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Background

Recent studies indicate an increased frequency of mutations in the gene encoding 
glucocerebrosidase (GBA), a deficiency of which causes Gaucher’s disease, among pa-
tients with Parkinson’s disease. We aimed to ascertain the frequency of GBA muta-
tions in an ethnically diverse group of patients with Parkinson’s disease.

Methods

Sixteen centers participated in our international, collaborative study: five from the 
Americas, six from Europe, two from Israel, and three from Asia. Each center geno-
typed a standard DNA panel to permit comparison of the genotyping results across 
centers. Genotypes and phenotypic data from a total of 5691 patients with Parkin-
son’s disease (780 Ashkenazi Jews) and 4898 controls (387 Ashkenazi Jews) were ana-
lyzed, with multivariate logistic-regression models and the Mantel–Haenszel proce-
dure used to estimate odds ratios across centers.

Results

All 16 centers could detect two GBA mutations, L444P and N370S. Among Ashkenazi 
Jewish subjects, either mutation was found in 15% of patients and 3% of controls, 
and among non–Ashkenazi Jewish subjects, either mutation was found in 3% of pa-
tients and less than 1% of controls. GBA was fully sequenced for 1883 non–Ash-
kenazi Jewish patients, and mutations were identified in 7%, showing that limited 
mutation screening can miss half the mutant alleles. The odds ratio for any GBA 
mutation in patients versus controls was 5.43 across centers. As compared with pa-
tients who did not carry a GBA mutation, those with a GBA mutation presented ear-
lier with the disease, were more likely to have affected relatives, and were more 
likely to have atypical clinical manifestations.

Conclusions

Data collected from 16 centers demonstrate that there is a strong association between 
GBA mutations and Parkinson’s disease.
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Several lines of evidence suggest an 
association between parkinsonism and mu-
tations in the gene encoding the lysosomal 

enzyme glucocerebrosidase (GBA), which is defi-
cient in patients with Gaucher’s disease. In this 
rare mendelian disorder, lysosomal accumulation 
of glucocerebroside results in a broad spectrum of 
disease manifestations including hepatospleno-
megaly, anemia, thrombocytopenia, bone disease, 
and, at times, neurologic involvement.1,2 Multiple 
independent studies have reported an increased 
frequency of GBA mutations in various cohorts of 
patients with parkinsonism.3-21 However, several 
genomewide association studies have not identi-
fied this locus, and the degree of association has 
remained somewhat unclear, as many studies were 
not large enough to unequivocally label GBA mu-
tations as risk alleles associated with Parkinson’s 
disease.

Recognition of the association between GBA 
mutations and parkinsonism began in the clinic, 
with the identification of rare patients with Gau-
cher’s disease who also had parkinsonian symp-
toms. Clinical descriptions appeared as case 
reports,22,23 larger series of patients24,25 and pro-
spective studies.26 Pedigree analyses revealed that 
relatives of patients with Gaucher’s disease, many 
of whom were obligate heterozygotes, had an in-
creased incidence of Parkinson’s disease.27,28

Almost 300 GBA mutations have been identified 
in patients with Gaucher’s disease, including mis-
sense, nonsense, and frameshift mutations as well 
as insertions, deletions, and complex alleles.29 
Various expression studies have shown that many 
of these mutations result in a significant loss of 
glucocerebrosidase activity.30 The GBA gene, locat-
ed on 1q21–22, includes 11 exons and has a simi-
lar pseudogene 16 kb downstream. The 85-kb 
region surrounding GBA is particularly gene-rich, 
encompassing seven genes and two pseudogenes.31 
Recombination within and around the GBA locus 
occurs relatively frequently,32 complicating geno-
type analyses.

The frequency and distribution of GBA muta-
tions vary among populations. Among Ash-
kenazi Jews, for whom the carrier frequency is 
between 1 person in 12 and 1 in 16,1,6 one com-
mon mutation, N370S, accounts for approximately 
70% of mutant alleles.1 In other ethnic groups, the 
carrier frequency is usually less than 1%, and the 
associated mutations are more diverse. Although 
N370S is also common in European populations 

and is exclusively associated with non-neurono-
pathic Gaucher’s disease, it has not been encoun-
tered among Asians.33 A second relatively frequent 
and panethnic mutation associated with neurono-
pathic Gaucher’s disease is L444P, which can be a 
point mutation or part of a complex allele encom-
passing a portion of the pseudogene sequence.32

This international collaborative study of GBA 
mutations in patients with Parkinson’s disease was 
undertaken to better ascertain the frequency of 
GBA mutations by pooling data for individual per-
sons from 16 centers, representing 4 continents, 
including 5691 patients and 4898 controls. Find-
ings based on the data from 13 of the 16 centers 
(4185 of the case patients and 3597 of the controls) 
have been published previously.5-16,19 Our goals 
were to establish the combined frequency of GBA 
mutations among sites, to explore the range of 
GBA mutations encountered, and to identify clini-
cal features shared among GBA mutation carriers.

