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Abstract. Following the discovery of a higher than expected incidence of Parkinson Disease (PD) in Gaucher disease, a
lysosomal storage disorder, mutations in the glucocerebrocidase (GBA) gene, which encodes a lysosomal enzyme involved in
sphingolipid degradation were explored in the context of idiopathic PD. GBA mutations are now known to be the single largest
risk factor for development of idiopathic PD. Clinically, on imaging and pharmacologically, GBA PD is almost identical to
idiopathic PD, other than certain features that can be identified in the specialist research setting but not in routine clinical
practice. In patients with a known GBA mutation, it is possible to monitor for prodromal signs of PD. The clinical similarity
with idiopathic PD and the chance to identify PD at a pre-clinical stage provides a unique opportunity to research therapeutic
options for early PD, before major irreversible neurodegeneration occurs. However, to date, the molecular mechanisms
which lead to this increased PD risk in GBA mutation carriers are not fully elucidated. Experimental models to define the
molecular mechanisms and test therapeutic options include cell culture, transgenic mice and other in vivo models amenable
to genetic manipulation, such as drosophilia. Some key pathological pathways of interest in the context of GBA mutations
include alpha synuclein aggregation, lysosomal-autophagy axis changes and endoplasmic reticulum stress. Therapeutic
agents that exploit these pathways are being developed and include the small molecule chaperone Ambroxol. This review
aims to summarise the main features of GBA-PD and provide insights into the pathological relevance of GBA mutations on
molecular pathways and the therapeutic implications for PD resulting from investigation of the role of GBA in PD.
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INTRODUCTION

Parkinson disease (PD) is the second most common
neurodegenerative disease after Alzheimer disease,
with a lifetime risk of 4%. The disease is character-
ized pathologically by loss of dopaminergic neurons
in the substantia nigra pars compacta, accumulation
and aggregation of alpha-synuclein, and clinically
by motor symptoms of tremor, rigidity and bradyki-
nesia, and non-motor symptoms that encompass
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gastro-intestinal dysfunction, depression, anosmia,
cognitive decline, pain and sleep disturbances [1, 2].

Homozygous or compound heterozygous muta-
tions of the glucocerebrosidase gene (GBA), were
initially discovered in patients suffering from
Gaucher Disease (GD), a lysosomal-storage disease
characterised by accumulation of glycolipid substrate
due to reduced glucocerebrosidase enzyme (GCase)
activity. Gcase normally functions as a lysosomal
enzyme that converts glucosylceramide to glucose
and ceramide. Patient macrophages engorged with
this glycolipid load are referred to as “Gaucher cells”
and are a pathological hallmark of the disease. Sin-
gle heterozygous mutations were initially thought to
be non-pathogenic, but, following investigation of
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early reports of Parkinsonism in GD patients and
their heterozygote carrier family members unaffected
by GD [3], it was found that heterozygote mutations
confer a significant risk for developing PPD [4–6].
Heterozygotes have a 10–30% chance of developing
PD by age 80, which constitutes a 20-fold increase
compared to non-carriers [7–10], and approximately
5–25% of “idiopathic” PD patients carry GBA muta-
tions, making GBA mutations the greatest risk factor
for PD discovered to date [11, 12].

In the routine clinical environment, GBA linked
PD is virtually indistinguishable from idiopathic PD,
with a marginally earlier age of onset and slightly
higher prevalence of cognitive effects the only sug-
gestive features in this setting [13, 14]. There are
more subtle features associated with GBA PD, which
may be elicited in research settings and are discussed
in the clinical section of this review. No differences
are observed in imaging, pharmacological response
or pathology between idiopathic and GBA mutation
linked PD [15].

