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ABSTRACT

Objective: To characterize sequence variation within the glucocerebrosidase (GBA) gene in a se-
lect subset of our sample of patients with familial Parkinson disease (PD) and then to test in our
full sample whether these sequence variants increased the risk for PD and were associated with
an earlier onset of disease.

Methods: We performed a comprehensive study of all GBA exons in one patient with PD from each
of 96 PD families, selected based on the family-specific lod scores at the GBA locus. Identified
GBA variants were subsequently screened in all 1325 PD cases from 566 multiplex PD families
and in 359 controls.

Results: Nine different GBA variants, five previously reported, were identified in 21 of the 96 PD
cases sequenced. Screening for these variants in the full sample identified 161 variant carriers
(12.2%) in 99 different PD families. An unbiased estimate of the frequency of the five previously
reported GBA variants in the familial PD sample was 12.6% and in the control sample was 5.3%
(odds ratio 2.6; 95% confidence interval 1.5–4.4). Presence of a GBA variant was associated
with an earlier age at onset (p � 0.0001). On average, those patients carrying a GBA variant had
onset with PD 6.04 years earlier than those without a GBA variant.

Conclusions: This study suggests that GBA is a susceptibility gene for familial Parkinson disease
(PD) and patients with GBA variants have an earlier age at onset than patients with PD without
GBA variants. Neurology® 2009;72:310–316

GLOSSARY
CI � confidence interval; GD � Gaucher disease; GDS � Geriatric Depression Scale; MMSE � Mini-Mental State Examina-
tion; NCRAD � National Cell Repository for Alzheimer’s Disease; NPL � nonparametric lod; OR � odds ratio; PD � Parkinson
disease; UPDRS � Unified Parkinson’s Disease Rating Scale.

Parkinson disease (PD) is the second most common neurodegenerative disease after Alzheimer
disease. Mutations in SNCA, PRKN, DJ1, and PINK1 typically result in early onset PD1,2 while
mutations in LRRK2 result in idiopathic PD with more typical, later onset.3,4 These mutations
result in disease in fewer than 5% of patients with PD.

Gaucher disease (GD) is an inherited deficiency of lysosomal glucocerebrosidase arising
from mutations in the gene encoding glucosidase beta acid (GBA), more commonly known as
glucocerebrosidase.5-7 Over 200 different mutations have been identified. GD is most common
in the Ashkenazi Jewish population. While patients with GD presenting with parkinsonian
symptoms were reported as early as 1939, only recently has it been hypothesized that a defi-
ciency of glucocerebrosidase might contribute to an increased susceptibility to parkinsonism.8,9

In a recent study, GBA variants were found in 21% of subjects with PD, a much higher
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estimate than would be expected based on the
carrier frequency of GD in the general popu-
lation.10 In addition, GBA variants were more
frequent among younger patients.

Subsequent screenings of patients with PD
has yielded contradictory results regarding the
association of GBA in PD.10-23 In one study of
Ashkenazi Jewish patients with PD, GBA vari-
ants were more frequently found in patients as
compared with controls.11 A large study of
both Jewish and non-Jewish samples found an
association between GBA mutations and PD
in the Jewish group only.15 Chinese patients
with PD from Singapore demonstrated a sig-
nificant association with GBA,21 whereas a
similar study of Chinese patients from Tai-
wan did not.20 A survey of Italian patients
with PD for the N370S and L444P mutations
found a significant association of these vari-
ants with PD,22 while a Norwegian sample
showed comparable frequencies of these two
mutations in patients with PD and controls.17

Most recently, a study of Portuguese patients
with PD detected a significant increase in
GBA variants in patients as compared to con-
trols.23 In some studies, patients with PD har-
boring GBA variants had earlier age at disease
onset.12,15,19,21 Whether the discrepant results
regarding the association of GBA with disease
and age at onset result from true ethnic differ-
ences in GBA variant frequencies or from dif-
ferences in the scope of the studies (i.e., only
screening for certain variants as opposed to
sequencing the entire coding region) remains
to be determined.

Of the studies previously reported, none has
examined the relationship of GBA to PD sus-

ceptibility in a largely familial cohort.10-23 The
goals of this study were to characterize sequence
variation within GBA in a select subset of our
large sample of patients with familial PD and
then to test in the entire sample whether these
sequence variants increased the risk for PD or
were associated with an earlier onset of disease.

