expression

A majority of the genes involved in both lysosomal function and
biogenesis are part of the coordinated lysosomal expression and
regulation network. Expression of gene members of this network is
positively regulated by the basic helix-loop-helix leucine zipper
transcription factor EB (TFEB), which binds to the GTCACGTGAC
motif element within their promoter region (Sardiello et al., 2009).
Work by Ballabio and colleagues established that TFEB is part of a
signalling pathway by which lysosomes self-regulate. Indeed,
experimental data in Drosophila S2, human HEK293T cells, and
a cell-free system support an ‘inside-out’ model in which accumu-
lated amino acids inside the lysosome initiate signalling through
the v-ATPase-Ragulator protein complex to Rag-GTPases, which,
in turn, recruit mammalian target of rapamycin (mTOR) to the
surface of the lysosomes (Sancak et al., 2008, 2010; Zoncu
et al., 2011). TFEB interacts with mTOR on the lysosomal surface,
where phosphorylation of multiple serine residues by mTOR pre-
vents TFEB translocation to the nucleus (Settembre and Ballabio,
2011; Settembre et al., 2012; Martina and Puertollano, 2013). Cell
starvation, which includes amino acid depletion within the lyso-
some, results in inhibition of the ‘inside-out’ signalling pathway,
and eventual mTOR release from the lysosome surface. TFEB is no
longer phosphorylated, and translocates to the nucleus, where it
activates transcription of the coordinated lysosomal expression and
regulation network genes and autoregulates its own expression
through a feedback loop (Settembre et al., 2012, 2013). In add-
ition to its role in lysosomal function and biogenesis, TFEB is also
a key player in lipid metabolism (Settembre et al., 2013), auto-
phagosome formation and autophagosome-lysosome fusion
(Settembre and Ballabio, 2011), and Ca?*-mediated lysosomal
exocytosis, which can positively affect cellular substrate clearance
in select lysosomal storage disorders, including Batten disease,
Pompe disease, neuronal ceroid lipofuscinoses, multiple sulphatase
deficiency, and mucopolysaccharidosis type IIIA (Medina et al.,
2011).

TFEB over-expression and silencing studies in HelLa cells showed
that TFEB positively regulated GBAT messenger RNA expression
(Fig. 2). Additionally, chromatin immunoprecipitation analysis con-
firmed that GBAT is a direct target of TFEB (Sardiello et al., 2009).
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The TFEB field is still in its infancy and very few studies on its role
in neurodegeneration are available. One study showed that
adenovirus-mediated over-expression of human a-synuclein in
the midbrain of rats induced TFEB retention in the cytoplasm,
blockage of lysosomal function, accumulation of a-synuclein in
autophagosomes, and progressive build-up of a-synuclein oligo-
mers. Co-immunoprecipitation experiments showed an interaction
between a-synuclein and TFEB, suggestive of a role for
a-synuclein in cytoplasmic sequestration of TFEB. These observa-
tions were confirmed in nigral dopaminergic neurons of post-
mortem Parkinson's disease midbrains. In the a-synuclein rat
model, both over-expression of TFEB or activation through
pharmacological inhibition of mTOR resulted in a block in the
progression of a-synuclein-mediated neurodegeneration. This
study puts TFEB on the map as a key player in Parkinson's disease
(Decressac et al., 2013). Recently, reduced wild-type glucocereb-
rosidase protein levels were observed in samples from patients
with synucleinopathies (Balducci et al., 2007; Parnetti et al.,
2009; Gegg et al., 2012). It is possible that this could be because
of a-synuclein-induced TFEB retention in the cytoplasm with con-
sequently lower transcription of GBAT messenger RNA. Currently,
TFEB is the only known transcription factor for GBA7, but a study
of the promoter and regulatory regions of GBAT revealed several
conserved transcription factor-binding sites resulting in altered
GBA1 expression levels when mutated. This suggests that these
regions might be involved in transcriptional regulation of GBA7
and potentially contribute to the complex phenotypic diversity
observed in Gaucher disease including the development of
Parkinson's disease (Blech-Hermoni et al., 2010).

Therapeutics for Gaucher
disease may have promise for
the treatment of the
synucleinopathies

As previously mentioned in this review, studies performed on cell
free systems, cell and animal models, and patient samples have
demonstrated that knockdown of GBA7 expression, the introduc-
tion of GBAT mutations, inhibition by CBE, or treatment with
glucocerebroside substrate all enhance accumulation and/or oligo-
merization of a-synuclein (Manning-Bog et al., 2009; Cullen et al.,
2011; Mazzulli et al., 2011; Sardi et al., 2011, 2013; Gegg et al.,
2012; Cleeter et al., 2013; Osellame et al., 2013). On the other
hand, upregulation of a-synuclein levels decrease glucocerebrosi-
dase protein and activity levels in cell-free systems, cell and mouse
models, and post-mortem brains of Parkinson's disease patients
with and without GBA7 mutations (Mazzulli et al., 2011; Sardi
et al., 2011, 2013; Yap et al., 2011, 2013; Gegg et al., 2012).
This reciprocal relationship between glucocerebrosidase activity
and a-synuclein levels has generated great interest in the potential
role of Gaucher disease therapeutics for the treatment of the
synucleinopathies (Sardi et al., 2013; Schapira and Gegg, 2013).
Therapies for Gaucher disease, which are targeted towards aug-
menting glucocerebrosidase activity or decreasing glucocerebroside
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storage, could prove to be promising strategies for modulating
a-synuclein proteostasis and its subsequent aggregation and oligo-
merization. This rational was supported by experimental evidence
showing that viral-mediated infection into the central nervous
system of a mouse model with GBA7 mutations representing neu-
ronopathic Gaucher disease and a transgenic mouse model over-
expressing A53T a-synuclein without GBAT mutations significantly
reduced a-synuclein levels (Sardi et al., 2013). This set a paradigm
for augmentation of glucocerebrosidase activity as a beneficial
therapeutic strategy for halting disease progression in patients
with Parkinson's disease, both with and without GBA7 mutations,
and even preventing the onset of Parkinson's disease in healthy
individuals. In this review, we address FDA-approved and ‘under
development' therapeutics for Gaucher disease and their potential
implications for treatment of the synucleinopathies.

The first available FDA-approved therapy for Gaucher disease
was enzyme replacement therapy, which was developed at the
National Institutes of Health. Patients with Gaucher disease type
1 received intravenous infusion of exogenous enzyme, which
improved haematologic and visceral manifestations and reduced
glucocerebroside levels (Brady et al., 1974; Barton et al., 1991).
Currently, three different recombinant enzymes are commercially
available, imiglucerase, taliglucerase alfa, and velaglucerase alfa.
Although each of the enzymes differ in their cell system produc-
tion and glycosylation pattern, the function and biodistribution of
all three enzymes are comparable (Tekoah et al., 2013) (Fig. 3).
As intravenous enzyme replacement therapy does not cross the
blood-brain barrier it does not ameliorate neurological manifest-
ations and would not be suitable for treatment of Parkinson's
disease neuropathology (Erikson, 2001; Beck, 2007). In fact,
patients with Gaucher disease undergoing enzyme replacement
therapy have still gone on to develop Parkinson’s disease.

The accumulation of glucocerebroside in the lysosome can
impact a-synuclein breakdown and oligomerization (Mazzulli
et al., 2011), which suggests that therapeutic reduction of exces-
sive glucocerebroside substrate could potentially be beneficial for
Parkinson's disease. Therapeutic inhibition of the enzyme gluco-
sylceramide synthase, which catalyzes the synthesis of glucocereb-
roside, attenuates glucocerebroside production and has been
used as a form of substrate reduction therapy. Treatment of pa-
tients with Gaucher disease with two glucosylceramide synthase
inhibitors, miglustat (N-butyldeoxynojirimycin) and eliglustat tar-
trate, resulted in visceral and hematopoietic improvement but
failed to impact neurological manifestations (Lukina et al.,
2010). Recently, a screening effort of novel compounds identified
the compound GZ 161, which successfully reduced both glucocer-
ebroside and glucosylsphingosine accumulation in the brain of the
K14 acute neuronopathic Gaucher disease mouse model and sig-
nificantly increased their lifespan (Cabrera-Salazar et al., 2012).

