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Abstract

The Parkinson's Progression Marker Initiative (PPMI) aims to identify biomark-
ers for Parkinson's disease (PD) risk, onset, and progression. This study focuses
on the G2019S missense mutation in the LRRK2 gene, which is associated with
hereditary and sporadic PD. Utilizing data from the PPMI database, we con-
ducted an analysis of baseline clinical characteristics, as well as serum and cer-
ebrospinal fluid levels in two groups: patients with PD with the G2019S mutation
(PD + G2019S) and patients with PD without the mutation (PD-G2019S). Multiple
linear regression and longitudinal analysis were performed, controlling for con-
founding factors. Compared to the PD-G2019S group, the PD+G2019S group
showed more obvious initial motor dysfunction—higher baseline Movement
Disorder Society-Sponsored Revision of the Unified Parkinson Disease Rating
Scale (MDS-UPDRS) scores (false discovery rate [FDR]-adjusted p<0.001),
but progressed more slowly. Mechanism of Coordinated Access and activities
of daily living (ADL) scores were lower at baseline (FDR-adjusted p <0.001),
whereas Scales for Outcomes of Parkinson's Disease (SCOPA)-Thermoregulatory
(FDR-adjusted p=0.015) scores were higher, emphasizing the increase of non-
motor symptoms associated with LRRK2-G2019S mutation. During the follow-
up period, the motor and non-motor symptoms changed dynamically with
time, and there were longitudinal differences in the scores of MDS-UPDRS
(FDR-adjusted P;=0.013, P;;=0.008, Py, <0.001), Questionnaire for Impulsive-
Compulsive Disorders in Parkinson's Disease (FDR-adjusted p=0.027), SCOPA-
Thermoregulatory (FDR-adjusted p=0.021), and ADL (FDR-adjusted p=0.027)
scale scores. PD associated with the LRRK2 G2019S mutation demonstrated more
severe symptoms at baseline but slower progression. Motor complications and
thermoregulatory disorders were more pronounced.
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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Current knowledge suggests that the LRRK2 G2019S mutation is a significant ge-
netic factor associated with Parkinson's disease (PD). Studies have indicated that
individuals with this mutation may present with distinct clinical features com-
pared to non-carriers, but a comprehensive understanding of the varied aspects,
including biomarkers and disease progression, is still evolving.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study aimed to comprehensively analyze PD associated with the LRRK2
G2019S mutation. The investigation delved into baseline characteristics, clini-
cal and non-clinical symptoms, and longitudinal changes, addressing questions
about the specific impact of the G2019S mutation on the clinical presentation,
biomarker profiles, and disease progression in PD.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The study contributes novel insights into the clinical and biological features of
PD related to the LRRK2 G2019S mutation. It confirms existing knowledge that
individuals with this mutation exhibit more severe symptoms at baseline, such as
higher Movement Disorder Society-Sponsored Revision of the Unified Parkinson
Disease Rating Scale scores and impaired cognition. Surprisingly, it adds the find-
ing that these individuals experience a slower rate of disease progression, particu-
larly in motor complications, suggesting potential compensatory mechanisms.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

These findings hold potential implications for clinical practice and translational
research. Understanding the distinct characteristics of PD with the G2019S muta-
tion could lead to more personalized treatment approaches. The identification of
specific biomarker trends, even if preliminary, opens avenues for further research
into targeted therapies. The slower disease progression observed challenges and
assumptions about the linear nature of the mutation's effects, highlighting the
need for nuanced approaches in clinical pharmacology tailored to the genetic
profile of patients with PD. Overall, this study provides a foundation for refin-
ing intervention strategies and emphasizes the importance of considering genetic
factors in PD research and treatment.

INTRODUCTION

Parkinson's disease (PD) is the second most common
neurodegenerative disorder after Alzheimer's disease.’
It is characterized by motor symptoms, such as bradyki-
nesia, rigidity, resting tremor, and postural instability,
as well as non-motor symptoms, including olfactory dis-
turbances, sleep disturbances, cognitive impairments,
psychiatric symptoms, autonomic dysfunction, pain,
and fatigue.? Both environmental exposures and genetic
factors, including mutations in the leucine-rich repeat
kinase 2 (LRRK?2) gene, contribute to the development
of PD.?

The clinical and non-motor manifestations of PD
vary among individuals with LRRK2 mutations, and the

findings from previous studies have been inconsistent.
Whereas most LRRK?2 carriers present with late-onset PD
that is clinically similar to non-carriers,* here are certain
distinct features observed. LRRK2-associated PD generally
follows a more benign course,’ exhibits relatively preserved
olfactory function and milder cognitive deficits compared
to idiopathic PD,® and shows a lower prevalence of rapid
eye movement (REM) sleep behavior disorder (RBD) and
excessive daytime sleepiness.”® However, LRRK2 carriers
may have a higher prevalence of tremor,” lower executive
function,'® and more frequent insomnia.’ Additionally,
atypical features, such as dementia, hallucinations, pri-
mary progressive aphasia, and orthostatic hypotension,
have been reported.* The most prevalent LRRK2 mutation
is Gly2019Ser (G2019S, rs34637584).'112
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Existing studies have suggested that G2019S carri-
ers, who are predominantly women, tend to have lower
rates of depression and hyposmia, as well as better self-
care abilities. They also exhibit a positive response to
levodopa treatment but require higher daily doses and
are more likely to experience motor complications.™
However, most of these studies have focused either on
cross-sectional analyses or longitudinal survival analyses,
leaving a gap in comprehensive investigations combining
both approaches to compare patients with PD with and
without LRRK2 mutations. Integrating these methods
would yield a holistic understanding of LRRK2 mutation
impacts on PD, spanning from diagnosis throughout the
disease course. LRRK2, a serine/threonine kinase within
the ROCO protein family, exhibits heightened activity due
to the G2019S mutation.'* LRRK2 is a key player in cell
signaling and influences autophagy,'>'® apoptosis,'” mito-
chondrial function,'® and neuroinflammation.'*** Given
the age-associated nature of LRRK2-mediated disease, we
hypothesize a later onset of PD symptoms.?® This distinct
presentation may manifest unique motor and non-motor
symptoms and potentially discernible biomarkers in cere-
brospinal fluid (CSF) and serum. Thus, studying distinct
clinical features and biomarkers in LRRK2-linked PD is
crucial.

The Parkinson's Disease Progression Marker
Initiative (PPMI) database, with its extensive genetic
information and comprehensive assessments, provides
an excellent resource for investigating these aspects in
a large cohort of PD participants.! In this study, our
objectives were to examine whether patients with PD
carrying the LRRK2-G2019S mutation display distinc-
tive clinical, serum, and CSF characteristics compared
to those with idiopathic PD, and to explore the poten-
tial of clinical, genetic, blood, and CSF biomarkers for
assessing disease progression in PD. The findings from
our study could contribute to a better understanding of
the genetic basis of PD and facilitate the development of
targeted treatment approaches.

MATERIALS AND METHODS
Study design

The PPMI database was utilized to access demographic in-
formation, clinical data, and biomarker data of the partici-
pants* (http://www.ppmi-info.org/data). Standardized
scales from the PPMI database were used for the assess-
ment of clinical symptoms. Statistical analysis was con-
ducted to examine the clinical significance of mutations
in the G2019S locus of the LRRK2 gene, which is com-
monly observed in PD. Unlike previous cross-sectional
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analyses, this study goes beyond baseline comparisons
and includes a longitudinal extension, allowing for a com-
prehensive evaluation of participants within the PPMI
cohort. Emphasis was placed on understanding the long-
term impact of this mutation on patients with PD, explor-
ing the relationship between disease progression and the
mutation, and providing insights for future clinical inter-
ventions. The experimental strategy and workflow are il-
lustrated in Figure 1.