METHODS Subjects. A total of 1,325 individuals with PD
from 566 multiplex families were ascertained through a pair of
siblings, both of whom were reported to have PD (PROGENI
study). At the time of these analyses, 1325 individuals with PD
from 566 multiplex PD families had been recruited. All available
affected individuals were seen by a movement disorder specialist
at one of 59 Parkinson Study Group sites located throughout
North America (table 1). Each participant completed a uniform
clinical assessment that included the Unified Parkinson’s Disease
Rating Scale (UPDRS) Parts II (Activities of Daily Living) and
III (Motor Exam),24,25 Schwab & England score,26 Hoehn &
Yahr stage,27 the Mini-Mental State Examination (MMSE),28 the
Geriatric Depression Scale (GDS),29 and the Blessed Functional
Activity Scale (Blessed).30 In addition, a diagnostic checklist was
used to classify individuals as having either verified PD (65%) or
nonverified PD (35%).31 Peripheral blood was obtained after
completion of appropriate written informed consent approved
by each individual institution’s institutional review board.

Microsatellite markers closest to the GBA locus (D1S252,
D1S498, D1S484, D1S2878) genotyped as part of a previous 10
cM genome screen31-33 were used to calculate a family-specific
nonparametric lod (NPL) score and rank families based on their
evidence of linkage to the GBA region. One affected individual
from each of the 96 families with the highest NPL scores was
selected for GBA sequencing.

The control sample consisted of 359 neurologically nor-
mal non-Hispanic Caucasians who provided appropriate
written informed consent (see table 1). The control samples
were obtained from three different sources: the National Cell
Repository for Alzheimer’s Disease (NCRAD), the National
Institute of Neurological Disorders and Stroke Human Ge-
netics Resource Center at the Coriell Cell Repositories (Cam-
den, NJ; DNA panels NDPT002, NDPT006, NDPT009)
and controls recruited as part of an ongoing PD study at
Indiana University (PROGENI-CARES).34

Molecular genetic analysis. PCR and sequencing primers
were designed using the chromosome 1 genomic contig sequence
NT_029419 enabling PCR/sequencing of all 11 coding exons
and corresponding intron/exon boundaries of GBA (table e-1 on
the Neurology® Web site at www.neurology.org). Primers were
designed enabling preferential amplification of GBA over the
GBA pseudogene also on chromosome 1. PCR products were
purified and sequenced as previously described.34

TaqMan allelic-discrimination assays (Applied Biosystems,
Foster City, CA) were developed to screen all 1,325 PD cases
and 359 controls for the variants identified in the 96 sequenced
samples (except L444P, A456P, V460V) as previously de-
scribed.34,35 To screen for the L444P variant, exon 11 amplifica-
tion products were digested to completion with HpaII (New
England Biolabs, Beverly, MA) to assay for the L444P variant
(gain of HpaII site). Digestion products were electrophoresed
through 4% Metaphor Agarose (Cambrex, Rockland, ME).
To screen for the RecNciI recombinant allele carrying variants

Table 1 Patients with Parkinson disease (PD) and control
sample demographics

Source Type No.
Mean age at onset/
examination, y (range) % Male

PROGENI (samples reported
to have PD)

Cases 1,325 60.9 (15–89) 58.0

PROGENI (Caucasian non-Hispanic
with verified PD)

Cases 737 61.9 (15–84) 59.8

PROGENI-CARES Controls 46 68.4 (55–82) 19.6

National Cell Repository for
Alzheimer’s Disease

Controls 44 76.9 (58–92) 43.2

NINDS Human Genetics Resource
Center (Coriell)

Controls 269 69.5 (55–88) 48.0

NINDS � National Institute of Neurological Disorders and Stroke.
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A456P and V460V, PCR primers were synthesized as described
previously.13 The gene-specific forward primer (5=-
ggaaccatgattccctatcttc-3=) and the GBA pseudogene-specific re-
verse primer (5=-gtttaggacgaccacaacagg-3=) were used in a
multiplex PCR reaction with an invariant primer set. The PCR
products were electrophoresed through 2% agarose (Invitrogen,
Carlsbad, CA) for detection of the RecNciI recombinant allele
PCR fragment. Presence of the RecNciI recombinant allele was
confirmed using long range PCR and sequencing of the entire
GBA gene. Briefly, 200 ng of genomic DNA was amplified using
the Invitrogen Elongase Enzyme Mix (Invitrogen, Carlsbad, CA)
and primers 5=-cccattctccatgcaaatctgtgt-3= (forward) and 5=-
ccggaaccagatcctatctgtgc-3= (reverse). Long range PCR products
were purified and sequenced as above.

