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Introduction

Parkinson disease (PD) is a neurodegenerative disease
with a diagnosis that remains clinically based on the

Abstract

Objective: Parkinson’s disease (PD) presents clinically with several motor sub-
types that exhibit variable treatment response and prognosis. Here, we investi-
gated genetic variants for their potential association with PD motor phenotype
and progression. Methods: We screened 10 SNPs, previously associated with
PD risk, for association with tremor-dominant (TD) versus postural-instability
gait disorder (PIGD) motor subtypes. SNPs that correlated with the TD/PIGD
ratio in a discovery cohort of 251 PD patients were then evaluated in a multi-
site replication cohort of 559 PD patients. SNPs associated with motor pheno-
type in both cross-sectional cohorts were next evaluated for association with
(1) rates of motor progression in a longitudinal subgroup of 230 PD patients
and (2) brain alpha-synuclein (SNCA) expression in the GTEx (Genotype-Tis-
sue Expression project) consortium database. Results: Genotype at rs356182,
near SNCA, correlated with the TD/PIGD ratio in both the discovery (Bonfer-
roni-corrected P = 0.04) and replication cohorts (P = 0.02). The rs356182 GG
genotype was associated with a more tremor-predominant phenotype and pre-
dicted a slower rate of motor progression (1-point difference in annual rate of
UPDRS-III motor score change, P = 0.01). The rs356182 genotype was associ-
ated with SNCA expression in the cerebellum (P = 0.005). Interpretation: Our
study demonstrates that the GG genotype at rs356182 provides molecular defi-
nition for a clinically important endophenotype associated with (1) more tre-
mor-predominant motor phenomenology, (2) rates of motor
progression, and (3) decreased brain expression of SNCA. Such molecularly
defined endophenotyping in PD may benefit both clinical trial design and tai-

slower

loring of clinical care as we enter the era of precision medicine.

presence of cardinal motor symptoms of tremor, bradyki-
nesia, rigidity, and postural instabili‘[y.1 Yet within PD,
there is remarkable heterogeneity in terms of symptoma-
tology and rate of progression.”*  Ascertaining
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endophenotypes (i.e, motor phenotypes with a clear
genetic connection) linked to differential clinical presenta-
tions and rates of progression would benefit patient care
and the design of clinical trials.

On clinical grounds, there have been multiple attempts
to define motor subtypes of PD.>'” Two of the most rec-
ognized are tremor-dominant (TD) and postural instabil-
ity and gait difficulty (PIGD) subtypes.” The classification
of TD and PIGD is based on the ratio of tremor to axial
(nontremor) scores from the motor subscale of the Uni-
fied Parkinson Disease Rating Scale (UPDRS)."! This clas-
sification of TD and PIGD is not immutable, and up to
78% of individuals may convert from TD to PIGD over
time.>'? This instability of clinical classification highlights
the need for biological and molecular subtyping. As it
stands, however, the TD and PIGD motor subtypes do
provide a phenomenological classification that is easily
understood by most PD clinicians.

The TD and PIGD phenotypes have been associated
with different clinical trajectories. The TD subtype has
been associated with slower motor progression.'> The
PIGD subtype, in contrast, has been associated with

12,1416
or demen-

increased risk for cognitive impairment
tia,">'> depression,™”'® impulsivity,'® less responsiveness
to levodopa,® poorer quality of life,'” greater disability,’
and greater mortality risk.’”*" These differences suggest
that individuals with the TD subtype overall have a more
benign clinical course and may have different biological
and molecular underpinnings than the PIGD subtype.

However, the pathophysiologic differences between
motor subtypes remain unknown. We sought to ascertain
a molecular delineation of PD motor subtypes, and an
understanding of why molecularly defined groups might
differ in progression. To these ends, we investigated sin-
gle-nucleotide polymorphisms (SNPs) previously associ-
ated with risk for development of PD and assessed if they
are also associated with motor subtype, disease progres-
sion, and gene expression.

Methods

Subjects

Two clinical cohorts were used in this study. All partici-
pants had a diagnosis of PD by UK PD Society Brain
Bank Clinical Diagnostic criteria.'