To date, the molecular mechanisms which lead
to an increased PD risk in GBA mutation carriers
have not been fully elucidated. It has been suggested
that both a chronic loss of GCase enzyme activ-
ity, as well as a possible toxic gain-of-function of
the mutated GCase results in lysosomal dysfunc-
tion and endoplasmic reticulum (ER) stress, which
could contribute to disease pathogenesis [16]. Inter-
estingly, reduced GCase activity has been found in
post mortem samples of PD patients without GBA
mutations, suggesting a reduction in activity in PD
patients may contribute to PD pathogenesis [17]. As
a consequence, targeting of this pathway may pro-
vide disease therapy for all PD patients, not just GBA
mutation carriers [18].

This review aims to summarise the main features
of GBA-PD and provide insights into the pathologi-
cal relevance of GBA mutations and the therapeutic
implications for PD resulting from investigation of
the role of GBA in PD.

GENETICS

The GBA1 gene is found on chromosome 1q21
and consists of 11 exons and 10 introns. It is approx-
imately 7.6 kb in length. A pseudogene of GBA
(GPAP) exists 16 kb downstream of GBA and is
highly homologous (96%). Over 300 mutations of
the gene have been discovered to date, including
frameshift mutations, insertions, deletions and splice

site mutations. However, the two most common muta-
tions are N370S and L444P, point mutations in exon 9
and 10 respectively. The total frequency of mutations
and the prevalence of specific mutations varies widely
between ethnicities, for example in the Ashkenazi
Jewish population approximately 1 in 14–18 individ-
uals is a carrier of a mutation, compared with other
populations where just 1% are carriers. Sequencing
is complicated by the presence of the pseudogene
which naturally contains some of the disease-causing
mutations, for example L444P [19].

GCase is a 497 amino acid protein of approx-
imately 62 kDa which can be divided into three
domains: Domain 1-an antiparallel B-sheet, Domain
2 containing the active site of the protein a triose phos-
phate isomerase barrel, and Domain 3, an 8-stranded
B-barrel. Mutations have been found throughout the
protein (see Fig. 1), and despite the proximity of cer-
tain mutations to the active site, mutation location is
not a reliable predictor of disease severity [16]. In
fact, great variability of symptoms and clinical pre-
sentation can be seen between GD patients with the
same mutation, suggesting the existence of modifying
factors. Interestingly, the E326K mutation increases
the risk for PD, but when present in homozygous form
does not result in GD [20]. This suggests a specific
and perhaps distinct mechanism through which muta-
tions may predispose carriers to PD, separate from a
GD-causing mechanism.

MODELS OF GBA-PD

The contribution of GBA mutations to PD patho-
genesis has been investigated thus far in a number
of different disease models. Animal models had been
developed for the study of GD, before the risk for
PD was appreciated and now additional models have
been developed specifically for the study of the rela-
tionship of GBA mutations to PD. In addition to this,
a large number of cell-based models exist, both pri-
mary cells, and patient-derived cell lines, including
induced pluripotential stem cells (iPSCs).

Cell models (see Table 1)

Cell lines such as SH-SY5Y and PC12 are more
robust than primary cells and as such can survive
harsh genetic techniques such as transfection. Addi-
tionally they are cost-effective and free from the
ethical concerns that accompany primary cell and
stem cell use [21, 22]. In the case of GBA-PD
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Fig. 1. A. Diagram of the positions of common mutations in the GBA gene. N370S and L444P shown with red writing are the two most
common mutations (Hruska et al., 2008). B. Pymol image showing the positions of the most common mutations L444P, N370S and a
mutation which increases the risk of PD, but when present in homozygous form does not produce GD, E326K, relative to the active site
(shown in blue). Amino acids labelled in green show the positions of less common mutations. Portions of the full GCase protein have been
omitted for clarity.

research, cell lines stably expressing alpha-synuclein
can be transfected with siRNA to silence GBA
expression and thus serve as a robust model of
reduced Gcase activity in a PD setting [23].