Participants

Our study utilized data collected from the PPMI data-
base, spanning from June 2010 to April 2020. Due to the
impact of the coronavirus disease 2019 (COVID-19) pan-
demic, no additional data were added during this period.
We want to clarify that the inclusion and exclusion cri-
teria for our study were derived from the original PPMI
study. The inclusion criteria for patients with PD were as
follows: (1) both men and women aged 30years or older
at enrollment; (2) PD diagnosis within the last 2 years; (3)
Hoehn and Yahr stage I, IT, or III at enrollment; (4) no PD
medication for at least 6 months following inclusion in the
PPMI study; (5) female participants should not be plan-
ning to become pregnant, are pregnant, or breastfeeding
during the study period; and (6) eligibility confirmation
based on Screening DaTscan imaging.

To ensure the focus of our study on the G2019S mu-
tation in the LRRK2 gene, we excluded 83 subjects with
missing genetic test information and those with LRRK2
gene mutations other than the G2019S mutation from the
PPMI dataset. As a result, we currently retain baseline and
follow-up data on clinical, serum, and CSF features of 883
newly diagnosed patients with PD, including 275 patients
with PD with the LRRK2 G2019S mutation.

Data source

Our studies heavily rely on clinical assessments, evalu-
ations, subject demographics, and biological samples
obtained from the PPMI dataset. These data results are
obtained from PPMI upon request and after approval by
the PPMI Data Access Committee. The PPMI study has
implemented standardized procedures and rigorous qual-
ity control measures for data acquisition, transmission,
and analysis, as well as for the collection, processing, and
storage of biospecimens. These standardized protocols
aim to ensure consistency and minimize variability across
the dataset (Figure S1). Detailed information regarding
the specific research proposals and study design can be
accessed at www.ppmi-info.org/study-design.
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PD in the PPMI database, including those in the original
cohort, Genetic Cohort, and Genetic Registry.
n=996

Exclusion of participants with no genetic test data and

Y

PD participants with genetic testing
n=913

other LRRK2 mutations except for the G2019S mutation
n=83

Exclusion of non-participation in all tests at baseline

y

PD included in this study
n=883, female 375 (42.47%)

n=30

!

v

PD + G2019S Group
n=275

PD - G2019S Group Cross-sectional comparison of baseline clinical and biomarkers
n=608 of PD with and without LRRK2 G2019S mutation

y

Analysis of clinical data and laboratory results
during 3~9 years of follow-up observation

Longitudinal analysis of clinical and biomarkers of PD with
and without LRRK2 G2019S mutation

FIGURE 1 Experimental strategy and workflow. PD, Parkinson's disease; PPMI, Parkinson's Progression Marker Initiative.

Outcomes

All participants in the PPMI study underwent whole
exome or genome sequencing, which included testing for
various mutations in the LRRK2 gene, including G2019S,
R1441G/C, G2385R, R1628P/H, and Y1699C. For the pur-
pose of this study, we specifically focused on the most
common G2019S mutation. Baseline demographic vari-
ables, such as sex, age, education, race, ethnicity, and fam-
ily history, were collected from the PPMI dataset. Clinical
data included assessments of motor symptoms, non-motor
symptoms, and neurobehavioral function. These tools in-
cluded the Movement Disorder Society Unified Parkinson's
Disease Rating Scale (MDS-UPDRS)* Parts I-IV, Hopkins
Verbal Learning Test,*** Benton Judgment of Line
Orientation Test,”® Semantic Fluency Test,”’ Letter Number
Sequencing,®® Symbol Digit Modalities Test,” Montreal
Cognitive Assessment (MoCA),* Geriatric Depression
Scale,’! State-Trait Anxiety Inventory,32 Questionnaire for
Impulsive-Compulsive Disorders in Parkinson's Disease
(QUIP),* Scales for Outcomes in Parkinson's Disease —
Autonomic (SCOPA-AUT),** Epworth Sleepiness Scale,®
rapid eye movement (REM) Sleep Behavior Disorder
Screening Questionnaire,*® University of Pennsylvania
Smell Identification Test,*”*® and Activities of Daily Living
(ADL).* (Table 1). Furthermore, biomarkers such as serum
uric acid, serum neurofilament light chain (NFL), and CSF
levels of aSynuclein, AB1-42, total tau (t-tau), phosphoryl-
ated tau (p-tau,g;), and NFL were analyzed.

Statistical analysis

Descriptive statistics were used to represent the base-
line features of participants, with continuous variables
expressed as means (standard deviations) and categori-
cal variables expressed as numbers. We conducted the
Kruskal-Wallis test and y* test to compare baseline demo-
graphic data of different subgroups. In the cross-sectional
analysis, multiple linear regression analysis was per-
formed for clinical data and biomarkers with the presence
or absence of the LRRK2 G2019S mutation as the inde-
pendent variable, while adjusting for covariates, including
age, sex, race, education level, and family history, respec-
tively. For the longitudinal analysis, a linear mixed-effects
model was developed to assess the effect of the LRRK2
G2019S mutation on clinical features and biomarkers in
PD during 3-9years of follow-up (the specific follow-up
years and the number of cases per follow-up are shown
in the table for Supplementary Materials). Age, sex, race,
education level, family history, and levodopa equivalent
daily dose (LEDD) were included as covariates. We per-
formed a collinearity analysis for all variables, and the
results (Table S2) showed a low variance inflation fac-
tor value, indicating a low correlation between variables
and possibly a small collinearity effect. Additionally, we
conducted subgroup analyses by sex to compare whether
the effects caused by the LRRK2 G2019S mutation would
differ among patients with PD by sex. For all models, the
false discovery rate (FDR) was controlled by adjusting the
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TABLE 1 Motor and non-motor assessments.

Assessment tool

MDS-UPDRS

PartI

Part IT

Part III

Part IV

HVLT
BJLOT

SET

LNS
SDMT
MoCA

GDS

STAI
QUIP
SCOPA-AUT

Gastrointestinal

Urinary

Cardiovascular

Pupillomotor

Thermoregulatory

Sexual dysfunction

ESS

RBDSQ

UPSIT

ADL

Clinical assessments

Movement Disorder Society-Sponsored
Revision Unified Parkinson's Disease
Rating Scale

Non-Motor Aspects of Experiences of Daily
Living (N-EDL)

Motor Aspects of Experiences of Daily Living
(M-EDL)
Motor Examination

Motor Complications

Hopkins Verbal Learning Test

Benton Judgment of Line Orientation Test

Semantic Fluency Test

Letter Number Sequencing
Symbol Digit Modalities Test

Montreal Cognitive Assessment

Geriatric Depression Scale

State-Trait Anxiety Inventory
Questionnaire for Impulsive

Scales for Outcomes in Parkinson's disease

- Autonomic
SCOPA-AUT: Gastrointestinal Component
SCOPA-AUT: Urinary Component
SCOPA-AUT: Cardiovascular Component
SCOPA-AUT: Pupillary Motility Component
SCOPA-AUT: Thermoregulation Component
SCOPA-AUT: Sexual Function Component
Epworth Sleepiness Scale Score
Rapid-eye-movement sleep Behavior Disorder

questionnaire

University of Pennsylvania Smell
Identification Test

Modified Schwab & England ADL Score

Description

Higher scores indicate more advanced Parkinson's disease

Higher scores indicate greater impact on non-motor aspects of
daily living

Higher scores suggest increased motor difficulties in daily
activities

Higher scores indicate more severe motor symptoms and
impairments

Higher scores suggest greater motor complications and side
effects

Higher scores indicate better verbal learning and memory

Higher scores indicate better spatial orientation and
visuospatial skills

Higher scores indicate better semantic fluency and cognitive
flexibility

Higher scores indicate better working memory and attention

Higher scores indicate better processing speed and attention

Scores >26 are considered normal; lower scores suggest
cognitive impairment

GDS >5 are “Depressed”