University of Pennsylvania (UPenn) Cohort

Two hundred and fifty-one subjects with PD have been
recruited to the UPenn Udall Center, a longitudinal
observational research cohort, and all available subjects
were used for this study. The subjects are followed on an
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annual basis for the first 4 years, and a biennial basis
thereafter. The collection and utilization of the data was
approved by the UPenn Institutional Review Board. The
baseline study visit data were used for the cross-sectional
analysis in this study, and all completed follow-up visits
(available for 230/251 patients) were included in the lon-
gitudinal analysis. Of the 251 subjects, 82 have died, and
these subjects, along with three additional subjects who
were initially enrolled in the Udall cohort but had insuffi-
cient data for determination of TD/PIGD ratio, were
included in the secondary analysis as the 85-subject
autopsy cohort.

Replication cohort

A total of 559 subjects with PD were recruited in the
replication cohort. These subjects were recruited to obser-
vational research cohorts at the Pacific Northwest Udall
Center (PANUC) in Seattle and Portland, and the Univer-
sity of Cincinnati Parkinson’s disease research centers.
The collection and utilization of this data was approved
by their respective Institutional Review Boards.

Clinical assessment

In the UPenn cohort, subjects underwent reassessment of
their PD with the UPDRS at each study visit. The TD/
PIGD ratios were calculated using items from parts II (ac-
tivities of daily living) and III (motor examination) of the
UPDRS (UPDRS-II and UPDRS-III), as previously
described.” In brief, the TD/PIGD ratio consists of the
average tremor score divided by the average PIGD score.
To avoid a non-numerical result, for ratios with an aver-
age PIGD score of 0, the subject’s tremor score was sub-
stituted as the value of the TD/PIGD ratio. We utilized
the TD/PIGD ratio for our analysis, rather than strict cat-
egorization as TD or PIGD, in order to capture what in
reality is a continuum of phenotypic variation.

In the replication cohort, the more recent version of
the UPDRS, the Movement Disorder Society (MDS)—
UPDRS,** was used for motor assessments. Calculations
of the TD/PIGD ratio with the MDS-UPDRS versus the
UPDRS have been previously reported.”” We used the
items from Part III of the MDS-UPDRS to obtain average
tremor score and average PIGD score for each individual.
We then obtained TD/PIGD ratios in the same manner as
for the UPenn cohort. For detailed descriptions of the
exact items included, please see Data S1.

Genetic analysis

In discovery and replication cohorts, genotypes were ascer-
tained with the NeuroX genotyping array.”* Of the 28
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independent single-nucleotide polymorphisms (SNPs) pre-
viously reported to be associated with PD risk,”> the 10
SNPs with the most statistically significant associations
were included in our analyses. In some cases, proxy SNPs
were substituted for previously-reported risk SNPs, if the
previously reported SNPs were not represented on the Neu-
roX genotyping array, and the proxy SNP was in strong
linkage disequilibrium (LD) with the previously reported
SNP. The examined SNPs are presented in Table 1.

Statistical analysis

The open-source R statistical package was used for analy-
ses, and R-scripts are included in the Data S3.

Primary cross-sectional analyses

Linear regression models were used to assess cross-sec-
tional associations between genotype at a candidate SNP
and the TD/PIGD ratio, with covariates of age, sex, dura-
tion of PD, and total levodopa equivalent daily dose
(LEDD) included in the models, as indicated in the text.
In our screening analysis in the discovery cohort, we
made no assumptions about genetic model (major-allele-
dominant vs. codominant vs. minor-allele-dominant),
investigating genotypes as categorical variables instead.
Significant findings from the screening analysis were then
individually assessed, and specific genetic models were
applied as indicated in the text. Bonferroni correction was
used to adjust for multiple comparisons in our cross-sec-
tional analysis for a type I error rate of 0.05: 0.05/10
SNPs = 0.005. Two-tailed corrected P-values are reported
for all analyses.

Table 1. SNPs evaluated for association with motor subtype.

Minor allele frequencies

Minor  UPenn PD 1000

PD risk SNP Neighboring gene allele cohort Genomes
1571628662 GBA-SYT11 C 0.01 0.02
rs17649553 MAPT T 0.18 0.24
rs34311866 TMEM175-GAK-DGKQ C 0.21 0.19
rs12637471 MCCC1 A 0.20 0.20
rs1955337 STK39 T 0.13 0.12
rs6430538  ACMSD-TMEM163 T 0.49 0.50
rs11724635 BST1 C 0.41 0.44
rs823118 RAB7LT1-NUCKS C 0.39 0.47
rs356182 SNCA G 0.40 0.36
rs1077989 TMEM229B C 0.46 0.45

Ten single-nucleotide polymorphisms (SNPs) previously associated with
increased risk for PD were evaluated in this study. Minor allele fre-
quencies in the UPenn discovery cohort of 251 PD patients versus
minor allele frequencies for populations of European ancestry
(1000genomes.org, EUR cohort) are shown.