Statistical analysis. Statistical analyses were limited to the
subset of the PD sample that met the strictest diagnostic criteria
of verified PD.31 This analytic sample consisted of 737 non-
Hispanic, Caucasian individuals from 450 families (see table 1)
and excluded those patients known to harbor a causative PD
mutation (a single LRRK2 mutation or 2 PRKN mutations).

Two hypotheses were tested. The first was that presence of a
GBA variant increased the risk of PD. A logistic model was em-
ployed with affection status as the dependent variable and pres-
ence or absence of a GBA variant as the independent variable (0
or 1). Age at examination and gender were included as covariates
in the initial model; however, neither affected the magnitude or
significance of the odds ratios (ORs) and were dropped from the
final model. The second hypothesis was that those inheriting a
GBA variant have earlier age at PD onset. A linear regression
model was fitted with age at onset as the dependent variable and
the presence or absence of a GBA variant as the independent
variable. Education, gender, and smoking were considered as
possible covariates; however, all were found to be nonsignificant
and were dropped from the final model. Linear and logistic re-
gression models were also used to test whether other measures
relevant to PD (i.e., UPDRS subscores, MMSE, GDS, Hoehn &
Yahr stage) differed based on the presence or absence of a GBA
variant.

All analyses were carried out using SAS software (release
9.13; SAS Institute, Cary, NC). Our analytic sample consisted of

families with multiple patients with PD. To ensure an unbiased

analysis of the study hypotheses when using a sample of related

individuals, we employed resampling techniques. Specifically, a

single individual was sampled at random from each of the fami-

lies. This was repeated 50,000 times, and common resampling

techniques (bootstrapping) were employed to obtain a represen-

tative value. The median bootstrapped statistic was determined

and the corresponding p values are reported for the tests of the

two hypotheses.

RESULTS Nine variants were identified by sequenc-
ing the entire coding region of GBA in 96 patients
with PD (table 2). Four of the detected sequence
variants were novel while the remaining five had
been previously identified in patients with PD. The
four novel variants were each found in additional af-
fected family members of the PD subject in whom
the variant was initially found. However, screening
of all available PD cases did not identify the four
novel variants in any additional families. Three of the
variants (IVS6 589-2A�G, R262H, IVS10 1389-
3C�G) were not identified in any of the control
samples, making the estimated frequency of each
�0.002 in the neurologically normal population.
The frequency of the remaining novel variant,
K303K, was not evaluated in the control samples as
the designed TaqMan allelic discrimination assay
failed. The remaining five variants had been previ-
ously reported in patients with PD and GD, as well
as controls.8,10-15,17,19-21 An unbiased estimate (using
resampling techniques as described in Methods) of
the frequency of the five previously reported GBA
variants in the subset of the familial PD sample that
met our strictest diagnostic criteria of verified PD
was 12.6% and in the control sample was 5.3%
(table 3). The mean age at onset of the patients with
PD harboring a GBA variant was 56.8 years (median:
58, range: 30–79).

The presence of a previously described GBA vari-
ant significantly increased the risk for PD; 12.6% of
verified PD cases carried a GBA mutation (permuted
one per family as described in Methods), as com-
pared with 5.3% of controls (OR 2.6, 95% confi-
dence interval [CI] 1.5–4.4) (table 3). The analysis
of individual variants showed nonsignificant ORs
ranging from 1.7 (95% C.I. 0.4–6.8) for the N370S
variant to 2.8 (95% C.I. 0.3–25.8) for the RecNciI
recombinant allele variant.

Presence of a GBA variant was also associated with
an earlier age at onset (p � 0.0001) (table 4). PD
cases carrying a GBA variant were more likely to have
onset �50 years as compared to those without a GBA
variant (p � 0.0004). Among those with early onset
disease, there was no difference in age at onset be-
tween the GBA variant carriers and the noncarriers;
however, among those with onset �50 years, those

Table 2 GBA variants identified by sequencing in 96 familial patients with
Parkinson disease (PD) and number of families identified to carry
each by screening the full sample

Exon Nucleotide change Amino acid change References
No. of families
with variant*

7 IVS6 589-2A�G This report 1

8 c. 902 G�A R262H This report 1

9 c.1026 A�G K303K This report 1

9 c.1093 G�A E326K 10, 15 44

9 c.1223 C�T T369M 12, 15 19

10 c. 1226 A�G N370S 8, 10–15, 17, 19 19

11 c.1448 T�C L444P 8, 10–15, 17, 19–21 9

11 IVS10 1389-3C�G This report 1

11 c. 1448 T�C RecNciI
(L444P�A456P�V60V)

12, 13, 15, 21 4

c. 1483 G�C

c. 1497 G�C

*Screened in the full sample of 1,325 PD cases from 566 multiplex PD families.
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with a GBA variant had earlier age at onset (61.59
years) as compared to late-onset cases without a GBA
variant (65.37 years) (p � 0.001).

