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ARTICLE INFO ABSTRACT

Keywords: Introduction: The clinical characteristics of Parkinson's disease (PD) associated with both the LRRK2 p.G2019S

GBA mutation and a GBA variant (LRRK2-GBA-PD) have not yet been determined.

LRRK2 Methods: In this retrospective observational study of Ashkenazi-Jewish (AJ) PD patients, we describe the clinical

Parkinson's disease course and characteristics of LRRK2-GBA-PD and estimate the risk to develop PD for the double mutation car-
riers. Odds ratios (OR) were estimated using published data on frequencies of GBA and LRRK2 mutations.
Demographic and clinical data was retrieved from medical records and from rating at last visit.
Results: Our analysis included 236 PD patients, divided into four groups: LRRK2-PD (n = 66), GBA-PD (n = 78),
GBA-LRRK2-PD (n = 12) and mutation-negative PD (MNPD, n = 80 randomly selected). The estimated ORs in
different models for GBA-LRRK2 PD were 15-28 (95% CI 6.7-72.0, p < 0.0001), compared to AJ controls.
Using logistic regression (while controlling for sex, age at onset and PD duration), we found that probable REM-
sleep behavior disorder (RBD) was significantly more common for GBA-PD than for LRRK2-PD, while none of the
GBA-LRRK2-PD patients reported RBD. Dementia was significantly more common for GBA-PD than for the
LRRK2-PD and MNPD. Psychosis was the most common for GBA-PD and least common for LRRK2-GBA-PD.
Conclusions: While GBA-PD is characterized by higher rates of dementia, probable RBD and psychosis, it seems
that compared to the other groups, these features are less common for LRRK2-GBA-PD. This may imply to a
possible protective effect of LRRK2 p.G2019S mutation among GBA variant carriers.

1. Introduction

Parkinson's disease (PD) is a common neurodegenerative disorder
associated with multifactorial etiology. In most populations, only a
small proportion of PD cases can be attributed to a single genetic mu-
tation [1]. About one-third of Ashkenazi Jewish (AJ) patients with
sporadic PD and about 40% of those with familial PD have been found
to carry a relevant mutation [2]. The p.G2019S mutation in the leucine-
rich repeat kinase 2 (LRRK2) gene and several variations in the glu-
cocerebrosidase (GBA) gene are frequent among AJ patients [3,4]. The
frequency of GBA variants in AJ PD patients is 17-20% [5,6] and the
LRRK2 p.G2019S mutation is detected in 10-14% of sporadic and in
26-30% in familial PD patients of AJ origin [7,8].

A limited number of studies compared the clinical manifestations of
LRRK2 and GBA associated PD [9-13]. To the best of our knowledge,
the clinical course and features of PD in patients carrying both the
LRRK2 p.G2019S mutation and a GBA variant has not been reported.

In this retrospective study, we aimed to identify the characteristic
features of PD patients carrying both a GBA variant and the LRRK2
p-G2019S mutation, and to compare them to the features of PD asso-
ciated with either gene mutation or to none of the two (mutation ne-
gative PD, MNPD). Since the patient sample analyzed has been in long-
term follow up, we focused mainly on late-disease motor, cognitive and
psychiatric complications.
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Fig. 1. This flow diagram represents the pathway through which patients were
selected and included in the study. The group of mutation negative Parkinson's
disease was selected using random selection generator.

2.3. Statistical analysis

Demographic and clinical features of the 4 subgroups were com-
puted using summary statistics and frequency tables. Differences in
AAO and disease duration were compared by non-parametric Mann-
Whitney U and Kruskal-Wallis tests. Differences in sex and in other
dichotomous variables were compared by crosstab chi-square or
Fisher's exact tests.

Linear regression model was implemented for continuous variables
and logistic regression model for the dichotomous variables, to compare
groups for significant differences in dependent variables, with adjust-
ment to AAO, disease duration and sex. Simulation of odds ratio (OR)
for carriers of both a GBA variant and the LRRK2 p.G2019S mutation
was performed using published frequencies of GBA variants and the
LRRK2 p.G2019S mutation from the literature [3,5-7], as well as public
databases (https://ibd.broadinstitute.org/). P-value = 0.05 was de-
fined as statistically significant. For the clinical variables (tremor as
first motor symptom, reaching HY3, dementia, probable RBD, psy-
chosis, FOG, MF LID and UPDRS), post-hoc correction for multiple
testing was implemented and p-value < 0.008 (0.05/6 due to 6 pair-
wise comparisons within each variable) was defined as statistically
significant. All p-values were 2-sided. All statistical analyses were
performed using SPSS software (v. 25, IBM® SPSS’ Inc., Chicago, IL).