Primary cell culture can be immensely useful in the
study of GBA-PD, for example, chemically-induced
models of GBA mutations using the irreversible
inhibitor, conduritol B-epoxide (CBE) [24] have
shown inhibition of GCase induces accumulation of
alpha-synuclein, a key discovery linking GBA activ-
ity and PD [25]. Research groups with direct access
to patients carrying GBA mutations have developed
fibroblast cell lines from skin biopsies taken from

these patients, which maintain expression of the
mutant GCase as seen in the donor patient. Fibroblast
lines may also be derived from GBA mutation-
carrying mice. These models allow investigation of
the cellular mechanisms by which altered GCase
activity may affect patient susceptibility to PD and
can serve as an inexpensive model for testing poten-
tial drug treatments [23, 26]. These lines, however,
are not neuronal, and do not express alpha-synuclein,
which can limit the key research questions that can
be answered using them.

Recently, developments have been made in creat-
ing GBA mutation-carrying iPSC lines, using novel
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Table 1
Cell models

Type Modification Ref

Mouse embryonic fibroblasts GBA1 heterozygous mutation Magalhaes et al. [23]
GBA1 Knock Out

SH-SY5Y cells human �-syn Knock down by GBA1 siRNA
Mice neurons CBE exposure
Mouse neurons and astrocytes GBA knock out Osellame et al. [33]
Neuroblastoma cells CBE exposure Manning-Boğ et al. [25]
Fibroblasts from PD patients Heterozygous GBA N370S or L444P mutations Sanchez-Martinez et al. [40]
Fibroblasts from patients Gaucher Disease McNeill et al. [26]
Fibroblasts from patients Heterozygous GBA mutation carriers with and

without PD
Ambrosi et al. [84]

iPSC-derived midbrain dopaminergic
neurons from patients

Gaucher Disease Schöndorf et al. [28]
PD harbouring GBA1 mutations Yang et al. [85]

iPSC-derived midbrain dopaminergic
neurons from patients

Heterozygous GBA N370S mutation in twins
discordant for PD

Woodard et al. [29]

Fibroblast and iPSC-derived NSC and
dopaminergic neurons from patients

Heterozygous GBA: N370S mutation Momcilovic et al. [30]
Yang et al. [85]

Table 2
Animal models

Type Modification Ref

Mice CBE injection Manning-Boğ et al. [25]
Mice GBA Knock Out Holleran et al. [31]
Mice GBA Knock Out in all tissues except the skin Enquist [32]
Mice GBA knock out Osellame et al. [33]
Mice GBA point mutations (N370S, V394L,

D409H, D409V)
Xu et al. [34]

Mice GBA point mutation (N370S and L444P) Sanders et al. [35]
Mice alpha-synuclein A53T mutation + GBA

L444P mutation
Fishbein et al. [36]

Mice A53T-SNCA + CBE administration Rockenstein et al. [37]
Mice Heterozygous L444P GBA mutation Migdalska-Richards et al. [38]
Drosophila GBA1 and GBA2 deletion Davis et al. [39]
Drosophila GBA N370S or L444P mutations Sanchez-Martinez et al. [40]
Zebrafish 23bp GBA deletion Keatinge et al. [41]
Cynomolgus monkeys Wild-type Migdalska-Richards et al. [86]

CBE, Conduritol-�-epoxide; iPSC, induced pluripotent stem cell; NSC, neural stem cells.

reprogramming technology [27]. These iPSCs can
then be differentiated into especially disease-relevant
cell types, such as dopaminergic neurons [28–30].
This allows for the characterisation of human
dopaminergic neurons carrying GBA mutations. In
this way analysis and comparison of mutation carri-
ers versus controls at a cellular and molecular level
is possible, including live-cell imaging [28].