Another approach gaining much momentum in the field of lyso-
somal storage disorders is pharmacological chaperone therapy. The
proper folding process of glucocerebrosidase takes place in the
endoplasmic reticulum by direct interaction with endogenous
cellular chaperones such as heat shock protein 90 and heat
shock protein 70 (Lu et al., 2011). Studies have demonstrated
that several disease-causing glucocerebrosidase mutants are mis-
folded and do not pass the ERAD quality control system, which
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leads to early proteasome-mediated degradation (Ron and
Horowitz, 2005; Ron et al., 2010; Bendikov-Bar et al., 2011,
Bendikov-Bar and Horowitz, 2012; Maor et al., 2013a, b).
Therapy with pharmacological chaperones, which specifically
bind to the newly synthesized mutant enzyme, can prevent pre-
mature ERAD and promote trafficking to the lysosome, where
most mutant glucocerebrosidase proteins can exert sufficient re-
sidual enzyme activity for the breakdown of accumulated lyso-
somal glucocerebroside (Lieberman et al., 2009; Bendikov-Bar
et al.,, 2013) (Fig. 3). The drawback of such a therapeutic
approach is that translation of mutated glucocerebrosidase and
an intact chaperone-binding site are required. Treatment will not
be effective in the case of null alleles, large deletions, or mutations
affecting the chaperone-binding site. Many of the pharmacological
chaperones are inhibitors of glucocerebrosidase that bind to its ac-
tive site. Ambroxol is a pH-dependent mixed inhibitor of glucocer-
ebrosidase that was identified by screening of an FDA-approved
drug library (Maegawa et al., 2009); it is a potent chaperone for
the translocation of mutant glucocerebrosidase to lysosomes
(Bendikov-Bar et al., 2011, 2013; Babajani et al., 2012; Luan
et al., 2013). One limited pilot study conducted in a small
group of patients with Gaucher disease indicated amelioration of
clinical symptoms after ambroxol treatment (Zimran et al., 2013),
but its efficacy in relevant Parkinson's disease models has not
yet been evaluated. Another glucocerebrosidase inhibitor,
Isofagomine, showed great efficacy in cell and mouse models of
Gaucher disease, resulting in increased glucocerebrosidase protein
levels and enzyme activity, reduction in levels of glucocerebroside
and glucosylsphingosine, delayed neurological manifestations, and
increased life span (Khanna et al., 2010; Sun et al., 2011, 2012),
but improvement in clinical symptoms were not observed in a
phase 2 clinical trial (Zimran, 2011). In a cell model for
Parkinson's disease consisting of PC12 cells over-expressing
a-synuclein and transfected with wild-type or mutant glucocereb-
rosidase, the efficacy of isofagomine treatment on a-synuclein
levels was non-significant (Cullen et al., 2011); its efficacy in rele-
vant in vivo models of Parkinson's disease remains to be investi-
gated. Clinical development of these inhibitory chaperones has
major obstacles as both drug dosage and the length of treatment
have to be carefully optimized for high endoplasmic reticulum to
lysosome chaperone activity, yet minimal lysosomal enzyme inhib-
ition. This can be circumvented by using pharmacological chaper-
ones that both facilitate the lysosomal translocation and residual
activity of mutant glucocerebrosidase without enzyme inhibition.
Recent efforts have identified promising activators that increase
translocation and enzyme activity of mutant glucocerebrosidase
in fibroblasts (Goldin et al., 2012; Patnaik et al., 2012).

As ERAD is a major player in the premature degradation of
many glucocerebrosidase mutants, targeting proteins that regulate
the proteostasis of mutated glucocerebrosidase could serve as an
alternative therapy. Recently, histone deacetylase inhibitors were
identified as modulators of heat shock protein 90-dependent deg-
radation of mutated glucocerebrosidase by inhibiting the
deacetylation of heat shock protein 90. Treatment resulted in
increased glucocerebrosidase protein levels and enzyme activity
in Gaucher disease fibroblasts (Lu et al., 2011; Yang et al.,
2013). Future development of histone deacetylase inhibitors
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Figure 3 Therapeutic strategies to enhance glucocerebrosidase. (1 and 2) In healthy cells, wild-type glucocerebrosidase (WT GCase) is
sorted to the lysosome via the endoplasmic reticulum, Golgi, and late endosomes (LE) where it will degrade its substrate glucocerebroside.
(3) Mutant glucocerebrosidase is misfolded in the endoplasmic reticulum, becomes polyubiquitinated (ub) and undergoes proteasome-
mediated degradation. (4) Pharmacological chaperones can stabilize mutant glucocerebrosidase and facilitate translocation to lysosomes.
(5) In enzyme replacement therapy, recombinant glucocerebrosidase enzyme is delivered into the cells via the mannose-6-phosphate
receptor and trafficked through the late endosomes to the lysosomes where it is able to degrade substrate. CM = Cell Membrane.

for therapeutics might prove challenging, as the target of this
therapy remains broad rather than glucocerebrosidase-specific.
Additionally, the exact molecular mechanism of regulation of pro-
teostasis by histone deacetylase inhibitors remains unclear.

Other lysosomal storage
disorders and the development
of the synucleinopathies

There are >50 different lysosomal storage disorders. There have
been several individual case reports of patients and carriers with
specific lysosomal storage disorders that suggest that there may
be neuropathological findings suggestive of Parkinson's disease,
with reports of a-synuclein accumulation and inclusions, and the
loss of neurons in the substantia nigra. This indicates that it
might be worthwhile to expand research into defects in the cellu-
lar pathways that link synucleinopathies with changes in

glucocerebrosidase protein amount and activity to a variety of
enzymes involved in lysosomal storage disorders (reviewed by
Shachar et al., 2011). Recently, molecular studies screening for
mutations for genes involved in specific lysosomal storage dis-
orders shed new light on the association with synucleinopathies.

Niemann-Pick disease is a lysosomal storage disorder with
heterogeneous clinical features and severity. Types A (OMIM
#257200) and B (OMIM #607616) are both associated with a
deficiency of the acid sphingomyelinase enzyme, which is encoded
by the sphingomyelin phosphodiesterase gene, and catalyzes the
breakdown of sphingomyelin into ceramide and phosphorylcholine
in lysosomes. Acid sphingomyelinase deficiency results in sphingo-
myelin accumulation in phagocytic cells and neurons resulting in
clinical symptoms such as failure to thrive, hepatosplenomegaly
and progressive neurodegeneration (Vanier, 2013). Two recent
independent reports identified variations in the sphingomyelin
phosphodiesterase gene as risk factors for Parkinson's disease.
Gan-Or and colleagues (2013) identified the founder mutation
to be associated with Parkinson's disease with an odds ratio of
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9.4 in two Ashkenazi Jewish Parkinson's disease patient cohorts
consisting of 938 patients (Gan-Or et al., 2013). Another variant
(p-R591C) increasing the risk for Parkinson'’s disease was identified
from a cohort of 1004 patients of Chinese ancestry (Foo et al.,
2013).

Sanfilippo syndrome B or Mucopolysaccharidosis type Il B
(OMIM #252920) is an autosomal recessive lysosomal storage dis-
order caused by mutations in the a-N-acetylglucosaminidase gene
leading to the accumulation of heparan sulphate in lysosomes.
Clinical symptoms range from mild to severe and include progres-
sive neurodegeneration, skeletal changes, and behavioural prob-
lems (Chinen et al., 2005). Allelic analysis of two single nucleotide
polymorphisms in o-N-acetylglucosaminidase on DNA samples of
926 patients with Parkinson's disease and 2308 control subjects
showed an association between rs2071046 and an increased risk
for developing Parkinson's disease (Winder-Rhodes et al., 2012).

Wu et al. (2008) measured enzyme activity of 11 lysosomal
hydrolases in peripheral blood leucocytes of 38 patients with spor-
adic Parkinson's disease and 258 controls. Only the activity of
alpha-galactosidase A was significantly reduced. Deficiency in
alpha-galactosidase A causes the X-linked lysosomal storage dis-
order Fabry disease (OMIM#301500), which is characterized by
lysosomal storage of globotriaosylceramides and glycosphingoli-
pids (Desnick et al., 2001). Interestingly, in this study glucocereb-
rosidase did not show significant reduction in enzyme activity in
peripheral blood leucocytes of patients with Parkinson's disease
compared to controls (Wu et al., 2008). A molecular follow-up
study identified no differences in the frequency of single nucleo-
tide polymorphisms in the promoter and exonic regions of the
alpha-galactosidase gene in patients with sporadic Parkinson’s dis-
ease and healthy control subjects (Wu et al., 2011).

Concluding remarks

Recent insights into the relationship between glucocerebrosidase
(wild-type and mutant) and o-synuclein in the synucleinopathies
have shed new light on the cellular mechanism of a-synuclein
pathology in Parkinson's disease and dementia with Lewy
bodies. As only a minority of patients with Gaucher disease,
GBA7 mutation carries, or individuals in the overall population
develop synucleinopathies, it is apparent that the delicate balance
between o-synuclein proteostasis and glucocerebrosidase enzyme
activity must be affected by other modifiers manipulating gluco-
cerebrosidase or a-synuclein levels. It will be of interest to inves-
tigate some of the potential modifiers in cell and animal models, as
well as in patient samples. This new understanding of balancing
a-synuclein proteostasis by correcting glucocerebrosidase enzyme
levels holds novel possibilities for the future treatment of parkin-
sonism. Glucocerebrosidase-specific pharmacological chaperones,
especially activators that cross the blood-brain barrier, will be of
great interest in this endeavour. Finally, limited research on other
lysosomal storage disorders suggests that mutations in other lyso-
somal enzymes may similarly play a role as risk factors for the
synucleinopathies, but it remains to be seen whether the activity
of these enzymes also affect a-synuclein proteostasis. This story
clearly illustrates how studies into the pathogenesis and therapy of
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a rare genetic disorder can lead to advances impacting the multi-
tudes of patients with common complex diseases like Parkinson's
disease worldwide.