Me thods

Study Subjects and Procedures

Researchers known to be genotyping cohorts of 
patients with Parkinson’s disease for GBA muta-
tions were solicited for this collaboration. Sixteen 
centers participated, and data were collected and 
analyzed at the National Human Genome Research 
Institute (NHGRI), Bethesda, Maryland (Table 1). 
The subjects were from a total of 16 centers: 4 in 
North America, 1 in South America, 3 in Asia, 2 in 
Israel, and 6 in Europe. Ethnicity was self-reported. 
Ashkenazi Jews provided the country of origin of 
their grandparents. Written informed consent 
was obtained from all subjects under the supervi-
sion of each local ethics committee. All patients 
fulfilled the clinical diagnostic criteria for Par-
kinson’s disease of the U.K. Parkinson’s Brain 
Bank.34

Because the detection methods and number of 
mutations that could be identified varied greatly 
from center to center, 12 standard DNA samples 
from patients with Gaucher’s disease were geno-
typed by each center, and the results were analyzed 
at the NHGRI. All centers could reliably detect 
mutations N370S and L444P, unless the mutant 
allele included large stretches of the GBA pseudo-
gene sequence. Some centers could identify three 
to eight specific selected point mutations (Table 
1). In addition, five centers sequenced all the exons 
of GBA, and a sixth sequenced exons for a sub-
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group of subjects. Thus, results evaluating two 
mutations (N370S and L444P), six to eight muta-
tions, and the entire coding sequence were ana-
lyzed separately (see Table 1 in the Supplemen-
tary Appendix, available with the full text of this 
article at NEJM.org). Two frequent GBA variants, 
E326K and T369M, were evaluated but not included 
as mutant alleles.

The extent of clinical data collected from each 
site varied (Table 1). Some study centers provided 
only the age, family history, sex, ethnic group, and 
diagnosis of each subject, whereas others reported 
more complete data, including symptoms at pre-
sentation, age at disease onset, specific clinical 
manifestations, response to medications, and 
standardized scores on the Hoehn and Yahr stag-
ing system, the Unified Parkinson’s Disease Rating 
Scale, or both. Only one proband was studied per 
family, and patients with diagnoses other than 
Parkinson’s disease were excluded.

Controls were screened for signs or symptoms 
of parkinsonism, and centers attempted to match 
controls and patients with regard to age, sex, and 
ethnic group. Controls with a family history of 
Parkinson’s disease were removed because of their 
increased risk of having parkinsonism ultimately 
develop.

Study Design

The a priori aim in this study was to conduct a 
combined analysis of risk associated with GBA mu-
tations from various centers. Our analyses used 
patient-level data from both published and unpub-
lished studies. We assessed associations between 
Parkinson’s disease and GBA mutations in not only 
all available genotyped samples, but also in dis-
tinct subgroups of the total population (see the 
Supplementary Appendix for detailed analyses of 
subgroups).

Statistical Analysis

Descriptive statistics were calculated for each study 
center. Available data on family history of Parkin-
son’s disease and seven clinical features of Par-
kinson’s disease (asymmetric onset, bradykinesia, 
cognitive changes, orthostatic hypotension, pos-
tural instability, resting tremor, and rigidity) were 
analyzed. Clinical features were compared between 
case patients carrying GBA mutations and those 
without mutations, means were compared with the 
use of a two-tailed Student’s t-test, and frequency 
differences were compared between patients with 

and those without GBA mutations by means of the 
chi-square test.

We first estimated the odds ratios for muta-
tions in GBA across cohorts. To accomplish this, 
we conducted fixed-effects Mantel–Haenszel analy-
ses using all available case patients and controls 
from each study center. These models calculate 
crude odds ratios and confidence intervals from 
counts of mutations in case patients and controls 
in each study and then combine the odds ratios 
from study-specific two-by-two tables into a sum-
mary measure. Three Mantel–Haenszel analyses 
were performed, using any mutation, N370S, and 
L444P as the separate independent variables. No 
multiple-test correction was used in our analyses.