Animal models (see Table 2)

Neonatal lethality limited the usefulness of knock-
out mice for GD. These animals died primarily due
to epidermal permeability defects resulting in exces-
sive water loss [31]. Subsequently models have been
produced in which the knockout exists in all tis-
sues except the skin, allowing increased survival rates

and improved potential for experimental use [32].
In these models the phenotype of type 1 GD is reliably
recapitulated and severe, with accumulation of alpha-
synuclein and ubiquitinated proteins, as is seen in
the human disease. Investigations using such mouse
models are critical for research focused on molecu-
lar level analysis of the effects of GCase reduction.
Defects in autophagic and proteasomal machinery, as
well as dysfunction and fragmentation of mitochon-
dria in neurons and astrocytes lacking GBA have been
described in the knockout mice [33].

GBA transgenic mice-point mutations
Transgenic mouse lines have been produced with

a number of GBA point mutations introduced into
the gene, these include the N370S, L444P, V394L,
D409H, D409V [34]. Mouse lines with human
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GBA introduced also exist with N370S and L444P
mutations present [35]. Mouse lines for the most
part recapitulate aspects of GD including substrate
accumulation, the presence of “Gaucher cells” and
inflammation.

PD mice and GD carrier cross
Following the discovery of GBA mutations as

risk factors for PD, a mouse line has been created
where alpha-synuclein A53T mutation mice (A53T
mice) are crossed with mice carrying one of the most
common GBA mutations, L444P [36]. Interestingly,
augmentation of the PD phenotype was found when
the PD line was crossed with L444P heterozygote
mice which have just 40% residual GCase activity. A
decrease in alpha synuclein degradation was found,
as well as worsened motor and gastro-enteric phe-
notypes. Reciprocal modulation of alpha-synuclein
and GCase levels was demonstrated in a mouse
model [37].

Interestingly, treatment of one PD mouse model
(SNCA/SNCA mice), using a small molecule chaper-
one known to improve GCase abundance and activity,
decreased �-synuclein and phospho-�-synuclein pro-
tein levels in the mice, and increased activity in L444P
heterozygote mice [38]. This suggests that use of PD
mouse models in testing GCase targeted drug treat-
ments can be useful for assessing application of such
drugs to PD patients in general [38].

Non-mouse models

Drosophila
One model of GCase impairment was created

Gba1del through deletion of the coding sequences of
gba1 and gba2, the two homologues of human GBA
in flies [39] to assess the effects of GBA knockout in
the Drosophila system.

Homozygotes for the deletion displayed reduced
GCase activity levels and exhibit a motor deficit.
Intriguingly, this phenotype was not significantly
altered when human alpha synuclein was introduced
to the system, suggesting these deficits develop in an
alpha synuclein-independent manner.

Sanchez-Martinez et al., have also generated
Drosophila GBA models, however rather than a total
deletion of the endogenous genes, they generated
a series of fly lines expressing the human wild-
type GBA or human mutant GBA genes, carrying
the N370S or L444P mutations, most common in
patients. Flies carrying such mutations developed ER
stress and progressive locomotor deficits, which were

alleviated by treatment with small molecular chaper-
ones such as ambroxol and isofagomine [40].

Zebrafish
A GBA mutant Zebrafish line was produced

through introduction of a 23bp deletion using TALEN
mutagenesis. Homozygotes develop normally, but
from 8 weeks onwards disease phenotype becomes
apparent with significant weight loss and impaired
balance resulting in corkscrew swimming. “Gaucher
like” cells were observed from 9 weeks, and a loss
of dopaminergic neurons was seen at 12 weeks.
Heterozygotes had an intermediate motor phenotype
and developed some mild accumulation of “Gaucher
like” cells by 12 weeks. Additionally, established GD
biomarkers were abnormal with hexosaminidase or
chitotriosidase activity, as well as mitochondrial res-
piratory chain activity impaired [41].

PATHOGENIC MECHANISM/
BIOCHEMISTRY IN GBA-PD

The underlying mechanism or mechanisms by
which a GBA mutation may predispose the carrier to
developing PD remains poorly understood. There are
a number of possible mechanisms potentially con-
tributing to an increased risk of PD development,
which will now be discussed.