SNCA Variant and PD Endophenotype

Among previously reported PD genetic risk SNPs, we
chose the ten SNPs with the most statistically significant
associations, as indicated by P-value from the joint-phase
analysis reported by Nalls and coauthors® for screening
in our discovery cohort. SNPs found to significantly asso-
ciate with TD/PIGD ratio in the discovery cohort were
then tested for replication in the replication cohort, using
the same model and covariates applied to the discovery
cohort. We further performed a subanalysis of clinical site
(PANUC-Seattle, PANUC-Portland, or University of
Cincinnati) as an additional covariate in the replication
cohort.

Primary longitudinal analysis

SNPs found to significantly associate with the TD/PIGD
ratio in the cross-sectional analyses were tested for associ-
ation with motor progression. Specifically, linear mixed-
effects models®® were used to investigate the effect of
SNPs on rate of change in UPDRS-III scores, adjusting
for age, sex, baseline UPDRS-III score, and LEDD as
covariates. A random intercept term was included in the
linear mixed-effects model to account for correlations
among repeated measures of the UPDRS-III scores. The
fixed effects included SNP, time, interaction between SNP
and time, and the covariates mentioned above.

Secondary analyses

For the cross-sectional analysis, we examined the associa-
tion of each of the 10 SNPs with other motor outcomes
in the discovery cohort using linear regression models.
The motor outcomes investigated included tremor sub-
score, PIGD subscore, and UPDRS-III score. The linear
regression model included age, sex, PD duration, and
LEDD as covariates. In addition, SNPs found to correlate
significantly with TD/PIGD ratio in the original linear
model were further investigated in models omitting
covariates, as indicated in the text, to understand whether
observed associations were dependent on these covariates.
Finally, linear models using log-transformed values for
TD/PIGD ratio were investigated, incorporating the same
covariates as in the primary analyses, in order to correct
for potential effects of skewing of the distribution on our
results.

Similar secondary analyses investigating the effects of
including or omitting specific covariates were performed
for the longitudinal linear mixed-effect model analysis as
well.

Linear regression models covarying for sex and age at
onset were used to investigate the correlation between
genotypes and total disease duration within the autopsy
cohort.

© 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 17
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Analysis of eQTL effects and LD structure at
the SNCA locus

To determine whether rs356182 or other PD-associated
variants are located in predicted gene regulatory regions,
we visualized the regulatory histone mark histone h3 lysine
27 acetylation (H3K27ac)*”° in all available brain regions
on the WashU Epigenome Browser (http://epigenomegate-
way.wustl.edu/).”® To determine if rs356182 is associated
with SNCA levels in human brain, we used publicly avail-
able data from The Genotype-Tissue Expression (GTEx)
project,”’ which has performed RNA sequencing on brain
tissue from healthy donors, resulting in genotype and
expression phenotype data for ~50-100 normal individuals
in multiple different brain regions; information about sub-
jects and RNA quality can be found on the GTEx website
(www.gtexportal.org). We queried the association of
rs356182 with SNCA levels in frontal cortex (n = 92), cere-
bellar hemisphere (n = 89), caudate (termed caudate basal
ganglia in the GTEx dataset, n = 100), and substantia nigra
(n = 56). Finally, to determine the LD structure between
rs356182 and other PD-associated variants, we analyzed
genotype data from the 1000 Genomes Phase 1 CEU data
set”? using Haploview.”?

Results

Minor allele at rs356182, a SNP near SNCA,
is associated with a tremor-predominant
phenotype

Ten SNPs that have been previously linked to PD risk
were ascertained in 251 PD subjects in our initial single-
site cohort (UPenn Udall cohort, Tables S1, S2). The
median age of subjects was 71 years, with a median PD
duration of 7 years. 16% of these individuals showed a
tremor-predominant (TD) phenotype, and 68% showed a
PIGD phenotype, with the remainder falling in between,
an indeterminate phenotype.’