Acknowledgements

The authors would like to thank Julia Fekecs for assistance with
drafting of the figures and Dr. ElIma Aflaki and Ashley Gonzalez
for critical comments and careful reading of the manuscript.

Funding

This work was supported by the Intramural Research Programs of
the National Human Genome Research Institute and the National
Institutes of Health. M.S. received support by the Brazilian Federal
Agency for Support and Evaluation of Graduate Education -
CAPES and Fulbright Brazil.

References

Abeliovich A, Schmitz Y, Farinas |, Choi-Lundberg D, Ho WH,
Castillo PE, et al. Mice lacking alpha-synuclein display functional def-
icits in the nigrostriatal dopamine system. Neuron 2000; 25: 239-52.

Alattia JR, Shaw JE, Yip CM, Prive GG. Direct visualization of saposin
remodelling of lipid bilayers. J Mol Biol 2006; 362: 943-53.

Alattia JR, Shaw JE, Yip CM, Prive GG. Molecular imaging of membrane
interfaces reveals mode of beta-glucosidase activation by saposin C.
Proc Natl Acad Sci USA 2007; 104: 17394-9.

Alvarez-Erviti L, Rodriguez-Oroz MC, Cooper JM, Caballero C, Ferrer |,
Obeso JA, et al. Chaperone-mediated autophagy markers in Parkinson
disease brains. Arch Neurol 2010; 67: 1464-72.

Alvarez-Erviti L, Seow Y, Schapira AH, Gardiner C, Sargent IL, Wood MJ,
et al. Lysosomal dysfunction increases exosome-mediated alpha-
synuclein release and transmission. Neurobiol Dis 2011; 42: 360-7.

Anheim M, Elbaz A, Lesage S, Durr A, Condroyer C, Viallet F, et al.
Penetrance of Parkinson disease in glucocerebrosidase gene mutation
carriers. Neurology 2012; 78: 417-20.

Arias E, Cuervo AM. Chaperone-mediated autophagy in protein quality
control. Curr Opin Cell Biol 2011; 23: 184-9.

Ariga H, Takahashi-Niki K, Kato |, Maita H, Niki T, Iguchi-Ariga SM.
Neuroprotective function of DJ-1 in Parkinson's disease. Oxid Med
Cell Longev 2013; 2013: 683920.

Ayto R, Hughes DA. Gaucher disease and myeloma. Crit Rev Oncog
2013; 18: 247-68.

Babajani G, Tropak MB, Mahuran DJ, Kermode AR. Pharmacological
chaperones facilitate the post-ER transport of recombinant N370S
mutant beta-glucocerebrosidase in plant cells: evidence that N370S
is a folding mutant. Mol Genet Metab 2012; 106: 323-9.

Balducci C, Pierguidi L, Persichetti E, Parnetti L, Sbaragli M, Tassi C, et al.
Lysosomal hydrolases in cerebrospinal fluid from subjects with
Parkinson's disease. Mov Disord 2007; 22: 1481-4.

Balreira A, Gaspar P, Caiola D, Chaves J, Beirao I, Lima JL, et al
A nonsense mutation in the LIMP-2 gene associated with progressive
myoclonic epilepsy and nephrotic syndrome. Hum Mol Genet 2008;
17: 2238-43.

Barton NW, Brady RO, Dambrosia JM, Di Bisceglie AM, Doppelt SH,
Hill SC, et al. Replacement therapy for inherited enzyme deficiency—
macrophage-targeted glucocerebrosidase for Gaucher's disease. N Engl
J Med 1991; 324: 1464-70.



Glucocerebrosidase and synucleinopathies

Beck M. New therapeutic options for lysosomal storage disorders:
enzyme replacement, small molecules and gene therapy. Hum Genet
2007; 121: 1-22.

Becker JG, Pastores GM, Di Rocco A, Ferraris M, Graber JJ, Sathe S.
Parkinson's disease in patients and obligate carriers of Gaucher
disease. Parkinsonism Relat Disord 2013; 19: 129-31.

Bellucci A, Navarria L, Zaltieri M, Falarti E, Bodei S, Sigala S, et al. Induction
of the unfolded protein response by alpha-synuclein in experimental
models of Parkinson's disease. J Neurochem 2011; 116: 588-605.

Bembi B, Zambito Marsala S, Sidransky E, Ciana G, Carrozzi M,
Zorzon M, et al. Gaucher's disease with Parkinson's disease: clinical
and pathological aspects. Neurology 2003; 61: 99-101.

Bendikov-Bar |, Horowitz M. Gaucher disease paradigm: from ERAD to
comorbidity. Hum Mutat 2012; 33: 1398-407.

Bendikov-Bar I, Maor G, Filocamo M, Horowitz M. Ambroxol as a
pharmacological chaperone for mutant glucocerebrosidase. Blood
Cells Mol Dis 2013; 50: 141-5.

Bendikov-Bar I, Ron |, Filocamo M, Horowitz M. Characterization of the
ERAD process of the L444P mutant glucocerebrosidase variant. Blood
Cells Mol Dis 2011; 46: 4-10.

Berkovic SF, Dibbens LM, Oshlack A, Silver JD, Katerelos M, Vears DF,
et al. Array-based gene discovery with three unrelated subjects shows
SCARB2/LIMP-2 deficiency causes myoclonus epilepsy and glomerulo-
sclerosis. Am J Hum Genet 2008; 82: 673-84.

Berkovic SF, Dibbens LM, Oshlack A, Silver JD, Katerelos M, Vears DF,
et al. Array-based gene discovery with three unrelated subjects shows
SCARB2/LIMP-2 deficiency causes myoclonus epilepsy and glomerulo-
sclerosis. Am J Hum Genet 2008; 82: 673-84.

Beutler E, Grabowski GA. Gaucher disease. In: Scriver CBA, Beaudet AL,
Sly WS, Valle D, editors. The metabolic & molecular bases of inherited
disease. New York: McGraw-Hill; 2001. p. 3635-68.

Beutler E, Nguyen NJ, Henneberger MW, Smolec JM, McPherson RA,
West C, et al. Gaucher disease: gene frequencies in the Ashkenazi
Jewish population. Am J Hum Genet 1993; 52: 85-8.

Beyer K, Ariza A. Protein aggregation mechanisms in synucleinopathies:
commonalities and differences. J Neuropathol Exp Neurol 2007; 66:
965-74.

Biegstraaten M, van Schaik IN, Aerts JM, Langeveld M, Mannens MM,
Bour LJ, et al. A monozygotic twin pair with highly discordant Gaucher
phenotypes. Blood Cells Mol Dis 2011; 46: 39-41.

Blanz J, Groth J, Zachos C, Wehling C, Saftig P, Schwake M.
Disease-causing mutations within the lysosomal integral membrane
protein type 2 (LIMP-2) reveal the nature of binding to its ligand
beta-glucocerebrosidase. Hum Mol Genet 2010; 19: 563-72.

Blech-Hermoni YN, Ziegler SG, Hruska KS, Stubblefield BK, Lamarca ME,
Portnoy ME, et al. In silico and functional studies of the regulation of
the glucocerebrosidase gene. Mol Genet Metab 2010; 99: 275-82.

Brady RO, Pentchev PG, Gal AE, Hibbert SR, Dekaban AS. Replacement
therapy for inherited enzyme deficiency. Use of purified glucocereb-
rosidase in Gaucher's disease. N Engl J Med 1974; 291: 989-93.

Brodsky JL. Cleaning up: ER-associated degradation to the rescue. Cell
2012; 151: 1163-7.

Burre J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Sudhof TC.
Alpha-synuclein promotes SNARE-complex assembly in vivo and
in vitro. Science 2010; 329: 1663-7.

Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W, Mcllwain KL,
et al. Synaptic vesicle depletion correlates with attenuated synaptic
responses to prolonged repetitive stimulation in mice lacking alpha-
synuclein. J Neurosci 2002; 22: 8797-807.

Cabrera-Salazar MA, Deriso M, Bercury SD, Li L, Lydon JT, Weber W,
et al. Systemic delivery of a glucosylceramide synthase inhibitor
reduces CNS substrates and increases lifespan in a mouse model of
type 2 Gaucher disease. PLoS One 2012; 7: €43310.

Chakrabarti A, Chen AW, Varner JD. A review of the mammalian un-
folded protein response. Biotechnol Bioeng 2011; 108: 2777-93.