Interaction with alpha synuclein

One of the key pathological hallmarks of PD
is the accumulation of alpha synuclein aggregates
in the cells of patients. Importantly, a reciprocal
relationship between GCase levels and alpha synu-
clein levels has been described, with decreases
in GCase, through CBE treatment, or the intro-
duction of mutations, resulting in increases of
intracellular alpha synuclein and conversely, over-
expression of alpha synuclein has been shown to
reduce GCase levels pointing to a vicious cycle
leading to reduced GCase activity and increased
alpha synuclein levels [12, 25]. The exact mecha-
nisms facilitating this interaction remains unclear,
with both loss and gain-of-function theories sug-
gested and supported by experimental evidence, and
crucially these suggestions are not mutually exclu-
sive. A multitude of possible interactions, direct and
indirect may contribute to the reciprocal relationship
observed [16].
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Interaction with the autophagy-lysosomal system

The Autophagy-Lysosomal system consists of
three distinct pathways to the lysosome which
together control the degradation of unnecessary or
dysfunctional proteins. These are: macroautophagy,
a non-specific pathway for ubiquitin-tagged proteins,
chaperone-mediated autophagy (CMA), a pathway
through which proteins bearing a specific motif are
recognised by a chaperone protein and transported
into the lysosome, and finally microautophagy, which
consists of direct invaginations of the lysosome mem-
brane to collect small volumes of soluble proteins
from the cytosol. The lysosome is known to be
dysfunctional in GD, whereby reduced GCase activ-
ity levels result in build-up of its substrate in the
lysosome and a “clogging” effect on the autophagy-
lysosomal system as a whole. Impairment of the
autophagy-lysosomal pathway in heterozygote car-
riers may contribute to increasing PD risk, although
substrate accumulation has not been observed [42].
Interestingly, accumulation of key markers of dys-
function of macroautophagy, p62 and LC3-II has
been described in post-mortem PD brains, irrespec-
tive of GBA mutation status. Key research has also
heavily implicated CMA in the degradation of alpha-
synuclein, which contains the specific CMA binding
motif, suggesting dysfunction of both CMA and
macroautophagy pathways in PD patients generally.

GCase leading to ER stress

Abnormally folded GCase has been found to
accumulate in the ER which results in reduced levels
of GCase in the lysosome as well as triggers the
unfolded protein response and ER-associated degra-
dation (ERAD) [43–45]. Markers of ERAD were
indeed found to be increased in the PD-GBA brains
(Gegg Ann Neurol 2012). iPSC work confirmed
increased ER stress and ERAD in GBA carrier lines
[46].

CLINICAL PRESENTATION

GBA related Parkinsonism, when first described,
appeared identical to idiopathic PD. Although
phenotypically very similar and certainly not dis-
tinguishable by routine clinical assessment alone,
evidence over the last 5 years suggests unique
motor, non-motor and cognitive features of GBA
PD in individuals with heterozygous or homozygous
GBA mutations. Additionally, the prodromal features

associated with idiopathic PD are also found in the
GBA population. The advantage of detailed charac-
terization of the signature features of GBA associated
PD is to gain insight into pre-clinical and “transi-
tional” PD that would typically go undetected in
this population. This facilitates our understanding
of pre-symptomatic PD and can inform research
into identifying biomarkers of pre-clinical features in
order to detect, stratify and treat these patients at an
early stage of their disease, then widen these findings
to other PD groups.

MOTOR FEATURES

Studies of the presenting motor features in GBA
associated PD demonstrated that bradykinesia is
a more common initial symptom compared with
idiopathic cases and that age of onset in GBA
carriers (heterozygotes) and homozygotes is earlier
[47–49]. No difference was observed in tremor and
dyskinesia between GBA and idiopathic cases in
one series [49], although a large European series
reported that levodopa induced dyskinesia was more
severe in PD with GBA mutations than with controls
[48]. Severity of the GBA mutation in terms of its
effect on enzyme activity, is associated with earlier
age of onset [48, 50].