GDS <5 are “Not Depressed”

Higher scores indicate higher levels of anxiety

Higher scores indicate more severe impulse control disorder

Higher scores indicate more severe autonomic dysfunction

Higher scores indicate more severe autonomic dysfunction in
the gastrointestinal system

Higher scores indicate more severe autonomic dysfunction in
the urinary system

Higher scores indicate more severe autonomic dysfunction in
the cardiovascular system

Higher scores indicate more severe autonomic dysfunction in
pupillary motility
Higher scores indicate more severe autonomic dysfunction in

thermoregulation

Higher scores indicate more severe autonomic dysfunction in
sexual function

ESS <10 are “Not Sleepy”
ESS >10 are “Sleepy”

<5 are “No RBD”
>5 are “RBD”

Higher scores indicate better olfactory function

Higher scores indicate better self-care ability

p values using the Benjamini and Hochberg methods, en-
suring that the statistical significance of the reports was
robust and that the risk of false positives was minimized.

Statistical analyses were performed using R 4.2.0, and
the adjusted p value <0.05 was considered statistically
significant.
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Ethics statement

The PPMI study collected participant data in full accordance
with Good Clinical Practice and International Coordination
Conference guidelines and any applicable national and local
regulations. All participating PPMI sites obtained local insti-
tutional review board or independent ethics committee ap-
proval for human experimentation prior to the start of the
study and obtained informed written consent from all partic-
ipants in the study. More information is available at https://
www.ppmi-info.org/about-ppmi/ppmi-clinical-sites.

RESULTS
Characterization of participants at baseline

The demographic features of the participants are summa-
rized in Table 2. The study included 883 PD participants,
consisting of 275 individuals with the LRRK2 G2019S
mutation (PD + G2019S group) and 608 individuals with-
out the LRRK2 mutation (PD-G2019S group). The two
groups had similar distributions in terms of race and ed-
ucational attainment, with no statistically notable differ-
ences observed (FDR-adjusted p>0.050). Notably, if less
conservative and more focused on comprehensiveness, the
PD + G2019S group appears to have a higher proportion of
White individuals (q=0.047). The PD + G2019S group had
a higher average age, suggesting a later onset of PD (FDR-
adjusted p<0.001). Moreover, the percentage of women
in the PD+G2019S group statistically exceeded that in
the PD-G2019S group (50.90% vs. 38.65%, FDR-adjusted
p<0.001), suggesting a potential gender association. There
was also a notable difference in the prevalence of affected
relatives, suggesting a stronger familial heritability in the
PD +G2019S group (FDR-adjusted p <0.001).

Cross-sectional analysis of PD with and
without the LRRK2 G2019S mutation

Heatmap showing the results of cross-sectional analysis of
PD with and without LRRK2 G2019S mutation (Figure 2).

Baseline assessment of motor
symptoms and non-motor symptoms

In the baseline assessment of the entire PD population, the
PD +G2019S group showed the following characteristics
compared with the PD-G2019S group. They had higher
MDS-UPDRS scores in all sections of the scale (f=6.316,
FDR-adjusted p<0.001; q<0.001), indicating heavier

motor impairment. Lower scores were on the MoCA
scale (f=—1.628, FDR-adjusted p <0.0011; ¢ <0.001) and
higher scores on the thermoregulation in SCOPA-AUT
(#=0.553, FDR-adjusted p=0.015, ¢=0.0048) indicated
more severe non-motor symptoms, including cognitive
impairment and impairment of thermoregulation func-
tion. Lower modified Schwab and& England ADL scores
(f=—-4.522, FDR-adjusted p<0.001, q<0.001) reflect
greater difficulties in daily activities and quality of life.

It is worth noting that in the gender analysis, only the
male PD+ G2019S group exhibited notably higher MDS-
UPDRS 1, II, III scores and QUIP scores than the same-
sex PD-G2019S group (FDR-adjusted p <0.005, g <0.005).
It is suggested that the G2019S mutation mainly causes
the male patients with PD to have worse motor status and
impulse control disorder at baseline. However, we ob-
served that the average QUIP score may not be indicative
enough to diagnose impulse control disorder. Therefore,
this difference may not necessarily hold clinical relevance
(Figure 3).

Baseline assessment of biomarkers

In our analysis of biomarkers, we observed that serum
NFL levels were notably higher in the male PD + G2019S
group compared to the male PD-G2019S group (#=0.063,
FDR-adjusted p=0.046, q=0.046). We further performed
multiple linear regression analysis using the ratio of me-
tabolites and identified differences in serum NFL/CSF
AB;_4, (p=0.021) and in PD between the two groups. In
male patients with PD, differences in serum NFL/CSF
AB,_4, (p=0.040), CSF p-tau;s,/CSF APy, (p=0.003),
CSF t-tau/ CSF AB,_4, (p=0.007) and CSF p-tau,q,/CSF t-
tau (p=0.025) were also confirmed. However, it is crucial
to note that after applying FDR correction to account for
multiple testing, the adjusted p values > 0.05. The initially
observed differences should be interpreted with caution,
as they did not withstand the correction for multiple test-
ing. These particular findings should be viewed as explor-
atory, and further validation or replication studies may be
warranted to confirm the observed trends.

Longitudinal analysis of PD with and
without the LRRK2 G2019S mutation

In our longitudinal analysis, we evaluated the effect of
LRRK2 G2019S mutations on clinical symptoms and bio-
marker development of PD using a linear mixed-effects
model (Figure 2). We created two different linear mixed-
effect models, one that included LEDD as a covariable,
whereas the other excluded LEDD to explore its potential
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TABLE 2 Baseline characteristics of participants.