Chang C, Lang H, Geng N, Wang J, Li N, Wang X. Exosomes of BV-2
cells induced by alpha-synuclein: important mediator of neurodegen-
eration in PD. Neurosci Lett 2013; 548: 190-5.

Brain 2014: 137; 1304-1322 | 1317

Chen S, Zhang Y, Chen W, Wang Y, Liu J, Rong TY, et al. Association
study of SCARB2 rs6812193 polymorphism with Parkinson's disease in
Han Chinese. Neurosci Lett 2012; 516: 21-3.

Cherin P, Rose C, de Roux-Serratrice C, Tardy D, Dobbelaere D,
Grosbois B, et al. The neurological manifestations of Gaucher disease
type 1: the French Observatoire on Gaucher disease (FROG). Journal
of inherited metabolic disease 2010; 33: 331-8.

Chinen Y, Tohma T, Izumikawa Y, Uehara H, Ohta T. Sanfilippo type B
syndrome: five patients with an R565P homozygous mutation in the
alpha-N-acetylglucosaminidase gene from the Okinawa islands in
Japan. J Hum Genet 2005; 50: 357-9.

Choi JH, Stubblefield B, Cookson MR, Goldin E, Velayati A, Tayebi N,
et al. Aggregation of alpha-synuclein in brain samples from subjects
with glucocerebrosidase mutations. Mol Genet Metab 2011; 104:
185-8.

Choi JM, Kim WC, Lyoo CH, Kang SY, Lee PH, Baik JS, et al. Association
of mutations in the glucocerebrosidase gene with Parkinson disease in
a Korean population. Neurosci Lett 2012; 514: 12-5.

Christomanou H, Aignesberger A, Linke RP. Immunochemical character-
ization of two activator proteins stimulating enzymic sphingomyelin
degradation in vitro. Absence of one of them in a human Gaucher
disease variant. Biol Chem Hoppe Seyler 1986; 367: 879-90.

Christomanou H, Chabas A, Pampols T, Guardiola A. Activator protein
deficient Gaucher's disease. A second patient with the newly identified
lipid storage disorder. Klin Wochenschr 1989; 67: 999-1003.

Chung CY, Khurana V, Auluck PK, Tardiff DF, Mazzulli JR, Soldner F,
et al. Identification and rescue of alpha-synuclein toxicity in parkinson
patient-derived neurons. Science 2013; 342: 983-7.

Cleeter MW, Chau KY, Gluck C, Mehta A, Hughes DA, Duchen M, et al.
Glucocerebrosidase inhibition causes mitochondrial dysfunction and
free radical damage. Neurochem Int 2013; 62: 1-7.

Colla E, Coune P, Liu Y, Pletnikova O, Troncoso JC, Iwatsubo T, et al.
Endoplasmic reticulum stress is important for the manifestations of
alpha-synucleinopathy in vivo. J Neurosci 2012; 32: 3306-20.

Colla E, Jensen PH, Pletnikova O, Troncoso JC, Glabe C, Lee MK.
Accumulation of toxic alpha-synuclein oligomer within endoplasmic
reticulum occurs in alpha-synucleinopathy in vivo. J Neurosci 2012;
32: 3301-5.

Cook C, Stetler C, Petrucelli L. Disruption of protein quality control in
Parkinson's disease. Cold Spring Harb Perspect Med 2012; 2:
a009423.

Cooper AA, Gitler AD, Cashikar A, Haynes CM, Hill KJ, Bhullar B, et al.
Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron loss
in Parkinson's models. Science 2006; 313: 324-8.

Coutinho MF, Prata MJ, Alves S. A shortcut to the lysosome: the man-
nose-6-phosphate-independent pathway. Mol Genet Metab 2012;
107: 257-66.

Cullen V, Lindfors M, Ng J, Paetau A, Swinton E, Kolodziej P, et al.
Cathepsin D expression level affects alpha-synuclein processing, aggre-
gation, and toxicity in vivo. Mol Brain 2009; 2: 5.

Cullen V, Sardi SP, Ng J, Xu YH, Sun Y, Tomlinson JJ, et al. Acid beta-
glucosidase mutants linked to Gaucher disease, Parkinson disease, and
Lewy body dementia alter alpha-synuclein processing. Ann. Neurol
2011; 69: 940-53.

de Fost M, Vom Dahl S, Weverling GJ, Brill N, Brett S, Haussinger D,
et al. Increased incidence of cancer in adult Gaucher disease in
Western Europe. Blood Cells Mol Dis 2006; 36: 53-8.

Decressac M, Mattsson B, Weikop P, Lundblad M, Jakobsson J,
Bjorklund A. TFEB-mediated autophagy rescues midbrain dopamine
neurons from alpha-synuclein toxicity. Proc Natl Acad Sci USA 2013;
110: E1817-26.

Dehay B, Martinez-Vicente M, Caldwell GA, Caldwell KA, Yue Z,
Cookson MR, et al. Lysosomal impairment in Parkinson's disease.
Mov Disord 2013; 28: 725-32.

Dermentzaki G, Dimitriou E, Xilouri M, Michelakakis H, Stefanis L. Loss
of beta-glucocerebrosidase activity does not affect alpha-synuclein
levels or lysosomal function in neuronal cells. PLoS One 2013; 8:
e60674.



1318 | Brain 2014: 137; 13041322

Desnick RJ, Wasserstein MP, Banikazemi M. Fabry disease (alpha-
galactosidase A deficiency): renal involvement and enzyme replace-
ment therapy. Contrib Nephrol 2001; 136: 174-92.

Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, Crews L, et al.
Inclusion formation and neuronal cell death through neuron-to-
neuron transmission of alpha-synuclein. Proc Natl Acad Sci USA
2009; 106: 13010-5.

Diao J, Burre J, Vivona S, Cipriano DJ, Sharma M, Kyoung M, et al.
Native alpha-synuclein induces clustering of synaptic-vesicle mimics
via binding to phospholipids and synaptobrevin-2/VAMP2. Elife
2013; 2: e00592.

Diaz-Font A, Cormand B, Santamaria R, Vilageliu L, Grinberg D,
Chabas A. A mutation within the saposin D domain in a Gaucher
disease patient with normal glucocerebrosidase activity. Hum Genet
2005; 117: 275-7.

Do CB, Tung JY, Dorfman E, Kiefer AK, Drabant EM, Francke U, et al.
Web-based genome-wide association study identifies two novel loci
and a substantial genetic component for Parkinson's disease. PLoS
Genet 2011; 7: e1002141.

Dos Santos AV, Pestana CP, Diniz KR, Campos M, Abdalla-Carvalho CB,
de Rosso AL, et al. Mutational analysis of GIGYF2, ATP13A2 and GBA
genes in Brazilian patients with early-onset Parkinson's disease.
Neurosci Lett 2010; 485: 121-4.

Doyle KM, Kennedy D, Gorman AM, Gupta S, Healy SJ, Samali A.
Unfolded proteins and endoplasmic reticulum stress in neurodegenera-
tive disorders. J Cell Mol Med 2011; 15: 2025-39.

Duran R, Mencacci NE, Angeli AV, Shoai M, Deas E, Houlden H, et al. The
glucocerobrosidase E326K variant predisposes to Parkinson's disease, but
does not cause Gaucher's disease. Mov Disord 2013; 28: 232-6.

Eblan MJ, Nguyen J, Ziegler SG, Lwin A, Hanson M, Gallardo M, et al.
Glucocerebrosidase mutations are also found in subjects with early-
onset parkinsonism from Venezuela. Mov Disord 2006; 21: 282-3.

Emelyanov A, Boukina T, Yakimovskii A, Usenko T, Drosdova A,
Zakharchuk A, et al. Glucocerebrosidase gene mutations are associated
with Parkinson's disease in Russia. Mov Disord 2012; 27: 158-9.

Enquist IB, Lo Bianco C, Ooka A, Nilsson E, Mansson JE, Ehinger M,
et al. Murine models of acute neuronopathic Gaucher disease. Proc
Natl Acad Sci USA 2007; 104: 17483-8.

Erikson A. Remaining problems in the management of patients with
Gaucher disease. J Inherit Metab Dis 2001; 24 (Suppl 2): 122-6; dis-
cussion 87-8.

Eskelinen EL, Tanaka Y, Saftig P. At the acidic edge: emerging functions
for lysosomal membrane proteins. Trends Cell Biol 2003; 13: 137-45.

Farfel-Becker T, Vitner E, Dekel H, Leshem N, Enquist IB, Karlsson S,
et al. No evidence for activation of the unfolded protein response in
neuronopathic models of Gaucher disease. Hum Mol Genet 2009; 18:
1482-8.

Fearnley JM, Lees AJ. Ageing and Parkinson's disease: substantia nigra
regional selectivity. Brain 1991; 114 (Pt 5): 2283-301.

Febbraio M, Hajjar DP, Silverstein RL. CD36: a class B scavenger receptor
involved in angiogenesis, atherosclerosis, inflalmmation, and lipid me-
tabolism. J Clin Invest 2001; 108: 785-91.