Longitudinal cohort studies have demonstrated
that motor progression is more rapid in the GBA
PD group (using UPDRS and H&Y staging) than
non GBA mutation PD [51, 52]. Further work on
motor function in the GBA group has identified a
GBA polymorphism, E236K, which is associated
with rapid motor progression, postural and gait insta-
bility but not tremor [53], wearing off or dyskinesia
[54]. The association between other common GBA
polymorphisms, cardinal motor symptoms and rate
of progression have not been fully defined.

NON MOTOR FEATURES

Non-motor symptoms have been reported to be
more severe in PD patients with GBA mutations than
in idiopathic PD [55]. In common with idiopathic
PD, non-motor symptoms are the earliest presenting
symptoms in GBA associated PD.

Visual dysfunction is PD is an increasingly
recognised non-motor feature, with pathological
involvement of retinal, brainstem and cortical struc-
tures. Retinal dopaminergic neuronal degeneration
and alpha synuclein deposition are seen in the
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brainstem, occipital and parietal cortices, which can
explain dysfunction with eye movement, visual per-
ception and visuospatial ability [56].

Olfaction is impaired in GBA mutation carriers
and in early PD compared with controls [57, 58].
Early olfactory dysfunction is in keeping with the
Braak hypothesis that PD pathogenesis commences
in peripheral neuronal populations after an as yet
unknown insult and that alpha synuclein migrates
retrogradely via the enteric, vagal and olfactory tracts
to the brainstem, then into cortical and subcortical
regions [59]. The Braak hypothesis explains why
impaired olfaction and non-motor features occur in
the prodromal (pre-motor) phase of PD and may
be useful in detecting pre-clinical disease which it
is almost uniquely possible to study in the GBA
population.

In the idiopathic PD population, it is well estab-
lished that gastroparesis and constipation are seen
in all stages of PD [60]. This, and other non-motor
features are more common in GBA-PD including
falls with loss of consciousness and fatigue [61];
sexual dysfunction and constipation [62]; orthostatic
symptoms, urinary function, sexual function, bowel
function [55]. The finding on orthostatic hypotension
was confirmed in one recent study [63], but not in
another [64]. GBA positive patients have been found
by some groups to demonstrate reduced myocardial
123I-metaiodobenzylguanidine (MIBG) uptake from
as early as 1 year of disease duration [65], suggesting
either the process began before clinical presentation,
or that progression is more rapid in this group. The
reduced MIBG uptake was associated with reduction
in the heart to mediastinum ratio, the degree of which
correlated with the stage of PD and dementia [65].
Other groups, however, have not found cardiac MIBG
uptake abnormalities associated with GBA PD [54].

Several studies assessed the difference in cognitive
performance between PD patients with and without
GBA mutations [10, 55, 58, 61–63, 65–70]; accord-
ing to a recent meta-analysis, the risk of cognitive
impairment is estimated to be 3 times higher for
patients with GBA mutations [49]. However, signif-
icant differences in cognitive function between PD
patients with and without GBA mutations were not
confirmed in some studies [13, 62, 71, 72]. It has been
reported that there is significantly higher frequency of
usage of acetylcholine esterase inhibitors for demen-
tia in GBA PD compared with idiopathic PD [73],
and one study found significant differences in self-
reported cognitive impairment [74]. PD patients with
GBA mutation also showed a more rapid cognitive