PD + G2019S PD — G2019S
(N=275) (N=608) p Value FDR-pvalue Qvalue
Patient characteristics
Age at baseline, mean (SD) 66.5(10.7) 62.5(10.2) 1.857¢" 1.41e7% 7.11e”"
Sex, number (percentage)
Male 135(49.1) 373 (61.3) 0.0008 0.0030 0.0015
Female 140 (50.9) 235(38.7)
Race, number (percentage)
White 266 (96.7) 564 (92.8) 0.0321 0.0938 0.0472
Other 9(3.3) 44(7.2)
Education, mean (SD) 15.6 (4.1) 15.5(3.5) 0.2993 0.3987 0.2008
Family history of PD in first-degree relative, number (percentage)
Yes 126 (45.8) 143 (23.5) 2.462e7 11 4.68e1° 2.36e 10
No 146 (53.1) 463 (76.2)
Family history of PD, number (percentage)
Yes 170 (61.8) 214 (35.2) 1.041e™ 13 3.96e 12 1.99¢ 712
No 102 (37.1) 392 (64.8)
Clinical characteristics
MDS-UPDRS Total Score, mean (SD) 44.2 (22.7) 36.13 (18.1) 3.444e”" 2.18¢7% 1.10e%
MDS-UPDRS I Score, mean (SD) 8.9 (5.9) 6.87 (5.4) 1.105e~"’ 1.05e~% 5.29¢~"7
MDS-UPDRS 1II Score, mean (SD) 10.1 (8.3) 7.15(5.8) 6.096e "’ 3.31e7% 1.67e%
MDS-UPDRS III Score, mean (SD) 25.1 (12.9) 22.11 (11.0) 0.0013 0.0045 0.0023
MDS-UPDRS IV Score, mean (SD) 2.5(3.5) 2.27 (3.1) 0.8587 0.9064 0.4564
HVLT Score, mean (SD) 24.9 (4.7) 24.09 (5.3) 0.3043 0.3987 0.2008
BILOT Score, mean (SD) 12.1(2.5) 12.3(2.6) 0.0837 0.1767 0.0890
SFT Score, mean (SD) 50.4 (12.4) 48.3(12.3) 0.0360 0.0955 0.0481
LNS Score, mean (SD) 10.1 (2.5) 10.2 (2.9) 0.5419 0.6643 0.3345
SDMT Score, mean (SD) 40.5(11.1) 40.0 (10.8) 0.9878 0.9878 0.4974
MoCA Score, mean (SD) 24.8 (4.3) 26.7 (3.1) 9.798¢ % 1.05e % 5.29¢"7
GDS Score, mean (SD) 2.9(2.9) 2.7 (2.9) 0.2559 0.3602 0.1813
STAI Score, mean (SD) 69.6 (19.2) 67.6 (19.4) 0.08336 0.1767 0.0890
QUIP Score, mean (SD) 0.5(0.9) 0.4 (0.7) 0.0377 0.0955 0.0481
SCOPA-AUT Score, mean (SD) 12.1 (8.0) 10.6 (7.1) 0.0143 0.0453 0.0228
Gastrointestinal 2.82(2.9) 2.6 (2.5) 0.7506 0.8149 0.4103
Urinary 4.83(3.5) 4.5(3.3) 0.1808 0.2987 0.1504
Cardiovascular 0.71 (1.0) 0.6 (0.9) 0.1213 0.2128 0.1071
Pupillomotor 0.5(0.9) 0.4 (0.6) 0.6266 0.7215 0.3633
Thermoregulatory 2.1(2.4) 1.4 (1.8) 0.0004 0.0017 0.0009
Sexual dysfunction 1.1(1.7) 1.1(1.6) 0.9263 0.9513 0.4790
Epworth Sleepiness Scale Score, 6.4 (4.4) 6.2 (3.9) 0.5665 0.6727 0.3387
mean (SD)
RBD Questionnaire Score, mean (SD) 3.9(2.6) 4.3(2.9) 0.1232 0.2128 0.1071
UPSIT Score, mean (SD) 22.8 (8.2) 21.9 (8.2) 0.1140 0.2128 0.1071
Modified Schwab & England ADL 85.2(17.8) 90.9 (9.9) 0.0002 0.0010 0.0005

Score, mean (SD)

(Continues)
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TABLE 2 (Continued)
PD + G2019S PD — G2019S
(N=275) (N=608) p Value FDR-pvalue Qvalue
Biomarker characteristics
Serum uric acid (pmol/L), mean (SD) 274.8 (97.4) 318.4 (78.6) 0.1939 0.3063 0.1542
Serum NFL (pg/mL), mean (SD) 15.7(11.4) 13.5(7.6) 0.0973 0.1946 0.0980
CSF a-synuclein (pg/mL), mean (SD) 220.1 (291.6) 787.5(826.1) 0.2235 0.3267 0.1645
CSF AB1-42 (pg/mL), mean (SD) 852.4 (414.9) 902.2 (401.2) 0.0805 0.1767 0.0890
CSF t-tau (pg/mL), mean (SD) 178.5 (58.0) 168.4 (56.9) 0.4992 0.6323 0.3184
CSF p-tau (pg/mL), mean (SD) 16.4 (4.8) 14.7 (5.2) 0.2015 0.3063 0.1542
CSF NFL (pg/mL), mean (SD) 86.9 (24.5) 103.2 (58.5) 0.7116 0.7953 0.4005

Note: Descriptive statistics were used to represent the baseline features of participants, with continuous variables expressed as means (standard deviations) and
categorical variables expressed as numbers. We conducted the Kruskal-Wallis test and y* test to compare baseline demographic data of different subgroups.
The Benjamini and Hochberg method is used to control the error detection rate (FDR) by adjusting the p values. The adjusted p values and q values are also

listed in the table.

Abbreviations: ADL, Activity of Daily Living Scale; BILOT, Benton Judgment of Line Orientation Test; CSF, cerebrospinal fluid; FDR, false discovery rate;
GDS, Geriatric Depression Scale; HC, healthy control; HVLT, Hopkins Verbal Learning Test; LNS, Letter Number Sequencing; MDS-UPDRS, Movement
Disorder Society-Sponsored Revision Unified Parkinson's Disease Rating Scale; MoCA, Montreal Cognitive Assessment; NFL, neurofilament light chain;

PD, Parkinson's disease; QUIP, Questionnaire for Impulsive; RBD, Rapid-eye-movement sleep Behavior Disorder; SCOPA-AUT, Scales for Outcomes in
Parkinson's disease — Autonomic; SDMT, Symbol Digit Modalities Test; SFT, Semantic Fluency Test; STAI: State-Trait Anxiety Inventory; UPSIT, University of

Pennsylvania Smell Identification Test.

impact on the results. It is important to note that our LEDD
follow-up data are limited by sample size. Therefore, we
performed a sensitivity analysis to assess the potential im-
pact of LEDD on the results of our model. Importantly, the
results of the sensitivity analysis showed that whether we
included or excluded LEDD did not have a statistically dis-
cernible effect on the results of the study.

Therefore, in our final model, we deliberately chose to
exclude LEDD as a covariable. This decision was made to
ensure the reliability and interpretability of the model, es-
pecially in light of the limitations on subsequent LEDD
data. These analyses played a crucial role in confirming
the results of our cross-sectional analysis and providing
valuable insights into the long-term effects of LRRK2
G2019S mutations in patients with PD.

Longitudinal assessment of motor
symptoms and non-motor symptoms

In our analysis of motor symptoms in PD, we ob-
served noteworthy longitudinal differences between the
PD+G2019S and PD-G2019S groups. The PD+ G2019S
group exhibited a smoother progression with slower de-
cline in MDS-UPDRS scores compared to the PD-G2019S
group. Specifically, notable differences were observed
in the mental, behavioral, and emotional tests of part I
(#=0.238, FDR-adjusted p=0.013), motor symptoms of
daily life in the part II (=0.254, FDR-adjusted p=0.008),
and motor complications in the part IV (#=0.254, FDR-
adjusted p<0.001) of the MDS-UPDRS scale. However,

there was no statistically meaningful difference between
the two groups in the longitudinal prediction of part III,
which evaluates the physician's score of the exercise ex-
amination of the patient.