Foo JN, Liany H, Bei JX, Yu XQ, Liu J, Au WL, et al. A rare lysosomal
enzyme gene SMPD1 variant (p.R591C) associates with Parkinson's
disease. Neurobiol Aging 2013; 34: 2890.

Fujita H, Ezaki J, Noguchi Y, Kono A, Himeno M, Kato K. Isolation and
sequencing of a cDNA clone encoding 85kDa sialoglycoprotein in rat
liver lysosomal membranes. Biochem Biophys Res Commun 1991; 178:
444-52.

Gan-Or Z, Ozelius LJ, Bar-Shira A, Saunders-Pullman R, Mirelman A,
Kornreich R, et al. The p.L302P mutation in the lysosomal enzyme
gene SMPD1 is a risk factor for Parkinson disease. Neurology 2013;
80: 1606-10.

Garcia-Reitbock P, Anichtchik O, Bellucci A, lovino M, Ballini C,
Fineberg E, et al. SNARE protein redistribution and synaptic failure in

M. Siebert et al.

a transgenic mouse model of Parkinson's disease. Brain 2010; 133 (Pt
7): 2032-44.

Gegg ME, Burke D, Heales SJ, Cooper JM, Hardy J, Wood NW, et al.
Glucocerebrosidase deficiency in substantia nigra of parkinson disease
brains. Ann Neurol 2012; 72: 455-63.

Germain D. Ubiquitin-dependent and -independent mitochondrial pro-
tein quality controls: implications in ageing and neurodegenerative dis-
eases. Mol Microbiol 2008; 70: 1334-41.

Gleich K, Desmond MJ, Lee D, Berkovic SF, Dibbens LM, Katerelos M,
et al. Abnormal processing of autophagosomes in transformed B
lymphocytes from SCARB2-deficient subjects. Biores Open Access
2013; 2: 40-6.

Goker-Alpan O, Giasson BI, Eblan MJ, Nguyen J, Hurtig HI, Lee VM,
et al. Glucocerebrosidase mutations are an important risk factor for
Lewy body disorders. Neurology 2006; 67: 908-10.

Goker-Alpan O, Hruska KS, Orvisky E, Kishnani PS, Stubblefield BK,
Schiffmann R, et al. Divergent phenotypes in Gaucher disease impli-
cate the role of modifiers. J Med Genet 2005; 42: e37.

Goker-Alpan O, Schiffmann R, LaMarca ME, Nussbaum RL, Mclnerney-
Leo A, Sidransky E. Parkinsonism among Gaucher disease carriers.
J Med Genet 2004; 41: 937-40.

Goker-Alpan O, Stubblefield BK, Giasson BI, Sidransky E.
Glucocerebrosidase is present in alpha-synuclein inclusions in Lewy
body disorders. Acta Neuropathol 2010; 120: 641-9.

Goldberg AL. Protein degradation and protection against misfolded or
damaged proteins. Nature 2003; 426: 895-9.

Goldin E, Zheng W, Motabar O, Southall N, Choi JH, Marugan J, et al.
High throughput screening for small molecule therapy for Gaucher
disease using patient tissue as the source of mutant glucocerebrosi-
dase. PLoS One 2012; 7: e29861.

Gorbatyuk MS, Shabashvili A, Chen W, Meyers C, Sullivan LF,
Salganik M, et al. Glucose regulated protein 78 diminishes alpha-synu-
clein neurotoxicity in a rat model of Parkinson disease. Mol Ther 2012;
20: 1327-37.

Gupta N, Oppenheim IM, Kauvar EF, Tayebi N, Sidransky E. Type 2
Gaucher disease: phenotypic variation and genotypic heterogeneity.
Blood Cells Mol Dis 2011; 46: 75-84.

Hansen C, Angot E, Bergstrom AL, Steiner JA, Pieri L, Paul G, et al.
alpha-Synuclein propagates from mouse brain to grafted dopaminergic
neurons and seeds aggregation in cultured human cells. J Clin Invest
2011; 121: 715-25.

Hiraiwa M, Martin BM, Kishimoto Y, Conner GE, Tsuji S, O'Brien JS.
Lysosomal proteolysis of prosaposin, the precursor of saposins
(sphingolipid activator proteins): its mechanism and inhibition by gan-
glioside. Arch Biochem Biophys 1997; 341: 17-24.

Hoozemans JJ, van Haastert ES, Nijholt DA, Rozemuller AJ, Scheper W.
Activation of the unfolded protein response is an early event in
Alzheimer's and Parkinson’s disease. Neurodegener Dis 2012; 10: 212-5.

Hopfner F, Schulte EC, Mollenhauer B, Bereznai B, Knauf F, Lichtner P,
et al. The role of SCARB2 as susceptibility factor in Parkinson's disease.
Mov Disord 2013; 28: 538-40.

Horowitz M, Pasmanik-Chor M, Ron I, Kolodny EH. The enigma of the
E326K mutation in acid beta-glucocerebrosidase. Mol Genet Metab
2011; 104: 35-8.

Horowitz M, Wilder S, Horowitz Z, Reiner O, Gelbart T, Beutler E. The
human glucocerebrosidase gene and pseudogene: structure and evo-
lution. Genomics 1989; 4: 87-96.

Hruska KS, LaMarca ME, Scott CR, Sidransky E. Gaucher disease: muta-
tion and polymorphism spectrum in the glucocerebrosidase gene
(GBA). Hum Mutat 2008; 29: 567-83.

Huang CL, Wu-Chou YH, Lai SC, Chang HC, Yeh TH, Weng YH, et al.
Contribution of glucocerebrosidase mutation in a large cohort of
sporadic Parkinson's disease in Taiwan. Eur J Neurol 2011; 18:
1227-32.

Hulkova H, Cervenkova M, Ledvinova J, Tochackova M, Hrebicek M,
Poupetova H, et al. A novel mutation in the coding region of the



Glucocerebrosidase and synucleinopathies

prosaposin gene leads to a complete deficiency of prosaposin
and saposins, and is associated with a complex sphingolipidosis domi-
nated by lactosylceramide accumulation. Hum Mol Genet 2001; 10:
927-40.

International Parkinson's Disease Genomics Consortium. A two-stage
meta-analysis identifies several new loci for Parkinson's disease. PLoS
Genet 2011; 7: e1002142.

Ito H, Nakayama K, Jin C, Suzuki Y, Yazawa . alpha-Synuclein accumu-
lation reduces GABAergic inhibitory transmission in a model of multiple
system atrophy. Biochem Biophys Res Commun 2012; 428: 348-53.

Jamrozik Z, Lugowska A, Slawek J, Kwiecinski H. Glucocerebrosidase
mutations p.L444P and p.N370S are not associated with multisystem
atrophy, progressive supranuclear palsy and corticobasal degeneration
in Polish patients. J Neurol 2010; 257: 459-60.

Jin SM, Lazarou M, Wang C, Kane LA, Narendra DP, Youle RJ.
Mitochondrial membrane potential regulates PINK1 import and pro-
teolytic destabilization by PARL. J Cell Biol 2010; 191: 933-42.

Kaufman RJ. Orchestrating the unfolded protein response in health and
disease. J Clin Invest 2002; 110: 1389-98.

Khanna R, Benjamin ER, Pellegrino L, Schilling A, Rigat BA, Soska R,
et al. The pharmacological chaperone isofagomine increases the activ-
ity of the Gaucher disease L444P mutant form of beta-glucosidase.
Febs J 2010; 277: 1618-38.

Koprivica V, Stone DL, Park JK, Callahan M, Frisch A, Cohen 1J, et al.
Analysis and classification of 304 mutant alleles in patients with type 1
and type 3 Gaucher disease. Am J Hum Genet 2000; 66: 1777-86.

Kumar KR, Ramirez A, Gobel A, Kresojevic N, Svetel M, Lohmann K,
et al. Glucocerebrosidase mutations in a Serbian Parkinson's disease
population. Eur J Neurol 2013; 20: 402-5.

Kuronita T, Eskelinen EL, Fujita H, Saftig P, Himeno M, Tanaka Y. A role
for the lysosomal membrane protein LGP85 in the biogenesis and
maintenance of endosomal and lysosomal morphology. J Cell Sci
2002; 115 (Pt 21): 4117-31.

Lachmann RH, Grant IR, Halsall D, Cox TM. Twin pairs showing discord-
ance of phenotype in adult Gaucher's disease. Qjm 2004; 97:
199-204.

Latham T, Grabowski GA, Theophilus BD, Smith FI. Complex alleles of
the acid beta-glucosidase gene in Gaucher disease. Am J Hum Genet
1990; 47: 79-86.

Lazarou M, Jin SM, Kane LA, Youle RJ. Role of PINK1 binding to the
TOM complex and alternate intracellular membranes in recruitment
and activation of the E3 ligase Parkin. Dev Cell 2012; 22: 320-33.