The heterogeneity of effects in the Mantel–
Haenszel analyses were evaluated using Woolf’s 
test for heterogeneity.35 Analyses of the possible 
interactions contributing to the heterogeneity of 
odds ratios were limited by the data available for 
analysis, so several additional Mantel–Haenszel 
analyses were carried out. First, we excluded data 
from Japan and Norway, both together and inde-
pendently, on the basis of the assumption that 
general genetic homogeneity in these samples 
could be compounded by the active recruitment of 
family members of case patients, influencing the 
independence (or in the Norwegian cohort, the 
nonindependence) of differences in mutation fre-
quency between case patients and controls. An 
additional analysis, performed by omitting data 
from Tel Aviv, Israel — the center with the most 
robust odds ratio with respect to the standard er-
ror of the estimate — confirmed that these data 
were not inflating the combined odds ratio.

To follow up on the results from the Mantel–
Haenszel analyses, multivariate logistic-regression 
models were used to examine the association be-
tween GBA mutations and Parkinson’s disease in 
subgroups stratified on the basis of the level of 
sequencing coverage and Ashkenazi Jewish or 
non–Ashkenazi Jewish ethnicity. These stratified 
models combined data for subjects across studies, 
including all subjects with complete data for co-
variates of self-reported ethnic group, age at the 
time of sampling, and sex. For regression model-
ing and covariate descriptions, data for 702 pa-
tients and 570 controls were excluded because age, 
sex, or ethnic group was unknown. Identical pa-
rameters were used in logistic-regression models 
testing the association of Parkinson’s disease with 
variants E326K and T369M. Chi-square tests of 
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heterogeneity were used to compare effect-size dif-
ferences between models stratifying Ashkenazi 
Jewish and non–Ashkenazi Jewish ethnicity assess-
ing the risks attributable to all GBA mutations and 
N370S and L444P only, across all levels of sequenc-
ing coverage. Detailed results and a description of 
these regression models are given in the Supple-
mentary Appendix.

All data analyses were conducted with the use 
of R software (version 2.8.0).36 Source code for 
plotting of the meta-analysis results is available 
in the software package “r.meta” (available from 
http://cran.cnr.berkeley.edu).

R esult s

Genotyping was performed for a total of 5691 
patients with Parkinson’s disease: 780 Ashkenazi 
Jewish patients and 4911 patients with no known 
Ashkenazi Jewish ancestry. The 4898 controls for 
whom genotyping was performed included 387 
Ashkenazi Jewish persons and 4511 from other 
ethnic groups. Table 1 lists the frequency of mu-
tations and baseline characteristics of cohorts at 
each center. Full sequencing was performed on 
DNA samples obtained from 2060 patients and 
1677 controls.

Table 1. Baseline Data for the Study Groups, According to Center.*

Center

No. of Subjects 
(No. Who Are  

Ashkenazi Jewish)† Sex Ratio
Mean Age of Subjects 
at Time of Collection Mutations Mutations Screened

Clinical Data 
Provided‡

M:F (unknown) yr no. of subjects (%)

Brazil N370S, L444P, G377S Limited

Patients 65 (0) 42:23 54.1 4 (6)

Controls 264 (0) 169:95 54.4 0

New York Full sequencing Full

Patients 275 (177) 171:104 65.6 34 (12)

Controls 140 (65) 73:67 62.8 3 (2)

France N370S, L444P, D409H Full

Patients 297 (0) 185:112 57.8 12 (4)

Controls 251 (0) 142:109 57.8 1 (<1)

Haifa, Israel N370S, L444P, c.84dupG, 
V394L, IVS2+1G→A, R496H

Partial

Patients 162 (162) 94:65 (3) 68.5 40 (25)

Controls NP NP NP NP

Italy L444P, N370S Full

Patients 395 (0) 244:151 66.5 11 (3)

Controls 483 (0) 180:303 56.9 1 (<1)

Norway L444P, N370S Limited

Patients 311 (0) 186:123 (2) NP 7 (2)

Controls 473 (0) 267:206 64.1 8 (2)

NHGRI Full sequencing Partial

Patients 539 (0) 275:166 (98) 73.5 29 (5)

Controls 209 (1) 100:109 67.6 6 (3)