In relation to non-motor symptoms, QUIP scores in
the PD+G2019S group exhibited a noteworthy down-
ward trend with the increase of disease duration, whereas
the scores in the PD-G2019S group increased gradually
(#=0.041, FDR-adjusted p=0.027), with crossover at the
fourth year of follow-up. These results indicated that al-
though the PD-G2019S group initially had a higher im-
pulse control disorder score than the PD +G2019S group,
it gradually decreased, but PD impulse control disorder
without mutation gradually worsened, but this difference
may not be clinically noteworthy. When the autonomic
nervous system was evaluated by the SCOPA-AUT scale, it
was found that the increase of thermoregulatory score in
the PD + G2019S group was faster (f=0.291, FDR-adjusted
p=0.021), suggesting that the mutant group had more and
more serious thermoregulation disorder. Additionally,
ADL scores (f#=-0.203, FDR-adjusted p=0.027) de-
clined more slowly over time in the PD+ G2019S group
than in the PD-G2019s group. After 2.5years of follow-up,
the self-care ability and quality of life of the non-mutant
group were gradually worse than that of the mutant group
(Figure 4).

In our subgroup analysis according to gender, we ob-
served longitudinal differences in the female group in
part IV (#=0.633, FDR-adjusted p <0.001) of the MDS-
UPDRS scale, indicating differences in motor complica-
tions over time, with faster progression in the PD-G2019S
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FIGURE 2 Results of the cross-sectional analysis and longitudinal analysis of PD with and without LRRK2 G2019S mutation
represented by heat maps. Heat is expressed using visualized FDR-adjusted p-values (—log10, p value). Visualized FDR-adjusted p values
>—1.3 correspond to p values <0.05. If the FDR-adjusted p value is significant, it is indicated with an asterisk in the relevant heatmap:
*#%0.001, **0.01, * 0.05. ADL, activities of daily living; BILOT, Benton Judgment of Line Orientation Test; FDR, false discovery rate; GDS,
Geriatric Depression Scale; HVLT, Hopkins Verbal Learning Test; MDS-UPDRS, Movement Disorder Society-Sponsored Revision of the
Unified Parkinson Disease Rating Scale; MoCA, Mechanism of Coordinated Access; PD, Parkinson's disease; QUIP, Questionnaire for
Impulsive-Compulsive Disorders in Parkinson's Disease; RBD, rapid eye movement (REM) sleep behavior disorder; SCOPA-AUT, Scales for
Outcomes in Parkinson's Disease — Autonomic; SDMT, Symbol Digit Modalities Test; SFT, Semantic Fluency Test; STAI State-Trait Anxiety

Inventory; UPSIT, University of Pennsylvania Smell Identification Test.

group. For the male subgroup, the differences in MDS-
UPDRS part I, IV, QUIP, and SCOPA-Thermoregulatory
scale scores were comparable to the overall PD analysis.

Longitudinal assessment of biomarkers

In our longitudinal analysis of biomarkers, before
FDR correction we observed differences between the
PD+G2019S and PD-G2019S groups. CSF A,_,, levels
were consistently lower in the PD+G2019S group com-
pared to the PD-G2019S group throughout the follow-up
period (f=-0.263, p=0.041). In the male subgroup, we
observed that serum NFL levels were consistently higher

in the PD+G2019S group compared to the PD-G2019S
group, and this difference increased over time (f#=0.256,
p=0.012), indicating potential neuronal damage or neu-
rodegeneration associated with the LRRK2 G2019S
mutation. Unfortunately, after FDR correction, these dif-
ferences do not exist.

DISCUSSION

Our study offers a comprehensive analysis of PD associ-
ated with the LRRK2 G2019S mutation, shedding light on
the clinical and biological characteristics of this specific
genetic variant. Through our investigation, we identified
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several key findings that advance our understanding of
LRRK2-associated PD.

Our findings confirm the notion that individuals with
the LRRK2 G2019S mutation exhibit a more severe clinical
presentation at the baseline.>"*** This was evident from
their higher MDS-UPDRS scores, lower MoCA scores, and
impaired thermoregulation, impulse control, and self-care
abilities. These observations are consistent with prior
research but also reveal nuanced differences. Although
these baseline differences may not be sufficient to lead
to clinically meaningful changes, they may be differen-
tiated over time. The slower rate of disease progression
in LRRK2 G2019S carriers, accompanied by a reduction
in impulse control problems, was a surprising finding.
This may involve complex compensatory mechanisms

and cellular repair processes that may help slow disease
progression. This observation suggests that the effect of
G2019S mutations on the disease process may not be just
linear, but influenced by multiple factors. The variability
in disease progression among different populations sug-
gests that further exploration is needed.***™* This may
involve the interaction of genetic, environmental, and
other unknown factors that have a complex effect on dis-
ease progression in LRRK2 G2019S carriers. Therefore, we
emphasize the importance of studying small effect sizes
to more fully understand these subtle differences and pro-
vide more precise protocols for future interventions and
treatments.

The underlying mechanism for this phenomenon is
not yet fully understood, and it remains important to
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investigate whether G2019S carriers experience a lon-
ger diagnostic delay, which could contribute to their
later disease onset. Although all participants in our
study were recruited within 2years of diagnosis, varia-
tions in actual disease duration between the two groups
may impact the comparisons. The delayed age of onset
in G2019S carriers has not been reported in current lit-
erature, and we hypothesize that G2019S carriers may
experience longer diagnostic delays, leading to a later
disease onset. However, further research is needed to
explore and explain this phenomenon. It has been sug-
gested that the absence of notable differences in disease
progression between the two groups may be attributed
to a “ceiling effect” in the mutant group, where their
baseline symptoms are already extremely severe, leav-
ing limited room for further progression. However, our
analysis indicates that the likelihood of such a situa-
tion is not high. Although the baseline symptoms in the
mutation group are indeed severe, it appears that they
may not reach a peak state. Therefore, additional inves-
tigation is warranted to elucidate the factors influenc-
ing disease progression in individuals with the G2019S
mutation.

In terms of sex differences, in men, the presence
of the G2019S mutation was associated with lower motor
capacity, cognition, and quality of life, and higher QUIP
and thermoregulatory disorder scores showed that motor
symptoms, cognitive impairment, and thermoregulation
deficits were more severe in the mutant group than in
the male non-mutant group at baseline. Although these
dysfunctions progressed more rapidly in the non-mutant
group, they often surpassed the mutant group by the end
of follow-up. The clinical significance of these small ef-
fects may lie in the fact that mutation carriers exhibit
more pronounced impairments in motor and cognitive
function and more severe thermoregulation problems
in the earlier stages of the disease. Although these dif-
ferences decreased over the course of follow-up, they
still shed light on specific aspects of G2019S mutations
in men with PD, contributing to a better understanding
of the relationship between G2019S mutations and dis-
ease presentation, and providing a basis for individual-
ized treatment plans. It also highlights the importance
of considering gender differences in clinical practice to
better meet the specific needs of patients and optimize
treatment outcomes.

Based on previous reports of research on biomark-
ers associated with LRRK2 G2019S mutations in PD, we
identified a number of potential candidates.’®>* We ob-
served higher serum NFL at baseline in the PD +G2019S
mutant group, which may be associated with a higher risk
of motor or cognitive progress.” In addition, the ratios of

13,45,49

some biomarkers also have potential research significance.
This provides valuable insights into the biomarker profile
associated with LRRK2 G2019S mutations in PD and lays
the foundation for further research in this area.