3. Results

The cohort consisted of 556 PD patients of AJ descent, and 156
(28.1%) were found to be carriers of one or more of the LRRK2
p-G2019S mutation or a GBA variant.

3.1. Estimated risk for PD in carriers of both LRRK2 and GBA mutations

Twelve patients (2%) were carriers of both GBA variant and the
LRRK2 p.G2019S mutation. In an AJ control population (n = 662) no
carriers of both GBA and LRRK2 variants were identified [5]. To esti-
mate the effect of carriage of both GBA and LRRK2 variants, and due to
the lack of data from the literature on carriage of both in the general AJ
population [5-7,17], we simulated this frequency based on the known
frequencies of GBA and LRRK2 mutations in the general AJ population.
GBA variants are found in 6.4% of 3805 AJ controls [17], and since the
p-E326K was not screened in this population, we added its frequency in
the AJ control population based on our recent study (0.3%) [5], to a
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total of 6.7%. The frequency of the LRRK2 p.G2019S mutation in AJ
controls was reported as 2% [71, 1.3% [3] and 1.08% in the IBD exomes
browser (https://ibd.broadinstitute.org/) which includes data on 3044
AJ controls. Based on the higher estimation of 2%, the expected fre-
quency of carriers of both GBA and LRRK2 mutations in the AJ control
population is 0.134%. Comparing the frequency of carriers of both
mutations observed in our PD population (2%) with a simulated po-
pulation of 10,000 AJ controls with frequency of 0.134% yielded an OR
of 15.0 (95% CI 6.7-33.5, p < 0.0001). Simulating with the lower
boundary of LRRK2 p.G2019S frequency of 1.08% in the AJ population,
the expected frequency of carriers of both GBA and LRRK2 mutations in
the AJ control population is 0.072%. Comparing the frequency of car-
riers of both mutations observed in our PD population (2%) with a si-
mulated population of 10,000 AJ controls with frequency of 0.072%
yielded an OR of 28.0 (95% CI 10.9-72.0, p < 0.0001). Considering
the published ORs in AJ for GBA mutations alone of 2.7-3.5 [5,6] and
the OR for the LRRK2 p.G2019S mutation alone, 8.6 [7], our simulation
suggests at least an additive effect on risk for carriers of both GBA and
LRRK2 mutations.

3.2. Genotype-phenotype correlations

Of the 556 PD patients, one patient homozygous for the LRRK2
p-G2019S mutation, 2 patients homozygous and 3 compound hetero-
zygous for a GBA variants and an additional 10 patients (2 LRRK2-PD, 7
GBA-PD, 1 homozygous GBA-PD) with incomplete clinical data were
excluded (Fig. 1).

Of note, several other private LRRK2 variants were identified, none
of which is associated with PD.

A total of 236 patients (142 males, mean age 72.2 = 11.2 years)
were included in the final analysis. Table 1 summarizes the clinical
demographics of the four groups. The LRRK2-PD group consisted of 66
patients, the GBA-PD group consisted of 78 patients, the LRRK2-GBA-
PD consisted of 12 patients and the MNPD group consisted of 80 pa-
tients. Table 2 summarizes the various GBA variants identified in the
GBA-PD and the LRRK2-GBA-PD groups. The N370S GBA variant was
the most common with a frequency of 66.7% in the GBA-PD group and
75% in the LRRK2-GBA-PD group.

We observed that AAO was older for the MNPD compared to LRRK2-
PD group (p = 0.02) and less significantly so to the GBA-PD group
(p = 0.06) and to the LRRK2-GBA-PD group (p = 0.06) (Table 1). PD
duration was longer for the LRRK2 than for the GBA-PD and MNPD
(p = 0.04 for each). No significant differences were observed in motor
UPDRS at last visit among the groups.