As shown in Table 2, this discovery screen yielded
rs356182, near SNCA, as a candidate variant associated
with TD/PIGD ratio (corrected P = 0.04 for the GG
genotype at rs356182). We evaluated the influence of
covariates in this model (Table 3), finding that adjust-
ment for additional covariates minimally affected our
results. In contrast, none of the 10 SNPs were signifi-
cantly associated with motor severity (i.e., UPDRS-III
score).

While our initial screen did not assume a specific
genetic model, visual inspection of the results suggested a
major-allele (A)-dominant model for the association
between motor phenotype and 1s356182 genotype
(Fig 1A). Applying a major-allele-dominant genetic model

C. A. Cooper et al.

Table 2. Association of SNP genotypes with TD/PIGD ratio in UPenn
discovery cohort.

P-value for association

PD risk SNP Genotype with TD/PIGD ratio
rs71628662 A_G 0.495
rs17649553 A_G 0.503
G_G 0.608
rs34311866 A_G 0.444
G_G 0.516
rs12637471 A_G 0.767
G_G 0.540
rs1955337 A_C 0.284
Cc_C 0.238
rs6430538 A_G 0.066
G_G 0.482
rs11724635 A_C 0.111
c_C 0.192
rs823118 A_G 0.771
G_G 0.812
rs356182 A_G 0.594
G_G 0.004+
rs1077989 A_C 0.340
c_C 0.713

Linear regressions were used to evaluate associations between geno-
types at 10 candidate SNPs and tremor-predominant (TD) versus pos-
tural instability gait disorder (PIGD) phenotypes. Models were adjusted
for age, sex, disease duration, and levodopa equivalent daily dose. P-
values are shown for each genotype in comparison with reference
genotype. Only one comparison genotype is shown for rs71628662
as this represents the GBA locus.

*indicates P-value meets Bonferroni-corrected P -value (0.005).

to our analysis did not affect the association between
rs356182 genotype and motor subtype (corrected
P =0.03), with the minor allele (G) homozygotes demon-
strating a more tremor-predominant phenotype (Fig 1B).
Log-transformation of TD/PIGD ratios (Fig. S1), to
account for skew in our distribution, similarly did not
affect our results (corrected P = 0.02).

Stratification by rs356182 genotype into minor allele
(G) homozygotes versus other genotypes yielded signifi-
cant differences in the proportion of patients with tre-
mor-predominant versus PIGD versus indeterminate
motor phenotypes, as expected. In contrast, GG homozy-
gotes did not differ from other rs356182 genotype carriers
with respect to age, sex, disease duration, UPDRS-III
score, or LEDD (Table S1).

Replication of association between rs356182
genotype and motor phenotype in a
multisite cohort

We next asked if the association between rs356182 geno-
type and motor phenotype observed in our discovery
cohort would replicate in PD cohorts from multiple

18 © 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Table 3. The minor allele at rs356182 near SNCA associates with tremor-predominant phenotypes in discovery and replication cohorts.

Discovery cohort Replication cohort

Covariates
Co-dominant A-allele dominant Co-dominant A-allele dominant
B P-value B P-value B P-value B P-value
Age + sex 0.55 0.029 0.56 0.015 0.31 0.128 0.42 0.020
Age + sex + disease duration 0.65 0.008 0.62 0.006 0.32 0.107 0.42 0.018
Age + sex + disease duration + LEDD 0.70 0.004 0.65 0.003 0.31 0.125 0.41 0.021
Age + sex + disease duration + LEDD + site 0.31 0.125 0.42 0.018

Linear regressions were used to evaluate associations between genotypes at rs356182 and tremor-predominant (TD) versus postural instability gait
disorder (PIGD) phenotypes. TD/PIGD ratios were predicted by genotype under codominant versus major allele (A)-dominant genetic models, with
covariates as indicated. In the codominant model, the coefficient represents the effect size for each additional G allele; in the A-dominant model,
the coefficient represents the effect size for the GG genotype. The discovery cohort consisted of 251 PD patients from the University of Pennsylva-
nia, while the replication cohort consisted of 559 PD patients from multiple clinical sites.