The results have triggered further contemplation re-
garding the connection between LRRK2-G2019S and the
pathobiology of PD. Numerous investigations have estab-
lished a strong correlation between the LRRK2-G2019S
mutation and PD, and it is considered an ideal model for
studying Parkinson's disease.”® The protein produced by
LRRK2 is a prospective kinase with a central role in PD,’?
especially in specific instances of hereditary and sporadic
occurrences of the ailment. This mutation is thought to
have a close association with irregularities in mitochon-
drial dysfunction,18 oxidative stress,”’ autophagy,ls’16 and
neuroinflammation.'® Our findings seem to substantiate
the idea that individuals bearing the LRRK2-G2019S mu-
tation may exhibit more severe symptoms earlier in their
disease progression, which might be partially attributed to
the worsening of the aforementioned pathological mecha-
nisms. However, paradoxically, their condition appears to
progress at a relatively moderate rate, potentially involv-
ing intricate compensatory mechanisms and cellular res-
toration processes.’®

Our study'’s strength lies in the comprehensive analysis
that combines cross-sectional and longitudinal approaches,
offering a holistic view of the clinical and biological fea-
tures associated with the LRRK2 G2019S mutation in PD.
However, we acknowledge certain limitations. Medication
effects and non-pharmacological treatments may intro-
duce bias into our results, necessitating future refinement.
Furthermore, the applicability of our findings to different
populations, particularly Asians,”® should be considered,
as the LRRK2 G2019S mutation's prevalence varies by re-
gion and ethnicity. Future studies should involve larger,
more diverse cohorts to validate our findings.

In conclusion, our study advances our knowledge of
LRRK?2-associated PD by revealing distinct clinical fea-
tures, gender differences, and potential biomarkers as-
sociated with the G2019S mutation. These findings offer
valuable insights into the pathogenesis and progression of
LRRK2-related PD, emphasizing the need for personalized
treatment approaches. Our research not only contributes
to the understanding of PD genetics but also emphasizes
the importance of a comprehensive approach that com-
bines clinical, biological, and gender-specific consider-
ations in unraveling the complexity of this disease.

AUTHOR CONTRIBUTIONS

X.S. and L.X. wrote the manuscript. K.D. and A.X. de-
signed the research. Y.X. and Y.Y. performed the research.
X.S. analyzed the data.



LRRK2 G2019S-ASSOCIATED PARKINSON'S DISEASE

| 13 0f 15

ACKNOWLEDGMENTS

Data used in the preparation of this article were obtained
on March 3, 2021, from the Parkinson's Progression
Markers Initiative (PPMI) database (www.ppmi-info.
org/access-dataspecimens/download-data), RRID:SCR
006431. For up-to-date information on the study, visit
www.ppmi-info.org. PPMI - a public-private partner-
ship - is funded by the Michael J. Fox Foundation
for Parkinson's Research and funding partners, in-
cluding AskBio, Avid Radiopharmaceuticals, BIAL,
Biogen, Biohaven, BioLegend, BlueRock Therapeutics,
Bristol-Myers ~ Squibb, Calico Labs, Celgene,
Cerevel Therapeutics, Coave Therapeutics, DaCapo
Brainscience, Denali, Edmond J. Safra Foundation, Eli
Lilly, Gain Therapeutics, GE HealthCare, Genentech,
GSK, Golub Capital, Handl Therapeutics, Insitro,
Janssen Neuroscience, Lundbeck, Merck, Meso
Scale Discovery, Mission Therapeutics, Neurocrine
Biosciences, Pfizer, Piramal, Prevail Therapeutics,
Roche, Sanofi, Servier, Sun Pharma Advanced Research
Company, Takeda, Teva, UCB, Vanqua Bio, Verily,
Voyager Therapeutics, the Weston Family Foundation,
and Yumanity Therapeutics. The authors would like
to express sincere thanks to all the editors and review-
ers for their valuable comments on the revision of this
manuscript.

FUNDING INFORMATION

This study was supported by grants from the National
Natural Science Foundation of China (grant numbers
81971192 and 81901323).

CONFLICT OF INTEREST STATEMENT
The authors declared no competing interests for this work.

DATA AVAILABILITY STATEMENT

The data generated and analyzed during the current study
are available in the PPMI database (https://www.ppmi-
info.org/access-data-specimens/download-data).

ORCID
Xiaohui Sun
Kaixin Dou

https://orcid.org/0000-0002-5743-8375
https://orcid.org/0000-0002-6677-3511
Li Xue ©© https://orcid.org/0000-0001-8240-1753
Yijie Xie (2 https://orcid.org/0009-0002-2309-7688
Yong Yang (© https://orcid.org/0000-0002-9094-7868
Anmu Xie (© https://orcid.org/0000-0003-2591-467X

REFERENCES
1. Erkkinen MG, Kim MO, Geschwind MD. Clinical neurology and
epidemiology of the major neurodegenerative diseases. Cold
Spring Harb Perspect Biol. 2018;10(4):a033118. d0i:10.1101/csh-

perspect.a033118

10.

11.

12.

13.

14.

16.

17.

18.

19.

ASCPT
Kalia LV, Lang AE. Parkinson's disease. Lancet.
2015;386(9996):896-912. doi:10.1016/s0140-6736(14)61393-3
Rocha EM, Keeney MT, Di Maio R, et al. LRRK2 and idiopathic
Parkinson's disease. Trends Neurosci. 2022;45(3):224-236.
doi:10.1016/].tins.2021.12.002
Jankovic J, Tan EK. Parkinson's disease: etiopathogenesis and
treatment. J Neurol Neurosurg Psychiatry. 2020;91(8):795-808.
doi:10.1136/jnnp-2019-322338
Healy DG, Falchi M, O'Sullivan SS, et al. Phenotype, geno-
type, and worldwide genetic penetrance of LRRK2-associated
Parkinson's disease: a case-control study. Lancet Neurol.
2008;7(7):583-590. doi:10.1016/s1474-4422(08)70117-0
Somme JH, Molano Salazar A, Gonzalez A, et al. Cognitive and be-
havioral symptoms in Parkinson's disease patients with the G2019S
and R1441G mutations of the LRRK2 gene. Parkinsonism Relat
Disord. 2015;21(5):494-499. doi:10.1016/j.parkreldis.2015.02.019
Pont-Sunyer C, Iranzo A, Gaig C, et al. Sleep disorders in parkin-
sonian and nonparkinsonian LRRK2 mutation carriers. PLoS
One. 2015;10(7):e0132368. doi:10.1371/journal.pone.0132368
Ferndndez-Santiago R, Iranzo A, Gaig C, et al. Absence of
LRRK?2 mutations in a cohort of patients with idiopathic REM
sleep behavior disorder. Neurology. 2016;86(11):1072-1073.
doi:10.1212/wnl.0000000000002304
Marras C, Schiile B, Munhoz RP, et al. Phenotype in par-
kinsonian and nonparkinsonian LRRK2 G2019S muta-
tion carriers. Neurology. 2011;77(4):325-333. doi:10.1212/
WNL.0b013e318227042d
Thaler A, Mirelman A, Gurevich T, et al. Lower cognitive perfor-
mance in healthy G2019S LRRK2 mutation carriers. Neurology.
2012;79(10):1027-1032. doi:10.1212/WNL.0b013e3182684646
Myasnikov A, Zhu H, Hixson P, et al. Structural analysis of the
full-length human LRRK2. Cell. 2021;184(13):3519-3527.e10.
doi:10.1016/j.cell.2021.05.004
Monfrini E, Di Fonzo A. Leucine-rich repeat kinase (LRRK2)
genetics and Parkinson's disease. Adv Neurobiol. 2017;14:3-30.
doi:10.1007/978-3-319-49969-7_1
Shu L, Zhang Y, Pan H, et al. Clinical heterogeneity among
LRRK2 variants in Parkinson's disease: a meta-analysis. Front
Aging Neurosci. 2018;10:283. doi:10.3389/fnagi.2018.00283
Russo I, Bubacco L, Greggio E. LRRK2 and neuroinflammation:
partners in crime in Parkinson's disease? J Neuroinflammation.
2014;11:52. d0i:10.1186/1742-2094-11-52
Boecker CA, Holzbaur ELF. Hyperactive LRRK2 kinase im-
pairs the trafficking of axonal autophagosomes. Autophagy.
2021;17(8):2043-2045. doi:10.1080/15548627.2021.1936933
Pang SY, Lo RCN, Ho PW, et al. LRRK2, GBA and their interac-
tion in the regulation of autophagy: implications on therapeu-
tics in Parkinson's disease. Transl Neurodegener. 2022;11(1):5.
doi:10.1186/s40035-022-00281-6
Kim J, Pajarillo E, Rizor A, et al. LRRK2 kinase plays a criti-
cal role in manganese-induced inflammation and apoptosis in
microglia. PLoS One. 2019;14(1):e0210248. doi:10.1371/journal.
pone.0210248
Malpartida AB, Williamson M, Narendra DP, Wade-Martins
R, Ryan BJ. Mitochondrial dysfunction and mitophagy in
Parkinson's disease: from mechanism to therapy. Trends
Biochem Sci. 2021;46(4):329-343. doi:10.1016/j.tibs.2020.11.007
Cabezudo D, Baekelandt V, Lobbestael E. Multiple-hit hypoth-
esis in Parkinson's disease: LRRK2 and inflammation. Front
Neurosci. 2020;14:376. doi:10.3389/fnins.2020.00376