Table 3 summarizes the clinical characteristics of all four groups.
Sex did not affect any of the variables tested.

Using logistic regression (controlling for sex, AAO and disease
duration), we found no significant differences among the groups in the
prevalence of tremor as first sign, MF, FOG and patients reaching HY3.

LID was less common in the MNPD group (32.1%) than in the GBA-
PD group- 57.9% (p < 0.001) and in the LRRK2-PD group- 61.9%

Table 2
Frequency of GBA variants according to groups.

GBA variants GBA-PD n (%) LRRK2-GBA-PD n (%)

All variants 78 (100) 12 (100)
p-N370S 52 (66.7) 9 (75)
p-E326K 6 (7.7) 2 (16.7)
p.V394L 1(1.3)

p.E388K 1 (1.6)

p.L444P 2(3.2)

p.A384D 1(1.3)

p.-N188S 1(1.3)

p-R496H 3(3.8) 1(8.3)
p.R44C 1(1.3)

¢.84dupG 10 (12.8)
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Table 3

Parkinson's disease genotype groups: clinical characteristics.

p-value2 p-value3 p-value4 p-value5 p-value6

p-valuel

P-value (four groups compari-son)®

MNPD

LRRK-GBA-PD

GBA-PD

LRRK2-PD

78 12 80

66

Number

0.03
0.20
0.06

0.47
0.08

0.21
0.89
0.78
0.37
0.52
NA®

0.06
0.23

0.24
0.92
0.50
0.14
0.66
NAP
0.59

0.42
0.53
0.35
0.06
0.51

0.12
0.17

25 (N =12) 57.5 (N = 80)

50.6 (N = 77)

43.5 (N = 62)

68.3 (N
61.9 (N

Tremor as first sign, %

MF, %

51.3 (N =78)
32.1 (N

66.7 (N =12)

64.5 (N = 76)
57.9 (N

63)
63)

< 0.001°

0.05
0.91
0.21

0.004°
0.94
0.36
0.01
0.99
0.18

0.001°¢
0.43
0.56

=78)

66.7 (N = 12)

76)

LID, %

0.07
0.99
NAP
0.39

56.8 (N = 70) 66.7 (N = 12) 46.3 (N = 80)

53.0 (N = 66)
45.0 (N

Reaching HY3, %

FOG, %

35.9 (N =78)

33.3(N=12)

0(N=11)

33.8(N=74)

50.0 (N
45.9 (N

= 60)

< 0.001°¢
< 0.001°¢
< 0.001°¢

< 0.001°¢
< 0.001°¢
< 0.001°

37.5(N=72)
17.7 (N

60)
74)

16.4 (N = 55)
19.0 (N

Probable RBD, %

Psychosis, %

< 0.001"
0.001"

0.003"
0.04

=79)

= 83 (N=12)

=63)

0.83

0.58

11.5 (N =78)

8.3 (N=12)

31.6 (N = 76)

6.5 (N = 62)

Dementia, %

REM-sleep

freezing of gait; RBD =

Hoehn & Yahr stage 3; FOG

levodopa-induced dyskinesia; HY3 =

mutation negative Parkinson's disease; MF = motor fluctuations; LID

Abbreviations: N = number; MNPD

behavior disorder; NA = not applicable; (N = ): Number of patients per group for which data was available for analysis.

Regression models were performed to calculate significance level of all dependent variables with adjustment to age at symptom onset, disease duration and sex. All p-values were 2-sided.

P-valuel represents comparison between LRRK2-PD and GBA-PD.

P-value2 represents comparison between LRRK2-PD and LRRK2-GBA-PD.

P-value3 represents comparison between LRRK2-PD and MNPD.

P-value4 represents comparison between GBA-PD and LRRK2-GBA-PD.

P-value5 represents comparison between GBA-PD and MNPD.

P-value6 represents comparison between LRRK2-GBA-PD and MNPD.

2 Chi square analysis, not adjusted to covariates.

> Analysis was not applicable.

¢ Significant also following multiple testing correction.
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(p = 0.004). The LRRK2-GBA-PD group had highest LID prevalence
(66.7%), reaching nearly nominal significant level (p = 0.06).