Portugal Full sequencing Limited

Patients 231 (0) 110:121 65.3 15 (6)

Controls 482 (0) Unknown 65.5 6 (1)

Rostock, 
Germany

Full sequencing Partial

Patients 298 (0) 190:108 64.3 18 (6)

Controls 212 (0) 105:107 74.5 5 (2)



Glucocerebrosidase Mutations in Parkinson’s Disease

n engl j med 361;17 nejm.org october 22, 2009 1655

Figure 1 shows the odds ratios for mutations 
in patients versus controls, standard errors, and 
confidence limits from the Mantel–Haenszel pro-
cedure performed on data from each independent 
study center; the odds were also combined across 
the centers. Data from four centers were excluded 
in this analysis, because individual controls were 
not provided (Haifa, Israel) or mutations were not 
found among the controls (Brazil, Singapore, and 
Tübingen, Germany).

Results from the analysis of any GBA mutation 
as an independent variable (Fig. 1A) show that 

each center had an overrepresentation of muta-
tions among patients as compared with controls, 
although the confidence intervals varied consid-
erably. Eight centers had odds ratios greater than 
5. The overall combined odds ratio shows how 
greatly the confidence interval is reduced when 
data from the individual centers are combined. 
Individual odds ratios for the GBA point mutations 
L444P and N370S are also shown (Fig. 1B and 1C, 
respectively). Although the odds ratios for each 
mutation are overwhelmingly positive, they were 
higher for L444P.

Table 1. (Continued.)

Center

No. of Subjects 
(No. Who Are  

Ashkenazi Jewish)† Sex Ratio
Mean Age of Subjects 
at Time of Collection Mutations Mutations Screened

Clinical Data 
Provided‡

M:F (unknown) yr no. of subjects (%)

Singapore L444P, N370S Partial

Patients 329 (0) 170:158 (1) 70.3 8 (2)

Controls 201 (0) 99:102 64.2 0

Taiwan N370S, L444P, RecNciI, 
R120W, some full sequencing 
(183 patients and 88 controls)

Full

Patients 559 (0) 304:255 69.1 22 (4)

Controls 377 (0) 198:179 60.5 4 (1)

Tel Aviv, Israel c.84dupG, IVS2+1G→A, N370S, 
V394L, D409H, L444P, R496H, 

RecTL

Limited

Patients 420 (419) 262:158 68.0 81 (19)

Controls 321 (321) 159:162 65.3 13 (4)

Japan Full sequencing Limited

Patients 534 (0) 282:252 65.3 50 (9)

Controls 546 (0) 294:252 44.8 2 (<1)

Tübingen, Germany L444P, N370S Partial

Patients 377 (0) 222:155 64.8 12 (3)

Controls 325 (0) 192:132 (1) 58.3 0

Toronto N370S, K178T, L444P, 
c.84dupG, R329C, 

IVS2+1G→A, RecNciI

Partial

Patients 88 (2) 51:37 55.0 5 (6)

Controls 96 (0) 27:69 69.6 1 (1)

Seattle N370S, L444P, RecNciI, L444R Full

Patients 811 (20) 607:204 66.9 24 (3)

Controls 518 (0) 193:324 (1) 65.2 2 (<1)

* NHGRI denotes National Human Genome Research Institute, and NP not provided.
† Ashkenazi Jewish ancestry was self-reported.
‡ “Limited” clinical data were age, family history, sex, ethnic group, and diagnosis of each subject; “full” were the limited clinical data plus 

symptoms at presentation, age at disease onset, specific clinical manifestations, response to medications, and standardized scores on the 
Hoehn and Yahr staging system, the Unified Parkinson’s Disease Rating Scale, or both; and “partial” were the limited clinical data plus 
some but not all of the full clinical data.
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Combined odds ratios from Mantel–Haenszel 
analyses were homogeneous for L444P and N370S 
(P = 0.35 and P = 0.50, respectively, by Woolf’s test 
for heterogeneity). This finding allows for confi-
dence in reporting the Mantel–Haenszel combined 
odds ratios for N370S (odds ratio, 3.96; 95% con-
fidence interval [CI], 2.60 to 6.02) and L444P (odds 
ratio, 6.73; 95% CI, 4.50 to 15.42). However, the 
Mantel–Haenszel odds ratio for any GBA mutation 
was significantly heterogeneous (P = 0.02 by Woolf’s 
test for heterogeneity). After excluding data from 
Japan and Norway, the odds ratio was slightly at-
tenuated (5.43; 95% CI, 3.89 to 7.57), but the het-