decline [51, 52, 54], although this evidence was not
supportedbyall studies [69]. Ithasbeensuggested that
in carriers of “severe” mutations (p.L444P, p.G377S,
splicing mutation IVS10+1G>T) the risk of dementia
was 5.6 times higher when compared to PD non-
carriers, and 2.9 times higher when compared to
carriers of “mild” mutations (p.N370S) [63]. There
is poor agreement on the role of the GBA polymor-
phisms E326K on cognition: one study found that
both E326K patients and GBA mutation patients have
a higher risk of cognitive deterioration [75], another
found that the association between GBA and cogni-
tive decline was significant in E326K patients but not
in PD patients with GBA mutations [53] and, finally,
patients with PD and GBA mutations but not E326K
or other polymorphisms progress to dementia more
rapidly than non-carriers [52]. Specific cognitive pro-
files have been associated with GBA mutations in
PD patients: one study focused on memory and visu-
ospatial domains [10], while another on abstraction
and orientation domains [61]. Impairment in working
memory, executive function and visuospatial abilities
seemed to be a characteristic of PD both with GBA
mutations and E326K variant [75]. Deficits in visual
short-termmemoryseemedtobepresentbothinGBA-
positive individuals without PD and GBA-negative
patients with PD, but with different characteristics;
moreover, GBA-positive individuals who developed
PD showed a worse performance overall, leading the
authors to hypothesize a “double hit” model [76].

Recent evidence shows significant reductions in
regional cerebral blood flow associated with GBA PD
compared with idiopathic cases, particularly in the
parietal cortices and precuneus [54, 77]. This pattern
of cerebral blood flow alternation seen in Lewy body
dementia and contributes to neurobiological explana-
tion for early cognitive decline in GBA PD.

Patients with GBA mutations showed a higher risk
[54, 63] and an earlier development of psychosis [54]
as well as an increased frequency of delirium and
hallucinations [65] when compared with PD patients
without mutations. GBA-mutation PD patients
appeared to have a higher risk of reporting hallu-
cinations when compared to idiopathic PD patients,
but no differences between mild and severe mutations
were found [73]. A statistically significant higher fre-
quency of hallucinations in PD patients with GBA
mutation was not confirmed in all studies [62, 72].

Depression has been reported to be more common
in PD patients with GBA mutations [55, 61]. How-
ever, in one study, even though depression scores
were higher in GBA mutation PD patients than in
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GBA mutation negative patients, the difference in
scoring above the cut-off was not significant [62];
other studies did not find any significant differences
in mood disorders [10, 13, 54], and a longitudinal
study did not show differences in depression neither
at baseline nor during the follow-up [51].

Anxiety [55, 61] and apathy [55, 63] have been
reported to be more common in GBA mutation
patients when compared to PD patients without GBA
mutations, even though not all studies confirmed this
finding [62].

PD patients with GBA mutations seem have a
higher frequency of non-motor symptoms than PD
patients without GBA mutations, in particular:

Two studies reported that pain was more frequent in
PD patients with GBA mutations than in PD patients
without mutations [61, 78], although a significant dif-
ference between these two groups was not confirmed
in another study [79].

PRODROMAL SYMPTOMS OF PD IN
PATIENTS WITH GBA MUTATIONS

The baseline data from a longitudinal study found
that prodromal signs of PD such and impairment of
olfaction, cognition, and motor signs were more fre-
quent in Gaucher Disease (GD) patients and GBA
mutation carriers without previous diagnosis of PD
than in controls, while no difference was found in
REM sleep behavior disorder (RBD) or autonomic
dysfunction [58]. A two year follow up of these
patients showed that olfactory scores and cogni-
tive performance remained stable but significantly
worse than controls; when outcomes for both GD
and carriers were considered, RBD, depression and
motor signs showed a significant deterioration and,
when compared to controls, significant differences in
smell, autonomic dysfunction, cognition and motor
signs were evident [57]. A recent study on GD
patients without a diagnosis of PD reported a rela-
tively high prevalence of prodromal symptoms of PD,
although no comparisons have been performed [80].
A web-based assessment of PD prodromal markers
to estimate the risk of PD showed that the odds ratio
of having GBA variant was 9.5 times greater in the
“high risk group” than in other groups [81].