Probable RBD was significantly less common in the LRRK2-PD
(16.4%) than in the GBA-PD (50.0%, p < 0.001), not reaching statis-
tically significance level for the MNPD group, following correction for
multiple testing (37.5%, p = 0.01). None of the LRRK2-GBA-PD pa-
tients (n = 11) answered affirmatively to the RBD question and thus
none of the double mutation carriers had probable RBD, but statistical
comparison for this variable was unattainable.

Dementia was more common in the GBA-PD group (31.6%) than in
the LRRK2-PD (6.5%, p < 0.001), and MNPD (11.5%, p = 0.001)
groups, not reaching statistical significance following correction for
multiple testing for the LRRK2-GBA-PD group (8.3%, p = 0.04), prob-
ably due to the small size of this group. Prevalence of psychosis was
highest in the GBA-PD (45.9%) group comparing to the LRRK2-PD
(19.0%, p < 0.001), LRRK2-GBA-PD (8.3%, p = 0.003), and MNPD
groups (17.7%, p < 0.001).

Importantly, in sequencing of the following PD gene, no pathogenic
SNCA mutations and no biallelic PARK2, PINK2 and PARK7 mutations
(either homozygous or compound heterozygous) were identified in any
of the patients included in the study.

4. Discussion

We present the results of clinical genetic analysis of GBA and LRRK2
mutations in a large AJ cohort of PD patients followed up in a single
movement disorders center in Israel. Obtaining data from many muta-
tion carriers, we were able to estimate the susceptibility for carriers of
both GBA and LRRK2 mutations to PD, and studied the clinical features
of four different genotype groups according to presence of GBA variants
and the LRRK2 p.G2019S mutation.

The OR simulations suggest that there is at least an additive risk for
carriers of both a GBA variant and the LRRK2 p.G2019S mutation to
develop PD. A limitation of this analysis is that carriers of both GBA and
LRRK2 variants were not identified in AJ control populations, and the
analysis was performed using publicly available data. To accurately
estimate the risk, a genetic analysis of at least 10,000 healthy, elderly
AJ controls should have been performed.

The mutation —positive PD groups displayed a younger AAO than
MNPD, a difference which was significant for LRRK2-PD and nearly
significant for GBA-PD and LRRK2-GBA-PD; moreover, the mean AAO
was 4-5 years younger for the double mutation group than for the
single mutation groups (but it did not reach statistical significance). It is
well established from previous studies that both LRRK2- and GBA-as-
sociated PD display a younger AAO than MNPD [6,10,17]. It is not clear
if the burden of two different gene mutations may or may not have a
further effect on AAO, as the LRRK2-GBA-PD sample size is limited.
AAO for PD patients homozygous or compound heterozygous for mu-
tations in GBA, exhibiting either clinical or subclinical Gaucher disease,
has been found to be significantly younger [18].

Our findings demonstrate that single variant GBA-associated PD is
characterized by higher rates of some non-motor features, such as de-
mentia, probable RBD and psychosis, compared to LRRK2-PD or MNPD.
Probable RBD and psychosis are known to be risk factors of dementia
[19-22]. Our findings are in agreement with previous studies on GBA-
associated PD [23-25] and Lewy body dementia [26].

Tremor as an initial motor manifestation was not different among
the different groups. This finding is in agreement with other studies
[9,10]. Disease progression as reflected by the percentage of patients
reaching HY3 showed that the GBA-PD and LRRK2-GBA-PD groups
tended to deteriorate faster than MNPD. However, the correction for
multiple testing discarded statistical significance. We could not perform
cox analysis to study the rate of deterioration over time due to limita-
tion of our dataset (lack of data regarding the time from onset to HY3).
A previous study [27] showed a faster deterioration to HY3 in GBA
associated PD (n = 14) as compared to non-carriers of the GBA
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mutation. Our group studied disease progression of LRRK2 vs. LRRK2-
negative PD and found no significant difference in the time from onset
to HY3 [28].

We found that LID was less common for the MNPD group than for
the other groups while controlling for PD duration. In a large con-
sortium including 530 LRRK2 carriers, the LRRK2 group had more
commonly severe LID than the MNPD group [29]. LID was found to be
more prevalent in GBA-associated PD than GBA-negative PD patients
[30]. On the other hand, studies performed on Chinese and Brazilian PD
samples did not detect differences in prevalence of LID among LRRK2-
PD, GBA-PD or MNPD patients [9,10].