erogeneity was no longer significant (P = 0.41 by 
Woolf’s test for heterogeneity), and further ex-
cluding the Tel Aviv data resulted in a homoge-
neous odds ratio (P = 0.34 by Woolf’s test for 
heterogeneity) of 5.30 (95% CI, 3.59 to 7.94). In-
dependent exclusions of data from either Norway 
or Japan resulted in homogeneous odds ratios 
(Japan data excluded: odds ratio, 4.91; 95% CI, 
3.60 to 6.70; P = 0.14 by Woolf’s test for hetero-
geneity; Norway data excluded: odds ratio, 6.35, 
95% CI, 4.60 to 8.75; P = 0.10 by Woolf’s test for 
heterogeneity) (Fig. 1D). Thus, we can confidently 
report a Mantel–Haenszel odds ratio of 5.43 for 
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Figure 1. Odds Ratios for GBA Mutations among Patients, as Compared with Controls, at Each Study Center  
and Overall.

Shown are the combined estimates (on a log10 scale) of the risk of possessing any GBA mutation (Panel A), the 
L444P mutation (Panel B), the N370S mutation (Panel C), and any GBA mutation when all data from the Japan and 
Norway study centers are excluded (Panel D). The squares represent point estimates, with the height of the square 
inversely proportional to the standard error of the estimates. The horizontal lines indicate the 95% confidence inter-
vals of the estimates. The diamonds represent the summary odds ratio, with the width indicating the 95% confi-
dence interval. Data from four centers were excluded, because individual controls were not provided (Haifa, Israel) 
or mutations were not found among the controls (Brazil, Singapore, and Tübingen, Germany). NHGRI denotes Na-
tional Human Genome Research Institute.
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GBA mutations, in patients versus controls, even 
when these centers are excluded.

Overall, when screening solely for N370S and 
L444P, one of these two mutations was found in 
15% of Ashkenazi Jewish patients as compared 
with 3% of Ashkenazi Jewish controls and in 3% 
of non–Ashkenazi Jewish patients as compared 
with less than 1% of non–Ashkenazi Jewish con-
trols. However, the frequency of N370S in Ash-
kenazi Jewish patients differed among the centers. 
N370S was not seen in any Asian patients or 
controls.

All Ashkenazi Jewish subjects were screened 
for the presence or absence of six to eight differ-
ent GBA mutations (Table 1). Including this larger 
number of screened mutations (rather than just 
L444P and N370S) increased the odds ratio for 
any mutation, among patients as compared with 
controls, to 6.48 (95% CI, 3.78 to 11.09). The dis-
tribution of specific GBA mutations among Ash-
kenazi Jewish patients with Parkinson’s disease, 
of whom approximately 20% carried a GBA muta-
tion, is shown in Figure 2A. Approximately 20% of 
the identified mutant alleles were neither L444P 
nor N370S. Among the non–Ashkenazi Jewish 
subjects, the entire GBA coding region was se-
quenced in 1883 patients and 1611 controls; the 
odds ratio for any GBA mutation was 6.51 (95% CI, 
3.62 to 11.74). The distribution of mutations 
identified among non–Ashkenazi Jewish patients 
(Fig. 2B) indicates that as many as 45% of mutant 
alleles could be missed if focusing solely on 
N370S and L444P. Moreover, 20 of 43 non–
Ashkenazi Jewish patients who had complete se-
quence data and had L444P carried other pseu do-
gene changes and hence had recombinant 
alleles.

The full-sequencing data identified two com-
mon GBA variants, E326K and T369M, which are 
not pathogenic in patients with Gaucher’s dis-
ease.37 Neither mutation had a significant associa-
tion with Parkinson’s disease (see the Supplemen-
tary Appendix).

Seventeen patients (13 of whom were Ash-
kenazi Jews) carried two GBA mutations. Thirteen 
of these patients had the N370S/N370S genotype, 
two had the N370S/R496H genotype, one had 
the N370S/V394L genotype, and one had the 
N370S/L444P genotype.

Age at onset was found to be significantly 
lower among patients with GBA mutations as com-
pared with those without mutations (P<0.001), 

with a mean age of 54.9 years and 58.8 years, re-
spectively. The mean period from diagnosis to 
evaluation was 7.8 years in both groups.