When a linear regression model was fitted to pre-
dict age at onset, presence of a GBA variant was asso-
ciated with an earlier age at onset (p � 0.0001). On
average, our model suggests that those patients carry-
ing a GBA variant had onset with PD 6.04 years ear-
lier than those without a GBA variant. The
cumulative incidence of PD was higher in patients
with GBA variants compared with noncarriers over
nearly the entire age distribution (figure).

We also compared the clinical characteristics of
the PD cases that carried a GBA variant with the PD
cases that did not carry a GBA variant. There were no
significant differences between GBA variant carriers

and noncarriers for any of the clinical characteristics
examined, including MMSE, UPDRS Parts II and
III, Blessed, and Hoehn & Yahr (table 3).

DISCUSSION The goals of this study were to char-
acterize sequence variation within GBA in a select
subset of our larger sample of familial patients with
PD and to test in the larger sample whether these
sequence variants increased the risk for PD and were
associated with an earlier onset of disease. We identi-
fied four novel variants and five previously reported
variants. In our sample, a subject was 2.6 times more
likely to develop PD if they carried one of the five
previously identified GBA variants (table 3). Fur-
thermore, presence of a GBA variant was associ-
ated with an earlier onset of disease. Our results
replicate the association of GBA with PD reported
in other studies10-23; however, we extend the asso-
ciation to include later onset patients with PD as
well as familial disease.

Our screening for these nine variants in 1,325 af-
fected individuals from 566 families represents the
largest study to date of GBA variants in patients with
PD and PD families. In total, GBA variants were
detected in 161 patients (12.2%) from 99 different
PD families (17.5%). The frequency observed in our
sample is intermediate with that in a recent study
that reported 16.9% of Jewish PD cases carried a
GBA variant, while only 8% of non-Jewish PD cases
carried a variant.15 While the exact percentage of our
sample which is of Jewish ancestry is not known, it is
likely less than 10%.

As we did not sequence any of our control sam-
ples, our statistical analyses included only the five
previously published GBA variants to avoid any as-
certainment bias. While the analysis for these five
variants combined yielded an OR of 2.6 (95% CI
1.5–4.4), individual ORs for each of the variants
were not significant (table 3). For the N370S variant
in our patients, the OR of 1.7 (95% CI 0.4–6.8) was

Table 3 Odds ratios and proportions of cases and controls with a previously
identified GBA variant permuted one per family

Cases (n � 450),
% carriers

Controls (n � 359),
% carriers OR (95% CI)

All GBA variants 12.6 5.3 2.6 (1.5–4.4)

E326K variants 6.2 3.1 2.1 (1.0–4.3)

T369M variants 2.3 1.1 2.1 (0.7–6.8)

N370S variants 1.4 0.8 1.7 (0.4–6.8)

L444P variants 1.9 0.0 Ø

A456P/V460V/L444P
variants

0.8 0.3 2.8 (0.3–25.8)

Ø � OR cannot be calculated as all carriers were cases (divide by zero); Fisher exact test
yields a p value of 0.01.
OR � odds ratio; CI � confidence interval.

Table 4 Comparison of clinical features of GBA
variant carriers and noncarriers with a
diagnosis of verified Parkinson disease

Carriers Noncarriers p Value

No. 56.8* 393.2

Male, % 58.9 59.2 0.56

Age at onset, y 56.8 62.8 0.0001

Early onset (<50 y), % 63.3 37.8 0.0004

Duration of disease, y 9.6 8.3 0.15

Affected parent, % 35.3 28.3 0.25

Education, y 13.7 13.6 0.55

Depression (GDS) 9.9 9.0 0.25

MMSE 26.2 26.7 0.34

UPDRS Part II (motor) 28.6 27.7 0.49

UPDRS Part III (ADL) 14.4 13.6 0.36

Blessed Functionality 4.7 3.9 0.10

Schwab Examiner 74.9 77.9 0.22

Hoehn & Yahr stage 2.5 2.5 0.53

*To produce unbiased results, all values and statistics are
permuted one per family, which leads to counts containing
fractions.