GCASE AS A THERAPEUTIC TARGET

The current treatment of PD is symptomatic and
no drug or intervention has been shown to slow the

progression of the neurodegeneration [82]. The dis-
covery of the link between GBA mutations and PD
has opened up a novel area for therapeutic inves-
tigation, with the possibility of targeting GCase as
an important contributor to autophagy dysfunction
and alpha synuclein accumulation in the disease [83].
The similarity in clinical presentation, pathology and
disease progression between GBA mutation carriers
and non-carriers, suggests that neuroprotective treat-
ments developed on the basis of GBA-PD research
could be translated to idiopathic PD.

A number of treatment options may soon become
available to PD patients. Specifically, there has been
a focus on the development and testing of small
molecule chaperones to assist in the correct folding
of mutant GCase molecules in the ER, thus aid-
ing their transport to the lysosomes and resulting
in increased GCase activity. One such molecule is
ambroxol, which has been tested for safety and effi-
cacy in GD patients to date [9] as well as initial testing
in PD patient fibroblast lines [26, 84], GBA mutant
and PD mouse models [38], Drosophila models of
GCase deficiency [40], in GD patient iPSC derived
macrophages [85] and its brain penetration has been
confirmed in non-human primates [86]. Another
molecule which has been tested both in vitro and in
vivo and proved efficacious is isofagamine [85, 86].
Both molecules are brain-penetrant and orally active,
however further study must be done to assess their
ability to improve brain GCase activity and to lower
alpha-synuclein levels in humans. More recently,
an additional novel compound NCGC607 has been
shown to be effective in lowering alpha-synuclein
and glycolipid Levels in iPSC-derived dopaminergic
neurons from patients with GD and PD [87].

A number of investigations into the use of
gene therapy to augment GCase levels in GBA-
mutation carrying models and models of PD, through
adeno-associated virus-mediated (AAV-mediated)
expression of GCase in the CNS via cerebral injec-
tions has found hugely beneficial effects [88, 89],
which serves as an excellent proof of concept for the
use of GCase activity augmentation in the reduction
of alpha-synuclein accumulation and transmission
[89, 90], and neurodegeneration in PD models [88],
which will be an avenue to pursue further with a view
to translation to human PD patients.

CONCLUSION

Mutations of the GBA gene are the most significant
risk factor for PD, and are the most common genetic
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mutation so far identified in this disease. The molec-
ular mechanisms by which GBA mutations result
in this increased risk are the focus of a significant
research effort. It appears that there is a reciprocal
relationship between GCase and alpha-synuclein that
is common to individuals without as well as those
with mutations. This is important as it suggests that
manipulation of the GCase-synuclein interaction may
be of benefit to all PD patients, as well as poten-
tially of benefit to others with synucleinopathies.
There are several methods by which the interaction
may be influenced to reduce alpha-synuclein levels.
Thus, the GBA-lysosomal-synuclein axis is now the
focus of experimental therapeutics with the devel-
opment of novel drugs to modulate GCAse activity
and some of these are currently entering clinical
trial.

CONFLICT OF INTEREST STATEMENT

The authors have no conflict of interest to report.

REFERENCES

[1] Chaudhuri KR, Healy DG, & Schapira AHV (2006) Non-
motor symptoms of Parkinson’s disease: Diagnosis and
management. Lancet Neurol, 5, 235-245.

[2] Schapira AHV, Chaudhuri KR, & Jenner P (2017) Non-
motor features in Parkinson’s disease. Nat Rev Neurosci, in
press.

[3] Tayebi N, Callahan M, Madike V, Stubblefield BK,
Orvisky E, Krasnewich D, Fillano JJ, & Sidransky E
(2001) Gaucher disease and parkinsonism: A phenotypic
and genotypic characterization. Mol Genet Metab, 73,
313-321.
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[69] Setó-Salvia N, Pagonabarraga J, Houlden H, Pascual-
Sedano B, Dols-Icardo O, Tucci A, Paisán-Ruiz C,
Campolongo A, Antón-Aguirre S, Martı́n I, Muñoz L, Bufill
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