Lee YJ, Kim SJ, Heo TH. Protective effect of catechin in type | Gaucher
disease cells by reducing endoplasmic reticulum stress. Biochem
Biophys Res Commun 2011; 413: 254-8.

Lesage S, Anheim M, Condroyer C, Pollak P, Durif F, Dupuits C, et al.
Large-scale screening of the Gaucher's disease-related glucocerebrosi-
dase gene in Europeans with Parkinson's disease. Hum Mol Genet
2011; 20: 202-10.

Lesage S, Condroyer C, Hecham N, Anheim M, Belarbi S, Lohman E,
et al. Mutations in the glucocerebrosidase gene confer a risk for
Parkinson disease in North Africa. Neurology 2011; 76: 301-3.

Lieberman RL, D’Aéaquino JA, Ringe D, Petsko GA. Effects of pH and
Iminosugar Pharmacological Chaperones on Lysosomal Glycosidase
Structure and Stability. Biochemistry 2009; 48: 4816-27.

Lim KL, Zhang CW. Molecular events underlying Parkinson's disease - an
interwoven tapestry. Front Neurol 2013; 4: 33.

Liou B, Grabowski GA. Is E326K glucocerebrosidase a polymorphic or
pathological variant? Mol Genet Metab 2012; 105: 528-9.

Lu J, Chiang J, lyer RR, Thompson E, Kaneski CR, Xu DS, et al
Decreased glucocerebrosidase activity in Gaucher disease parallels
quantitative enzyme loss due to abnormal interaction with TCP1 and
c-Cbl. Proceedings of the National Academy of Sciences of the United
States of America 2010; 107: 21665-70.

Lu J, Yang C, Chen M, Ye DY, Lonser RR, Brady RO, et al. Histone
deacetylase inhibitors prevent the degradation and restore the activity

Brain 2014: 137; 1304-1322 | 1319

of glucocerebrosidase in Gaucher disease. Proc Natl Acad Sci USA
2011; 108: 21200-5.

Lu M, Sun XL, Qiao C, Liu Y, Ding JH, Hu G. Uncoupling protein 2
deficiency aggravates astrocytic endoplasmic reticulum stress and nod-
like receptor protein 3 inflammasome activation. Neurobiol Aging
2014; 35: 421-30.

Luan Z, Li L, Higaki K, Nanba E, Suzuki Y, Ohno K. The chaperone
activity and toxicity of ambroxol on Gaucher cells and normal mice.
Brain Dev 2013; 35: 317-22.

Lukina E, Watman N, Arreguin EA, Banikazemi M, Dragosky M,
lastrebner M, et al. A phase 2 study of eliglustat tartrate (Genz-
112638), an oral substrate reduction therapy for Gaucher disease
type 1. Blood 2010; 116: 893-9.

Lwin A, Orvisky E, Goker-Alpan O, LaMarca ME, Sidransky E.
Glucocerebrosidase mutations in subjects with parkinsonism. Mol
Genet Metab 2004; 81: 70-3.

Maegawa GH, Tropak MB, Buttner JD, Rigat BA, Fuller M, Pandit D,
et al. Identification and characterization of ambroxol as an enzyme
enhancement agent for Gaucher disease. J Biol Chem 2009; 284:
23502-16.

Malini E, Grossi S, Deganuto M, Rosano C, Parini R, Dominisini S, et al.
Functional analysis of 11 novel GBA alleles. Eur J Hum Genet 2013.
[Epub ahead of print].

Maniwang E, Tayebi N, Sidransky E. Is Parkinson disease associated with
lysosomal integral membrane protein type-2?: challenges in interpret-
ing association data. Mol Genet Metab 2013; 108: 269-71.

Manning-Bog AB, Schule B, Langston JW. Alpha-synuclein-glucocereb-
rosidase interactions in pharmacological Gaucher models: a biological
link between Gaucher disease and parkinsonism. Neurotoxicology
2009; 30: 1127-32.

Mao XY, Burgunder JM, Zhang ZJ, An XK, Zhang JH, Yang Y, et al.
Association between GBA L444P mutation and sporadic Parkinson's
disease from Mainland China. Neurosci Lett 2010; 469: 256-9.

Maor G, Filocamo M, Horowitz M. ITCH regulates degradation of
mutant glucocerebrosidase: implications to Gaucher disease. Hum
Mol Genet 2013; 22: 1316-27.

Maor G, Rencus-Lazar S, Filocamo M, Steller H, Segal D, Horowitz M.
Unfolded protein response in Gaucher disease: from human to
Drosophila. Orphanet J Rare Dis 2013; 8: 140.

Martina JA, Puertollano R. Rag GTPases mediate amino acid-dependent
recruitment of TFEB and MITF to lysosomes. J Cell Biol 2013; 200:
475-91.

Mata IF, Samii A, Schneer SH, Roberts JW, Griffith A, Leis BC, et al.
Glucocerebrosidase gene mutations: a risk factor for Lewy body dis-
orders. Arch Neurol 2008; 65: 379-82.

Mazzulli JR, Xu YH, Sun Y, Knight AL, McLean PJ, Caldwell GA, et al.
Gaucher disease glucocerebrosidase and alpha-synuclein form a bidir-
ectional pathogenic loop in synucleinopathies. Cell 2011; 146: 37-52.

McNeill A, Healy DG, Schapira AH, Taanman JW. Glucosylceramidase
degradation in fibroblasts carrying bi-allelic Parkin mutations. Mol
Genet Metab 2013; 109: 402-3.

Medina DL, Fraldi A, Bouche V, Annunziata F, Mansueto G,
Spampanato C, et al. Transcriptional activation of lysosomal exocytosis
promotes cellular clearance. Dev Cell 2011; 21: 421-30.

Michelakakis H, Xiromerisiou G, Dardiotis E, Bozi M, Vassilatis D,
Kountra PM, et al. Evidence of an association between the scavenger
receptor class B member 2 gene and Parkinson's disease. Mov Disord
2012; 27: 400-5.

Mistry PK, Taddei T, vom Dahl S, Rosenbloom BE. Gaucher disease and
malignancy: a model for cancer pathogenesis in an inborn error of
metabolism. Crit Rev Oncog 2013; 18: 235-46.

Mizukami H, Mi Y, Wada R, Kono M, Yamashita T, Liu Y, et al. Systemic
inflammation in glucocerebrosidase-deficient mice with minimal gluco-
sylceramide storage. J Clin Invest 2002; 109: 1215-21.

Montfort M, Chabas A, Vilageliu L, Grinberg D. Functional analysis of 13
GBA mutant alleles identified in Gaucher disease patients: Pathogenic



1320 | Brain 2014: 137; 13041322

changes and “modifier” polymorphisms. Hum Mutat 2004; 23:
567-75.

Moraitou M, Hadjigeorgiou G, Monopolis |, Dardiotis E, Bozi M,
Vassilatis D, et al. beta-Glucocerebrosidase gene mutations in two
cohorts of Greek patients with sporadic Parkinson's disease. Mol
Genet Metab 2011; 104: 149-52.

Mu TW, Ong DS, Wang YJ, Balch WE, Yates JR 3rd, Segatori L, et al.
Chemical and biological approaches synergize to ameliorate protein-
folding diseases. Cell 2008; 134: 769-81.

Nalls MA, Duran R, Lopez G, Kurzawa-Akanbi M, McKeith IG,
Chinnery PF, et al. A multicenter study of glucocerebrosidase
mutations in dementia with Lewy bodies. JAMA Neurol 2013; 70:
727-35.

Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA, Shen J, et al.
PINK1 is selectively stabilized on impaired mitochondria to activate
Parkin. PLoS Biol 2010; 8: e1000298.

Neumann J, Bras J, Deas E, O'Sullivan SS, Parkkinen L, Lachmann RH,
et al. Glucocerebrosidase mutations in clinical and pathologically
proven Parkinson's disease. Brain 2009; 132 (Pt 7): 1783-94.

Noreau A, Riviere JB, Diab S, Dion PA, Panisset M, Soland V, et al.
Glucocerebrosidase mutations in a French-Canadian Parkinson's dis-
ease cohort. Can J Neurol Sci 2011; 38: 772-3.

Osellame LD, Rahim AA, Hargreaves IP, Gegg ME, Richard-Londt A,
Brandner S, et al. Mitochondria and quality control defects in a
mouse model of Gaucher disease-links to Parkinson's disease. Cell
Metab 2013; 17: 941-53.

Pankratz N, Beecham GW, DeStefano AL, Dawson TM, Doheny KF,
Factor SA, et al. Meta-analysis of Parkinson's disease: identification
of a novel locus, RIT2. Annals of neurology 2012; 71: 370-84.

Pankratz N, Wilk JB, Latourelle JC, DeStefano AL, Halter C, Pugh EW,
et al. Genomewide association study for susceptibility genes contribut-
ing to familial Parkinson disease. Hum Genet 2009; 124: 593-605.