Figure Cumulative incidence rates of
Parkinson disease among carriers
and noncarriers of GBA variants
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less than the 5.6 (95% CI 1.3–24.3) in a recent re-
port15; however, the CIs do overlap. This difference
is likely due to the large number of Jewish PD cases
(179/278) included in their study and the high fre-
quency of the N370S variant in that population, in
general. No other study has reported ORs for indi-
vidual GBA variants as we have in this study. Since
the variant observed most often in our verified pa-
tients with PD, E326K (table 3), has been described
as a “mild” mutation or modifier allele,34,35 the anal-
yses were also performed without those patients car-
rying this variant. Even when those patients are
removed, the frequency of GBA variants in the cases
remains greater than in the controls (p � 0.002) sug-
gesting that the GBA effect is not solely due to
E326K. In our study, a single patient not meeting
our strictest diagnostic criteria of verified PD was
shown to be homozygous for the E326K variant.

We have also demonstrated that those patients
with PD carrying a GBA variant had onset with PD 6
years earlier than patients without a GBA variant.
Among the patients with later onset disease (after age
50), those with a GBA variant had a significantly ear-
lier age at onset (61.6 years) as compared to those
without a GBA variant (65.4 years). However, the
earlier age at onset in GBA variant carriers was not
observed when limiting the analysis to those patients
having earlier onset (� age 50). These results differ
from those of a recent study that reported the pres-
ence of a GBA variant decreased age at onset by
nearly 2 years among patients with early onset PD.15

Analysis of the later onset PD cases in this same study
did not detect a significantly earlier age at onset in
carriers of a GBA variant. It is unclear whether this
results from a difference in the ethnicity of two sam-
ple populations studied or any bias in collection of
the samples. When those with the E326K variant are
removed from the analyses, patients with PD with a
GBA variant continue to have earlier age at onset
compared to those without a variant (p � 0.008).

Four novel variants were each identified in a sin-
gle family. None of these variants have been reported
in either patients with PD or GD, and none was
identified in 359 normal control subjects. Two of the
novel variants were intronic (IVS6 589-2A�G and
IVS10 1389-3C�G), and their close proximity to
the 3= end of the intron (either �2 or �3 position)
suggests that either could alter the splice donor site
resulting in altered splicing of the GBA mRNA. One
synonymous (K303K) and one nonsynonymous
(R262H) variant were each identified in a single fam-
ily. As the synonymous variant does not alter the
amino acid sequence of glucocerebrosidase, it is not
predicted to be pathogenic for either PD or GD.
However, the possibility that the nucleotide substitu-

tion results in creation of either a cryptic splice donor
or acceptor site cannot be ruled out. Any disease sus-
ceptibility attributable to the R262H variant could
not be determined in this study. Thus, while none of
these four GBA variants have been previously identi-
fied, each either alters or could potentially alter the
glucocerebrosidase sequence and may contribute to
disease pathogenesis.

In all, GBA variants were identified in 99 of 566
(17.5%) families. Discordance for GBA variant carrier
status among affected individuals (both verified and
nonverified PD) within the 99 families was common.
Of the 99 GBA variant-carrying families, 63 demon-
strated discordance for inheritance of the GBA variant
among affected individuals. Among the discordant fam-
ilies, we compared age at onset between those PD cases
who carried a GBA variant and those cases who did not.
Those with a pathogenic variant (N370S, L444P, Rec-
NciI) had a earlier age at onset (p � 0.01) than those
without a variant (56.4 years vs 66.5 years). Interest-
ingly, among the discordant families, carriers of a poly-
morphic variant (either E326K or T369M) also had
lower age at onset than those without a variant (57.1
years vs 61.4 years; p � 0.03).

Our study is unique in that 96 unrelated familial
patients with PD were selected for sequencing of the
glucocerebrosidase gene based on their lod score in
the GBA chromosomal region that exceeded 0.60.
Previous reports focused primarily on sporadic or id-
iopathic PD except for that of Sato et al., for which
51% of patients with PD reported a positive family
history.13 Nine GBA variants were identified in 21 of
the 96 patients, making the yield for this lod score
strategy 21.9%. The nine GBA variants were only
identified in 16.5% of the remaining 470 families.
Thus, while linkage methods have very limited spec-
ificity for identifying causative mutations when a ma-
jority of the families in a study contain only a single
affected sibling pair, the apparent increase in sensitivity
illustrates that this is a helpful strategy for prioritizing
which individuals to sequence in the evaluation of po-
tential PD susceptibility genes.
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