A B C

Discovery cohort (UPenn) Discovery cohort (UPenn)

Replication cohort

* IR —
g8y  |—— 8 :

o & o & o
B T - - ki
g g ' o)
] : O o
g 2 i g 2 =

] = :

] - o]

AA AG GG AAandA G G G AAandAG GG

genotype genotype genotype

Figure 1. Genotype at rs356182 near SNCA associates with tremor-predominant phenotype. (A, B) The tremor-dominant (TD)/postural-instability-
gait-difficulty (PIGD) ratio is shown for PD patients with each genotype at rs356182 in the UPenn (discovery) cohort (n = 251) under categorical
(Panel A) and major-allele dominant (Panel B) models. UPDRS scores were used to calculate TD/PIGD ratios, with a cut-off ratio of >1.5 previously
proposed to define the TD motor subtype. (C) The TD/PIGD ratio by rs356182 genotype is shown for PD patients from the 3-site replication
cohort (n = 559) under a major-allele dominant model. MDS-UPDRS scores were used to calculate ratios, with a cut-off ratio of >1.15 previously
proposed to define the TD motor subtype. 5/559 (0.9%) of individuals were outliers with TD/PIGD ratios >8 and are not shown; their TD/PIGD
ratio values are 13 (AA genotype), 12 (AA genotype), 10 (GG genotype), 9 (AA genotype), and 9 (AG genotype). For both panels, each dot
represents one individual, and means +/— SEMs are indicated. * denotes corrected p < 0.05

PIGD ratios in the replication cohort also did not affect
our results (P = 0.004).

clinical sites. In the replication cohort, 559 subjects were
recruited from three sites, and the demographics of this
multi-site replication cohort were similar to that of the
discovery cohort (Table S1). Because only the MDS-
UPDRS motor subscale was uniformly evaluated in all
three sites, tremor/PIGD ratios were calculated based only
on the relevant items of this subscale (see Data S2.). The
GG genotype at rs356182 again associated significantly

The minor allele at rs356182 is associated
with slower motor progression

Clinically, the TD phenotype has been associated with
slower rates of motor progression. Having defined a

with a more tremor-predominant phenotype in the
major-allele-dominant genetic model (P = 0.02, Fig. 1C).
Further adjusting our linear regression model for site
within the multi-site replication cohort did not alter the
results (P = 0.02, Table 3). Log transformation of TD/

potential genetic determinant of this TD phenotype, we
next asked if the minor allele at rs356182 is associated
with slower PD motor symptom progression.

To answer this question, we used the 230 individuals in
the UPenn discovery cohort who had undergone repeated

© 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 19
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UPDRS assessments for an average of 4 years (range: 1—
7 years, Fig 2A). Genotypic frequencies at rs356182 did
not differ in patients with longer versus shorter follow-up
times (Table S2). However, in a linear mixed-effects
model the GG genotype at rs356182 was associated with a
slower rate of motor progression (P = 0.01; Fig. 2B).
Specifically, the annual rate of increase in UPDRS-III
scores was approximately 1 point per year less in
rs356182 GG genotype carriers than in individuals with
AG or AA genotypes.

Given the observed association of rs356182 genotypes
with rate of motor progression, we asked whether the G
allele at this SNP was also associated with a longer overall
disease duration. Using linear regression models adjusting
for sex and age at disease onset, we found that rs356182
genotype correlated with total disease duration in an
autopsy cohort of 85 PD patients carriers (P = 0.007,
Table 4). Each additional G allele increased the disease
duration by 1.9 years.

The minor allele at rs356182 is associated
with lower levels of SNCA expression in the
brain

Having established an association between rs356182 and
motor phenotype as well as motor progression in PD, we
asked whether the genotype at rs356182 is associated with
levels of SNCA expression in the brain. The rs356182

A

Number of subjects
5

20-
10-
0

1 2 3 4 5
Years of follow up
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polymorphism lies 19 kb to the 3’ end of the SNCA gene
and is located in a region displaying the histone mark
H3K27ac in brain (Fig. 3A). As H3K27ac has been
reported to reliably mark gene regulatory
regions,””** these data suggest that rs356182 genotype
might affect SNCA regulation. We therefore hypothesized
that the effects of rs356182 genotype on motor phenotype
and rate of PD motor progression may reflect genotype-
based differences in levels of SNCA expression in the
brain. To investigate this, we analyzed recently released
GTEx Consortium data.