Information about a family history of parkin-
sonism was available for 4401 of the patients 
studied. In all, 18% of patients without GBA 
mutations reported having a first- or second-
degree relative with Parkinson’s disease, as com-
pared with 24% of patients with a GBA mutation 
(P = 0.006).

The frequencies of seven clinical findings as-
sociated with Parkinson’s disease in patients with 
GBA mutations and those without mutations are 
shown in Figure 3. In general, the symptom pro-
file for the two groups was similar, although mu-
tations were associated with a significantly lower 
frequency of asymmetric onset (P<0.001), bradyki-
nesia (P<0.001), resting tremor (P = 0.03), and ri-
gidity (P<0.001). There was no significant differ-
ence between the two groups in the frequency of 
orthostatic hypotension (P = 0.26) or postural in-
stability (P = 0.12). Among the 1948 patients for 
whom the presence or absence of cognitive chang-
es was recorded, changes were reported for 26% of 
patients with mutations and 19% of those with-
out (P = 0.007).

Discussion

The results of our analysis indicate that there is 
an association between GBA mutations and Par-
kinson’s disease. The combined data show that this 
finding is not exclusive to a specific ethnic group 
or a specific GBA mutation. Although mutations in 
GBA are most likely a susceptibility factor rather 
than a mendelian cause of Parkinson’s disease, the 
high frequency of mutations among ethnically di-
verse, heterogeneous cohorts of patients with Par-
kinson’s disease makes the mutations in this gene 
the most common genetic risk factor for Parkin-
son’s disease that have been identified to date.

The major limitation of this study was the un-
avoidable differences in data-ascertainment meth-
ods among the study centers. Moreover, some sites 
were more successful than others in matching case 
patients and controls with regard to age and sex. 
To ensure that the analysis was not driven by a 
small subgroup of centers, we evaluated the vari-
ance in odds ratios across centers. Excluding the 
center with the most precise estimate (Tel Aviv) 
and the centers with the most extreme odds ratios 
(Norway and Japan) resulted in only a slight at-
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tenuation of the combined odds ratio for any 
GBA mutation among patients as compared with 
controls, which in all analyses remained 5.43 or 
higher.

This study confirms the need to sequence all 
exons to accurately ascertain the frequency of GBA 
mutations among both patients and controls. The 
combined odds ratios may be underestimated, 
because so many of the centers performed limited 
mutation analyses. Our data show that among 
non–Ashkenazi Jewish patients, as many as 45% 
of mutant alleles can be missed when screening 
for only the N370S and L444P mutations. Fur-
thermore, analysis of specific mutations may 
produce a serious bias. Among the 1883 non–

Ashkenazi Jewish patients who had sequenced 
samples, GBA mutations were found in 7% (odds 
ratio vs. controls, 6.51), although only 35% of 
the samples included in our entire analysis were 
fully sequenced. An adequate sample size and 
accurate genotyping of control samples are im-
perative to avoid underestimating the frequen-
cies of rare variants.

Despite the difficulty in determining the phe-
notypic profile associated with the GBA mutations 
found in this study, which intentionally included 
only patients that met diagnostic criteria for Par-
kinson’s disease, some trends are apparent. As 
compared with patients who did not have a GBA 
mutation, those with a mutation presented on av-
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erage 4 years earlier, were more likely to have a 
family history of Parkinson’s disease, and had a 
lower incidence of bradykinesia and resting trem-
or and a higher incidence of cognitive changes, 
a trend supporting earlier reports.3,5,6,18,19,24,25 
However, because of the exclusion criteria used in 
the analysis, our findings do not accurately reflect 
the full spectrum of parkinsonian symptoms as-
sociated with GBA mutations. An increased fre-
quency of GBA mutations has also been described 
in cohorts with Lewy-body disorders,38-40 although 
not in multiple-system atrophy,41 and further stud-
ies are warranted.

Even though our data provide validation of GBA 
as a risk factor associated with Parkinson’s dis-
ease, the ultimate challenge is to establish the 
mechanisms contributing to this association. 
Both a gain-of-function mechanism due to en-
hanced protein aggregation or lysosomal dysfunc-
tion42 and a loss of function related to fluctua-
tions in levels of ceramide43 have been postulated. 
Further research to elucidate the pathophysiolo-
gy of both Gaucher’s disease and Parkinson’s 
disease will facilitate more accurate genetic coun-
seling and lead to the development of new 
therapeutic strategies.
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