http://www.ppmi-info.org/access-dataspecimens/download-data
http://www.ppmi-info.org/access-dataspecimens/download-data
http://www.ppmi-info.org
https://www.ppmi-info.org/access-data-specimens/download-data
https://www.ppmi-info.org/access-data-specimens/download-data
https://orcid.org/0000-0002-5743-8375
https://orcid.org/0000-0002-5743-8375
https://orcid.org/0000-0002-6677-3511
https://orcid.org/0000-0002-6677-3511
https://orcid.org/0000-0001-8240-1753
https://orcid.org/0000-0001-8240-1753
https://orcid.org/0009-0002-2309-7688
https://orcid.org/0009-0002-2309-7688
https://orcid.org/0000-0002-9094-7868
https://orcid.org/0000-0002-9094-7868
https://orcid.org/0000-0003-2591-467X
https://orcid.org/0000-0003-2591-467X
https://doi.org//10.1101/cshperspect.a033118
https://doi.org//10.1101/cshperspect.a033118
https://doi.org//10.1016/s0140-6736(14)61393-3
https://doi.org//10.1016/j.tins.2021.12.002
https://doi.org//10.1136/jnnp-2019-322338
https://doi.org//10.1016/s1474-4422(08)70117-0
https://doi.org//10.1016/j.parkreldis.2015.02.019
https://doi.org//10.1371/journal.pone.0132368
https://doi.org//10.1212/wnl.0000000000002304
https://doi.org//10.1212/WNL.0b013e318227042d
https://doi.org//10.1212/WNL.0b013e318227042d
https://doi.org//10.1212/WNL.0b013e3182684646
https://doi.org//10.1016/j.cell.2021.05.004
https://doi.org//10.1007/978-3-319-49969-7_1
https://doi.org//10.3389/fnagi.2018.00283
https://doi.org//10.1186/1742-2094-11-52
https://doi.org//10.1080/15548627.2021.1936933
https://doi.org//10.1186/s40035-022-00281-6
https://doi.org//10.1371/journal.pone.0210248
https://doi.org//10.1371/journal.pone.0210248
https://doi.org//10.1016/j.tibs.2020.11.007
https://doi.org//10.3389/fnins.2020.00376

140f15 |

SUN ET AL.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

ASCPT
Cookson MR. LRRK2 pathways leading to neurodegenera-
tion. Curr Neurol Neurosci Rep. 2015;15(7):42. do0i:10.1007/
$11910-015-0564-y
Marek K, Chowdhury S, Siderowf A, et al. The Parkinson's
progression markers initiative (PPMI) - establishing a PD bio-
marker cohort. Ann Clin Transl Neurol. 2018;5(12):1460-1477.
doi:10.1002/acn3.644
The Parkinson progression marker
Prog Neurobiol. 2011;95(4):629-635.
pneurobio.2011.09.005
Goetz CG, Tilley BC, Shaftman SR, et al. Movement Disorder
Society-sponsored revision of the Unified Parkinson's Disease
Rating Scale (MDS-UPDRS): scale presentation and clinimetric
testing results. Mov Disord. 2008;23(15):2129-2170. doi:10.1002/
mds.22340
Benedict RH. Brief Visuospatial Memory Test-Revised. PAR;
1997.
Benedict RH, Schretlen D, Groninger L, et al. Hopkins ver-
bal learning test-revised: normative data and analysis of
inter-form and test-retest reliability. Clin Neuropsychol.
1998;12(1):43-55.
Benton AL. Contributions to Neuropsychological Assessment: A
Clinical Manual. Oxford University Press; 1994.
Ruff R, Light R, Parker S, et al. Benton controlled oral word
association test: reliability and updated norms. Arch Clin
Neuropsychol. 1996;11(4):329-338.
Drozdick LW, Raiford SE, Wahlstrom D, et al. The Wechsler
Adult Intelligence Scale—Fourth Edition and the Wechsler
Memory Scale—Fourth Edition. 2018.
Smith A. Symbol digit modalities test: Western psychological
services Los Angeles. 1973.
Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal
Cognitive Assessment, MoCA: a brief screening tool for mild
cognitive impairment. J Am Geriatr Soc. 2005;53(4):695-699.
Yesavage JA, Brink TL, Rose TL, et al. Development and vali-
dation of a geriatric depression screening scale: a preliminary
report. J Psychiatr Res. 1982;17(1):37-49.
Spielberger CD, Gonzalez-Reigosa F, Martinez-Urrutia A, et al.
Development of the Spanish edition of the state-trait anxiety
inventory. Rev Int Psicol/Int J Psychol. 1971;5(3-4):145-158.
Weintraub D, Hoops S, Shea JA, et al. Validation of the ques-
tionnaire for impulsive-compulsive disorders in Parkinson's
disease. Mov Disord. 2009;24(10):1461-1467.
Visser M, Marinus J, Stiggelbout AM, van Hilten JJ. Assessment
of autonomic dysfunction in Parkinson's disease: the SCOPA-
AUT. Mov Disord. 2004;19(11):1306-1312.
Johns MW. A new method for measuring daytime sleepiness:
the Epworth Sleepiness Scale. Sleep. 1991;14(6):540-545.
Stiasny-Kolster K, Mayer G, Schifer S, Moller JC, Heinzel-
Gutenbrunner M, Oertel WH. The REM sleep behavior disorder
screening questionnaire—a new diagnostic instrument. Mov
Disord. 2007;22(16):2386-2393.
Sensonics I. Manufacture of the University of Pennsylvania
Smell Identification (UPSIT). https://sensonics.com/.
Doty RL, Shaman P, Dann M. Development of the University
of Pennsylvania Smell Identification Test: a standardized mi-
croencapsulated test of olfactory function. Physiol Behav.
1984;32(3):489-502.
McRae C, Diem G, Vo A, O'Brien C, Seeberger L. Reliability
of measurements of patient health status: a comparison of

initiative (PPMI).
doi:10.1016/j.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

physician, patient, and caregiver ratings. Parkinsonism Relat
Disord. 2002;8(3):187-192. doi:10.1016/s1353-8020(01)00009-8
Simuni T, Uribe L, Cho HR, et al. Clinical and dopamine trans-
porter imaging characteristics of non-manifest LRRK2 and
GBA mutation carriers in the Parkinson's Progression Markers
Initiative (PPMI): a cross-sectional study. Lancet Neurol.
2020;19(1):71-80. doi:10.1016/s1474-4422(19)30319-9