Park JK, Tayebi N, Stubblefield BK, LaMarca ME, MacKenzie JJ,
Stone DL, et al. The E326K mutation and Gaucher disease: mutation
or polymorphism? Clin Genet 2002; 61: 32-4.

Parnetti L, Balducci C, Pierguidi L, De Carlo C, Peducci M, D'Amore C,
et al. Cerebrospinal fluid beta-glucocerebrosidase activity is reduced in
Dementia with Lewy Bodies. Neurobiol Dis 2009; 34: 484-6.

Pastores GM, Patel MJ, Firooznia H. Bone and joint complications related
to Gaucher disease. Curr Rheumatol Rep 2000; 2: 175-80.

Patnaik S, Zheng W, Choi JH, Motabar O, Southall N, Westbroek W,
et al. Discovery, structure-activity relationship, and biological evalu-
ation of noninhibitory small molecule chaperones of glucocerebrosi-
dase. J Med Chem 2012; 55: 5734-48.

Puschmann A. Monogenic Parkinson's disease and parkinsonism: clinical
phenotypes and frequencies of known mutations. Parkinsonism Relat
Disord 2013; 19: 407-15.

Puschmann A, Bhidayasiri R, Weiner WJ. Synucleinopathies from bench
to bedside. Parkinsonism Relat Disord 2012; 18 (Suppl 1): S24-7.
Rafi MA, de Gala G, Zhang XL, Wenger DA. Mutational analysis in a
patient with a variant form of Gaucher disease caused by SAP-2 de-

ficiency. Somat Cell Mol Genet 1993; 19: 1-7.

Reczek D, Schwake M, Schroder J, Hughes H, Blanz J, Jin X, et al. LIMP-
2 is a receptor for lysosomal mannose-6-phosphate-independent
targeting of beta-glucocerebrosidase. Cell 2007; 131: 770-83.

Ron I, Horowitz M. ER retention and degradation as the molecular basis
underlying Gaucher disease heterogeneity. Hum Mol Genet 2005; 14:
2387-98.

Ron |, Rapaport D, Horowitz M. Interaction between parkin and mutant
glucocerebrosidase variants: a possible link between Parkinson disease
and Gaucher disease. Hum Mol Genet 2010; 19: 3771-81.

Russo |, Bubacco L, Greggio E. Exosomes-associated neurodegeneration
and progression of Parkinson's disease. Am J Neurodegener Dis 2012;
1: 217-25.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM.
Ragulator-Rag complex targets mTORC1 to the lysosomal surface

M. Siebert et al.

and is necessary for its activation by amino acids. Cell 2010; 141:
290-303.

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-
Peled L, et al. The Rag GTPases bind raptor and mediate amino acid
signaling to mTORC1. Science 2008; 320: 1496-501.

Sano R, Reed JC. ER stress-induced cell death mechanisms. Biochim
Biophys Acta 2013; 1833: 3460-70.

Sardi SP, Clarke J, Kinnecom C, Tamsett TJ, Li L, Stanek LM, et al. CNS
expression of glucocerebrosidase corrects alpha-synuclein pathology
and memory in a mouse model of Gaucher-related synucleinopathy.
Proc Natl Acad Sci USA 2011; 108: 12101-6.

Sardi SP, Clarke J, Viel C, Chan M, Tamsett TJ, Treleaven CM, et al.
Augmenting CNS glucocerebrosidase activity as a therapeutic strategy
for parkinsonism and other Gaucher-related synucleinopathies. Proc
Natl Acad Sci USA 2013; 110: 3537-42.

Sardiello M, Palmieri M, di Ronza A, Medina DL, Valenza M,
Gennarino VA, et al. A gene network regulating lysosomal biogenesis
and function. Science 2009; 325: 473-7.

Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, Kubo M, et al.
Genome-wide association study identifies common variants at four
loci as genetic risk factors for Parkinson's disease. Nat Genet 2009;
41: 1303-7.

Schapira AH, Gegg ME. Glucocerebrosidase in the pathogenesis and treat-
ment of Parkinson disease. Proc Natl Acad Sci USA 2013; 110: 3214-5.

Schnabel D, Schroder M, Sandhoff K. Mutation in the sphingolipid acti-
vator protein 2 in a patient with a variant of Gaucher disease. FEBS
Lett 1991; 284: 57-9.

Schubert U, Anton LC, Gibbs J, Norbury CC, Yewdell JW, Bennink JR.
Rapid degradation of a large fraction of newly synthesized proteins by
proteasomes. Nature 2000; 404: 770-4.

Schultheis PJ, Fleming SM, Clippinger AK, Lewis J, Tsunemi T, Giasson B,
et al. Atp13a2-deficient mice exhibit neuronal ceroid lipofuscinosis,
limited alpha-synuclein accumulation and age-dependent sensorimotor
deficits. Hum Mol Genet 2013; 22: 2067-82.

Segarane B, Li A, Paudel R, Scholz S, Neumann J, Lees A, et al.
Glucocerebrosidase mutations in 108 neuropathologically confirmed
cases of multiple system atrophy. Neurology 2009; 72: 1185-6.

Settembre C, Ballabio A. TFEB regulates autophagy: an integrated coord-
ination of cellular degradation and recycling processes. Autophagy
2011; 7: 1379-81.

Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini F, Visvikis O,
et al. TFEB controls cellular lipid metabolism through a starvation-
induced autoregulatory loop. Nat Cell Biol 2013; 15: 647-58.

Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin S, Huynh T, et al.
A lysosome-to-nucleus signalling mechanism senses and regulates the
lysosome via mTOR and TFEB. EMBO J 2012; 31: 1095-108.

Shachar T, Lo Bianco C, Recchia A, Wiessner C, Raas-Rothschild A,
Futerman AH. Lysosomal storage disorders and Parkinson's disease:
Gaucher disease and beyond. Mov Disord 2011; 26: 1593-604.

Sidransky E. Gaucher disease: complexity in a “simple” disorder. Mol
Genet Metab 2004; 83: 6-15.

Sidransky E. Gaucher disease: insights from a rare Mendelian disorder.
Discov Med 2012; 14: 273-81.

Sidransky E, Lopez G. The link between the GBA gene and parkinsonism.
Lancet Neurol 2012; 11: 986-98.

Sidransky E, Nalls MA, Aasly JO, Aharon-Peretz J, Annesi G, Barbosa ER,
et al. Multicenter analysis of glucocerebrosidase mutations in
Parkinson's disease. N Engl J Med 2009; 361: 1651-61.

Simon-Sanchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, et al.
Genome-wide association study reveals genetic risk underlying
Parkinson's disease. Nat Genet 2009; 41: 1308-12.

Spillantini MG, Crowther RA, Jakes R, Cairns NJ, Lantos PL, Goedert M.
Filamentous alpha-synuclein inclusions link multiple system atrophy
with Parkinson's disease and dementia with Lewy bodies. Neurosci
Lett 1998; 251: 205-8.



Glucocerebrosidase and synucleinopathies

Srulijes K, Hauser AK, Guella I, Asselta R, Brockmann K, Schulte C, et al.
No association of GBA mutations and multiple system atrophy. Eur J
Neurol 2013; 20: e61-2.

Sun QY, Guo JF, Han WW, Zuo X, Wang L, Yao LY, et al. Genetic
association study of glucocerebrosidase gene L444P mutation in essen-
tial tremor and multiple system atrophy in mainland China. J Clin
Neurosci 2013a; 20: 217-9.

Sun Y, Liou B, Ran H, Skelton MR, Williams MT, Vorhees CV, et al.
Neuronopathic Gaucher disease in the mouse: viable combined
selective saposin C deficiency and mutant glucocerebrosidase
(V394L) mice with glucosylsphingosine and glucosylceramide accumu-
lation and progressive neurological deficits. Hum Mol Genet 2010; 19:
1088-97.

Sun Y, Liou B, Xu YH, Quinn B, Zhang W, Hamler R, et al. Ex vivo
and in vivo effects of isofagomine on acid beta-glucosidase variants
and substrate levels in Gaucher disease. J Biol Chem 2012; 287:
4275-87.

Sun Y, Qi X, Grabowski GA. saposin C is required for normal resistance
of acid beta-glucosidase to proteolytic degradation. J Biol Chem 2003;
278: 31918-23.

Sun Y, Ran H, Liou B, Quinn B, Zamzow M, Zhang W, et al. Isofagomine
in vivo effects in a neuronopathic Gaucher disease mouse. PLoS One
2011; 6: e19037.

Sun Y, Zhang W, Xu YH, Quinn B, Dasgupta N, Liou B, et al. Substrate
compositional variation with tissue/region and Gba1 mutations in
mouse models—implications for Gaucher disease. PLoS One 2013b;
8: €567560.

Tamargo RJ, Velayati A, Goldin E, Sidransky E. The role of saposin C in
Gaucher disease. Mol Genet Metab 2012; 106: 257-63.