In postmortem samples from 89 normal individuals
from the GTex dataset, the rs356182 genotype was associ-
ated with SNCA expression levels in the cerebellum
(P = 0.005; Fig. 3B), with GG genotype carriers showing
the lowest levels of expression. In contrast, SNCA expres-
sion levels did not differ by rs356182 genotype in other
brain regions, including the substantia nigra, caudate and
frontal cortex.

active

Discussion

In this study, we evaluated 10 candidate SNPs previously
associated with global PD risk for effects on PD motor
endophenotype. In a 251-patient, single-site discovery
cohort, as well as a 559-patient, multi-site replication
cohort, the GG genotype at r1s356182, near the
SNCA gene, correlated cross-sectionally with a more

B

UPDRS-IIl score

LA e e L B e e e |

0.00 1.00 200 300 4.00 5.00 6.00

Years since baseline

Figure 2. Genotype at rs356182 predicts rate of motor progression. (A) 230 PD patients were followed longitudinally with assessment of motor
symptom scores with the UPDRS-IIl. The number of patients with various lengths of follow-up in our longitudinal cohort is shown. (B). Linear
mixed-effect models demonstrate that rs356182 genotype predicts rate of motor progression in these 230 patients. Means +/— SEMs are shown
for a model adjusted for age, sex, baseline UPDRS-IIl score, and LEDD. Note that individuals with the GG genotype at rs356182 have a 1-point
difference in annual rate of change in UPDRS-IIl, so that by year 6, GG genotype carriers have an average UPDRS-IIl score 6 points lower than

carriers of other genotypes. LEDD, levodopa equivalent daily dose.
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Table 4. Overview of the discovery, replication, and autopsy cohorts.

UPenn discovery  Replication Autopsy
cohort cohort Cohort
Median (IQR) Median (IQR) Median (IQR)
Sample size 251 559 85
Sex 70/30 70/30 78122
Male/Female
(%)
Age (years) 71 (64-76) 67 (62-74) 80 (77-83)
Disease duration 7 (4-11) 8 (4.5-12) 12 (9-17)
(years)
UPDRS-III total 22 (14.5-31) 26 (18-36)

LEDD (mg/day) 698.5 (400-1000) 700.8 (400-1210)
Motor subtype (%)

D 16.3 28.4
Indeterminate  15.5 2.7
PIGD 68.1 68.9

Medians +/— interquartile range (IQR) are shown. UPDRS-Ill, motor
section of the Unified Parkinson’s Disease Rating Scale; LEDD, Levo-
dopa equivalent daily dose. For details on individual items included in
motor subtype classification, see Methods and Data S1. 82/85 patients
in the autopsy cohort overlapped with the UPenn discovery cohort; 3/
85 individuals in the autopsy cohort had insufficient clinical data to
determine motor phenotype. For the autopsy cohort, age and disease
duration are shown at time of death. For the discovery and replication
cohorts, all demographic information shown is from the baseline visit.

tremor-predominant phenotype. Moreover, in longitudi-
nal analyses spanning up to 7 years in 230 PD patients,
rs356182 genotype predicted the rate of motor progres-
sion, with GG genotype carriers exhibiting a slower rate
of change in UPDRS-III scores. Finally, brain expression
quantitative trait locus (eQTL) data from 89 healthy indi-
viduals demonstrated a relationship between rs356182
genotype and expression levels of SNCA in the cerebel-
lum, with the GG genotype associated with lower levels of
expression. Taken together, our data provide molecular
support for an important endophenotype in PD that cor-
relates with brain SNCA expression, clinical features, and
long-term disease progression (Fig. 3C).

We found that the rs356182 GG genotype associates with
a more tremor-predominant phenotype in both our discov-
ery and replication cohorts, an association that persists
despite these two cohorts capturing motor phenomenology
using slightly different scales (UPDRS and the updated
MDS-UPDRS, respectively). In addition, the rs356182 GG
genotype associates with a slower rate of motor progres-
sion. Previously, the rs356182 genotype was linked to PD
risk by genome-wide association.”> Common variants at
the SNCA locus (Fig. 3A) have been reported to associate
with age at PD onset. These previously reported variants
include the Repl microsatellite variant near the SNCA pro-
moter,>” the 1s356165 SNP in the SNCA 3'UTR,* and the
1s356219 SNP 3’ to the SNCA gene.”” All three of these