Hulihan MM, Ishihara-Paul L, Kachergus J, et al. LRRK2
Gly2019Ser penetrance in Arab-Berber patients from Tunisia:
a case-control genetic study. Lancet Neurol. 2008;7(7):591-594.
doi:10.1016/s1474-4422(08)70116-9

Gatto EM, Parisi V, Converso DP, et al. The LRRK2 G2019S
mutation in a series of Argentinean patients with Parkinson's
disease: clinical and demographic characteristics. Neurosci Lett.
2013;537:1-5. doi:10.1016/j.neulet.2013.01.011

Yahalom G, Orlev Y, Cohen OS, et al. Motor progression
of Parkinson's disease with the leucine-rich repeat kinase
2 G2019S mutation. Mov Disord. 2014;29(8):1057-1060.
do0i:10.1002/mds.25931

Trinh J, Amouri R, Duda JE, et al. Comparative study of
Parkinson's disease and leucine-rich repeat kinase 2 p.G2019S
parkinsonism.  Neurobiol = Aging.  2014;35(5):1125-1131.
doi:10.1016/j.neurobiolaging.2013.11.015

Ben Romdhan S, Farhat N, Nasri A, et al. LRRK2 G2019S
Parkinson's disease with more benign phenotype than idio-
pathic. Acta Neurol Scand. 2018;138(5):425-431.

Marras C, Alcalay RN, Caspell-Garcia C, et al. Motor and
nonmotor heterogeneity of LRRK2-related and idiopathic
Parkinson's disease. Mov Disord. 2016;31(8):1192-1202.
do0i:10.1002/mds.26614

Saunders-Pullman R, Mirelman A, Alcalay RN, et al. Progression
in the LRRK2-asssociated Parkinson disease population. JAMA
Neurol. 2018;75(3):312-319. doi:10.1001/jamaneurol.2017.4019
Deng X, Xiao B, Li HH, et al. Four-year longitudinal study
of motor and non-motor symptoms in LRRK2-related
Parkinson's disease. Front Neurol. 2019;10:1379. doi:10.3389/
fneur.2019.01379

San Luciano M, Wang C, Ortega RA, et al. Sex differences in
LRRK2 G2019S and idiopathic Parkinson's disease. Ann Clin
Transl Neurol. 2017;4(11):801-810. doi:10.1002/acn3.489
Garrido A, Fairfoul G, Tolosa ES, Marti MJ, Green A, the
Barcelona LRRK2 Study Group. a-Synuclein RT-QuIC in cere-
brospinal fluid of LRRK2-linked Parkinson's disease. Ann Clin
Transl Neurol. 2019;6(6):1024-1032. doi:10.1002/acn3.772
Garrido A, Santamaria E, Fernandez-Irigoyen J, et al. Differential
phospho-signatures in blood cells identify LRRK2 G2019S carri-
ers in Parkinson's disease. Mov Disord. 2022;37(5):1004-1015.
Aasly JO, Shi M, Sossi V, et al. Cerebrospinal fluid amyloid
and tau in LRRK2 mutation carriers. Neurology. 2012;78(1):55-
61. doi:10.1212/WNL.0b013e31823ed101

Brockmann K, Schulte C, Deuschle C, et al. Neurodegenerative
CSF markers in genetic and sporadic PD: classification and
prediction in a longitudinal study. Parkinsonism Relat Disord.
2015;21(12):1427-1434. doi:10.1016/j.parkreldis.2015.10.008
Johansen KK, Wang L, Aasly JO, et al. Metabolomic pro-
filing in LRRK2-related Parkinson's disease. PLoS One.
2009;4(10):e7551. doi:10.1371/journal.pone.0007551

Lin CH, Li CH, Yang KC, et al. Blood NfL: a biomarker for dis-
ease severity and progression in Parkinson disease. Neurology.
2019;93(11):e1104-e1111. doi:10.1212/wnl.0000000000008088


https://doi.org//10.1007/s11910-015-0564-y
https://doi.org//10.1007/s11910-015-0564-y
https://doi.org//10.1002/acn3.644
https://doi.org//10.1016/j.pneurobio.2011.09.005
https://doi.org//10.1016/j.pneurobio.2011.09.005
https://doi.org//10.1002/mds.22340
https://doi.org//10.1002/mds.22340
https://sensonics.com/
https://doi.org//10.1016/s1353-8020(01)00009-8
https://doi.org//10.1016/s1474-4422(19)30319-9
https://doi.org//10.1016/s1474-4422(08)70116-9
https://doi.org//10.1016/j.neulet.2013.01.011
https://doi.org//10.1002/mds.25931
https://doi.org//10.1016/j.neurobiolaging.2013.11.015
https://doi.org//10.1002/mds.26614
https://doi.org//10.1001/jamaneurol.2017.4019
https://doi.org//10.3389/fneur.2019.01379
https://doi.org//10.3389/fneur.2019.01379
https://doi.org//10.1002/acn3.489
https://doi.org//10.1002/acn3.772
https://doi.org//10.1212/WNL.0b013e31823ed101
https://doi.org//10.1016/j.parkreldis.2015.10.008
https://doi.org//10.1371/journal.pone.0007551
https://doi.org//10.1212/wnl.0000000000008088

LRRK2 G2019S-ASSOCIATED PARKINSON'S DISEASE

| 150f15

56. Ren C, Ding Y, Wei S, et al. G2019S variation in LRRK2: an
ideal model for the study of Parkinson's disease? Front Hum
Neurosci. 2019;13:306. doi:10.3389/fnhum.2019.00306

57. Chang KH, Chen CM. The role of oxidative stress in Parkinson's
disease. Antioxidants (Basel). 2020;9(7):597. doi:10.3390/
antiox9070597

58. Plowey ED, Chu CT. Synaptic dysfunction in genetic models
of Parkinson's disease: a role for autophagy? Neurobiol Dis.
2011;43(1):60-67. doi:10.1016/.nbd.2010.10.011

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

ASCPT

How to cite this article: Sun X, Dou K, Xue L,
XieY, Yang Y, Xie A. Comprehensive analysis of
clinical and biological features in Parkinson's
disease associated with the LRRK2 G2019S
mutation: Data from the PPMI study. Clin Transl
Sci. 2024;17:€13720. doi:10.1111/cts.13720



https://doi.org//10.3389/fnhum.2019.00306
https://doi.org//10.3390/antiox9070597
https://doi.org//10.3390/antiox9070597
https://doi.org//10.1016/j.nbd.2010.10.011
https://doi.org/10.1111/cts.13720

	Comprehensive analysis of clinical and biological features in Parkinson's disease associated with the LRRK2 G2019S mutation: Data from the PPMI study
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Study design
	Participants
	Data source
	Outcomes
	Statistical analysis
	Ethics statement

	RESULTS
	Characterization of participants at baseline
	Cross-­sectional analysis of PD with and without the LRRK2 G2019S mutation
	Baseline assessment of motor symptoms and non-­motor symptoms
	Baseline assessment of biomarkers

	Longitudinal analysis of PD with and without the LRRK2 G2019S mutation
	Longitudinal assessment of motor symptoms and non-­motor symptoms
	Longitudinal assessment of biomarkers


	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