Prevalence of FOG did not differ among the 4 groups in our study.
Da Silva et al. [10] found that FOG was less frequent in LRRK2-PD than
in GBA-PD and MNPD groups. Gan-Or et al., not focusing on FOG, did
not detect differences in gait disturbances between LRRK2—positive and
GBA-positive patients [12] and Jesus et al. [30] reported a similar
prevalence of FOG in GBA variant carriers and non-carriers.

A major goal of this study was to characterize the clinical features
and course of LRRK2-GBA-PD. We hypothesized that due to the “double
hit” of genetic factors in this group, these PD patients will be char-
acterized by an earlier AAO and a more accelerated clinical course than
the other groups. This was partially supported by an absolute younger
AAO than the other groups (not reaching significance) and by high
percentage of patients reaching HY3.

Regarding non-motor features, it was surprising that none of the
LRRK2-GBA-PD patients reported RBD. Moreover, the LRRK2-GBA-PD
had the lowest rates of psychosis (reaching statistical significance as
compared to GBA-PD) and low rates of dementia (not reaching statis-
tical significance as compared to GBA-PD, following correction for
multiple testing). This may suggest a possible protective effect of the
additional LRRK2 p.G2019S mutation or may be a finding which is the
result of chance, given the small number of patients in the double
mutation group.

Our study has several important advantages. First, the availability of
relatively large numbers of LRRK2-PD and GBA-PD patients in a single
cohort, explained by the high prevalence of these variants in the AJ
population. Our sample is homogenous (all AJ individuals) treated and
routinely followed-up in a single tertiary movement disorders clinic. All
patients live in Israel (although many were not born in Israel, but im-
migrated during life), reducing heterogeneity in terms of exposure to
environmental factors. All the above present a valuable platform for a
direct comparison of the different groups of patients included in this
study, for a large set of continuous and categorical variables. Another
advantage is the long follow-up time period, required to the emergence
of long term symptoms such as motor complications (dyskinesias,
fluctuations and FOG), dementia and psychosis.

Nevertheless, this study has several limitations. Due to the scarcity
of LRRK2-GBA double mutation carriers, the group sample size is small
and thus significant results cannot lead to firm statements on any fea-
ture. Furthermore, due to its small size, we did not include the UPDRS
subscores in the analysis as they would have introduced too many
variables which will decrease the power of the study. Second, due to its
retrospective design, some clinical data was missing and some data was
based on patients’ recall. Hence, we lacked accurate time-related data
and could not perform survival analysis. Instead, we used categorical
variables and controlled for disease duration. Third, we labeled dif-
ferent mutations in the GBA gene as “GBA”. There are known clinical
differences among the various GBA mutations [6,17,19,20], although
2/3 of our GBA carriers had the N370S mutation, so our GBA cohort
was rather homogeneous. Fourth, although LRRK2 and GBA mutations
are the most common in PD, we did not screen for other less frequent
gene mutations associated with PD such as Parkin, SNCA, DJ-1 etc.
However, these mutations are rare, and therefore not likely to have a
significant effect on our results. Fifth, due to its retrospective design,
HY and UPDRS were assessed only at “ON” state. We might have found
different outcome if we had assessed patients also at “OFF” state.
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Further limitation of this and similar studies is that PD is a complex
disorder. Multiple genes contribute to PD susceptibility and clinical
course, in addition to environmental factors. This was not taken into
account. Therefore, the actual effects of GBA and LRRK2 mutations may
be either larger or smaller, and future studies are needed to determine
the effects of additional factors as modifiers of the phenotype.

5. Conclusion

We identified some clinical characteristics of PD in patients carrying
mutations in both the LRRK2 and the GBA genes. Due to a small sample
size we were limited in terms of conclusive statements attributed to this
rare group of patients. A larger, preferably multi-center study of het-
erogenous PD cohorts, carrying the LRRK2-GBA genotype, encom-
passing standardized prospective collection of clinical data is needed to
confirm our initial findings regarding the natural course of this genetic

subtype.
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