Tatti M, Motta M, Di Bartolomeo S, Cianfanelli V, Salvioli R. Cathepsin-
mediated regulation of autophagy in saposin C deficiency. Autophagy
2013; 9: 241-3.

Tatti M, Motta M, Di Bartolomeo S, Scarpa S, Cianfanelli V, Cecconi F,
et al. Reduced cathepsins B and D cause impaired autophagic degrad-
ation that can be almost completely restored by overexpression of
these two proteases in Sap C-deficient fibroblasts. Hum Mol Genet
2012; 21: 5159-73.

Tatti M, Motta M, Salvioli R. Autophagy in Gaucher disease due to
saposin C deficiency. Autophagy 2011; 7: 94-5.

Tayebi N, Callahan M, Madike V, Stubblefield BK, Orvisky E,
Krasnewich D, et al. Gaucher disease and parkinsonism: a phenotypic
and genotypic characterization. Mol Genet Metab 2001; 73 (4):
313-21.

Tayebi N, Walker J, Stubblefield B, Orvisky E, LaMarca ME, Wong K,
et al. Gaucher disease with parkinsonian manifestations: does gluco-
cerebrosidase deficiency contribute to a vulnerability to parkinsonism?
Mol Genet Metab 2003; 79 (2): 104-9.

Tekoah Y, Tzaban S, Kizhner T, Hainrichson M, Gantman A,
Golembo M, et al. Glycosylation and Functionality of Recombinant
ss-Glucocerebrosidase from Various Production Systems. Biosci Rep
2013; 33: 771-81.

Thayanidhi N, Helm JR, Nycz DC, Bentley M, Liang Y, Hay JC. Alpha-
synuclein delays endoplasmic reticulum (ER)-to-Golgi transport in
mammalian cells by antagonizing ER/Golgi SNAREs. Mol Biol Cell
2010; 21: 1850-63.

Tofaris GK. Lysosome-dependent pathways as a unifying theme in
Parkinson's disease. Mov Disord 2012; 27: 1364-9.

Tsuang D, Leverenz JB, Lopez OL, Hamilton RL, Bennett DA,
Schneider JA, et al. GBA mutations increase risk for Lewy body disease
with and without Alzheimer disease pathology. Neurology 2012; 79:
1944-50.

Tybulewicz VL, Tremblay ML, LaMarca ME, Willemsen R,
Stubblefield BK, Winfield S, et al. Animal model of Gaucher's disease
from targeted disruption of the mouse glucocerebrosidase gene.
Nature 1992; 357: 407-10.

Brain 2014: 137; 1304-1322 | 1321

Tylki-Szymanska A, Czartoryska B, Vanier MT, Poorthuis BJ, Groener JA,
Lugowska A, et al. Non-neuronopathic Gaucher disease due to saposin
C deficiency. Clin Genet 2007; 72: 538-42.

Tylki-Szymanska A, Groener JE, Kaminski ML, Lugowska A,
Jurkiewicz E, Czartoryska B. Gaucher disease due to saposin C defi-
ciency, previously described as non-neuronopathic form-no positive
effects after 2-years of miglustat therapy. Mol Genet Metab 2011;
104: 627-30.

Vaccaro AM, Motta M, Tatti M, Scarpa S, Masuelli L, Bhat M, et al.
saposin C mutations in Gaucher disease patients resulting in lysosomal
lipid accumulation, saposin C deficiency, but normal prosaposin pro-
cessing and sorting. Hum Mol Genet 2010; 19: 2987-97.

Vanier MT. Niemann-Pick diseases. Handb Clin Neurol 2013; 113: 1717-21.

Velayati A, DePaolo J, Gupta N, Choi JH, Moaven N, Westbroek W,
et al. A mutation in SCARB2 is a modifier in Gaucher disease. Hum
Mutat 2011; 32: 1232-8.

Venkataraman K, Khurana S, Tai TC. Oxidative stress in aging-matters of
the heart and mind. Int J Mol Sci 2013; 14: 17897-925.

Wang S, Kaufman RJ. The impact of the unfolded protein response on
human disease. J Cell Biol 2012; 197: 857-67.

Wang Y, Liu L, Xiong J, Zhang X, Chen Z, Yu L, et al
Glucocerebrosidase  L444P mutation confers genetic risk  for
Parkinson's disease in central China. Behav Brain Funct 2012; 8: 57.

Wei H, Kim SJ, Zhang Z, Tsai PC, Wisniewski KE, Mukherjee AB. ER and
oxidative stresses are common mediators of apoptosis in both neuro-
degenerative and non-neurodegenerative lysosomal storage disorders
and are alleviated by chemical chaperones. Hum Mol Genet 2008; 17:
469-77.

Weinreb NJ, Lee RE. Causes of death due to hematological and non-
hematological cancers in 57 US patients with type 1 Gaucher Disease
who were never treated with enzyme replacement therapy. Crit Rev
Oncog 2013; 18: 177-95.

Westbroek W, Gustafson AM, Sidransky E. Exploring the link between
glucocerebrosidase mutations and parkinsonism. Trends Mol Med
2011; 17: 485-93.

Winder-Rhodes SE, Garcia-Reitbock P, Ban M, Evans JR, Jacques TS,
Kemppinen A, et al. Genetic and pathological links between
Parkinson's disease and the lysosomal disorder Sanfilippo syndrome.
Mov Disord 2012; 27: 312-5.

Winfield SL, Tayebi N, Martin BM, Ginns El, Sidransky E. Identification of
three additional genes contiguous to the glucocerebrosidase locus on
chromosome 1g21: implications for Gaucher disease. Genome Res
1997; 7: 1020-6.

Winslow AR, Chen CW, Corrochano S, Acevedo-Arozena A, Gordon DE,
Peden AA, et al. alpha-Synuclein impairs macroautophagy: implications
for Parkinson's disease. J Cell Biol 2010; 190: 1023-37.

Wu G, Pang S, Feng X, Zhang A, Li J, Gu K, et al. Genetic analysis of
lysosomal alpha-galactosidase A gene in sporadic Parkinson's disease.
Neurosci Lett 2011; 500: 31-5.

Wu G, Yan B, Wang X, Feng X, Zhang A, Xu X, et al. Decreased
activities of lysosomal acid alpha-D-galactosidase A in the leukocytes
of sporadic Parkinson's disease. J Neurol Sci 2008; 271: 168-73.

Xu YH, Quinn B, Witte D, Grabowski GA. Viable mouse models of acid
beta-glucosidase deficiency: the defect in Gaucher disease. Am J
Pathol 2003; 163: 2093-101.

Yang C, Rahimpour S, Lu J, Pacak K, Ikejiri B, Brady RO, et al. Histone
deacetylase inhibitors increase glucocerebrosidase activity in Gaucher
disease by modulation of molecular chaperones. Proc Natl Acad Sci
USA 2013; 110: 966-71.

Yang Z, Klionsky DJ. Eaten alive: a history of macroautophagy. Nat Cell
Biol 2010; 12: 814-22.

Yap TL, Gruschus JM, Velayati A, Westbroek W, Goldin E, Moaven N,
et al. Alpha-synuclein interacts with Glucocerebrosidase providing a
molecular link between Parkinson and Gaucher diseases. J Biol Chem
2011; 286: 28080-8.



1322 | Brain 2014: 137; 13041322

Yap TL, Velayati A, Sidransky E, Lee JC. Membrane-bound alpha-synu-
clein interacts with glucocerebrosidase and inhibits enzyme activity.
Mol Genet Metab 2013; 108: 56-64.

Yuan L, Morales CR. Prosaposin sorting is mediated by oligomerization.
Exp Cell Res 2011; 317: 2456-67.

Zachos C, Blanz J, Saftig P, Schwake M. A critical histidine residue within
LIMP-2 mediates pH sensitive binding to its ligand beta-glucocerebro-
sidase. Traffic 2012; 13: 1113-23.

Ziegler SG, Eblan MJ, Gutti U, Hruska KS, Stubblefield BK, Goker-Alpan O,
et al. Glucocerebrosidase mutations in Chinese subjects from Taiwan
with sporadic Parkinson disease. Mol Genet Metab 2007; 91: 195-200.

M. Siebert et al.

Zimran A. How | treat Gaucher disease. Blood 2011; 118: 1463-71.

Zimran A, Altarescu G, Elstein D. Pilot study using ambroxol as a
pharmacological chaperone in type 1 Gaucher disease. Blood Cells
Mol Dis 2013; 50: 134-7.

Zimran A, Liphshitz I, Barchana M, Abrahamov A, Elstein D. Incidence
of malignancies among patients with type | Gaucher disease from a
single referral clinic. Blood Cells Mol Dis 2005; 34: 197-200.

Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y, Sabatini DM.
mTORC1 senses lysosomal amino acids through an inside-out mech-
anism that requires the vacuolar H(+)-ATPase. Science 2011; 334:
678-83.