SNCA Variant and PD Endophenotype

common variants demonstrate strong LD with rs356182
(r* > 0.7), and, in the case of each of these variants, the
genotypes associated with increased risk for PD were also
associated with earlier age at onset. We note, however, that
“translation” of these genotypic influences into more clini-
cally meaningful terms — influences on motor phenomenol-
ogy and rate of progression — has been more difficult. For
example, association of genotypes with clinically recogniz-
able motor subtypes has rarely been explored, although
some examples do exist.® Moreover, previous reports of
associations between common variants at SNCA and rate of
progression have yielded mixed results: while the 263 bp
Repl variant has been reported in one cohort of 232 PD
patients to be associated with faster rate of motor progres-
sion,>® this result failed to replicate in another cohort of
1098 PD patients, in which the most common 263 bp Repl
genotype (261/263) associated with slower motor progres-
sion.”® We note here that, to the extent that rs356182 is
linked to Repl (+* > 0.7), our results are more in agree-
ment with the findings of the second, larger study.

Our analysis differs in several respects from prior work
in this area. First, rather than dichotomizing outcomes
into whether or not a given individual has passed a speci-
fic threshold of motor impairment, as the two prior anal-
yses of motor progression have done, we used linear
mixed-effects models to estimate the rate of change in
UPDRS-III  score for different genotypes. Such an
approach, applied to our longitudinal cohort, maximizes
statistical power and explicitly models individual change
across time, which is arguably a more meaningful and
sensitive analysis of disease progression than time to
specific outcome. We moreover note that the 1-point dif-
ference in annual rate of motor symptom progression
found between carriers of different rs356182 genotypes is
not only statistically significant, but also large in effect
size, since all-comer UPDRS-III progression rates have
been previously reported at ~I1.5 points per year.'>*
Indeed, in <5 years, the “average” PD patient carrying the
GG genotype at rs356182 would be expected to notice a
clinically meaningful difference from carriers of other
genotypes at this locus, based on estimates of a 4.5 point
change on the UPDRS-III constituting a moderate clini-
cally important difference.*'

Second, we chose to investigate the rs356182 SNP rather
than the more complex Repl variant. This decision
stemmed scientifically from the finding across multiple
GWAS that 3’ SNCA variants associate more robustly with
risk for PD,?*?”***? that they may be at least partially inde-
pendent of 5’ or promoter variants,** and that 3’ and 5’
variants may differ in their association with cognitive
aspects of PD.*® This decision also reflected real-world,
practical considerations. Specifically, as a biallelic SNP,
rs356182 has exactly three genotypes — GG, AG, and
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Figure 3. Genotype at rs356182 associates with SNCA expression in the brain and defines a clinically important endophenotype in PD. (A) The
genomic positions of rs356182 and other PD-associated variants in or near the SNCA gene are indicated. The regulatory histone mark H3K27ac is
shown in various brain regions. The rs356182 polymorphism lies 19 kb to the 3’ end of the SNCA gene and is located in a region of H3K27ac
(arrow), indicative of active regulatory potential in brain. (B) Boxplot showing the association between rs356182 genotype and SNCA expression
in the cerebellum in 89 healthy postmortem samples (P = 0.005) from the GTEx Consortium, with GG genotype carriers showing the lowest levels
of expression. Medians and interquartile ranges are indicated. (C) Our results are compatible with a model in which rs356182 genotypes influence
expression levels of SNCA, with the GG genotype associating with decreased expression. Decreased expression of SNCA then results in both a
tremor-predominant phenotype and slower motor progression, with the slower motor progression reflecting either decreased brain SNCA
expression or the more benign motor phenotype.

AA — and genetic effects can be modeled simply as major- relationship of rs356182 genotype to brain SNCA expres-

allele (A)-dominant, codominant, or minor-allele (G)- sion. Prior studies have investigated associations of com-
dominant. In contrast, Repl is a polymorphic microsatellite mon variants near SNCA with SNCA expression. However,
repeat, with variable numbers of repeats present on each these studies have either (1) investigated eQTL effects in tis-

allele, generating multiple potential genotypes, which may  sues outside of the brain,***® or (2) investigated brain eQTL
not fall into clear models of dominance. While it is likely ~ effects in a fairly limited number of samples.*>*’ Here, we

that dominant/recessive models are overly simplistic, and took advantage of the newly released GTEx Consortium
that multiple loci may interact in complicated ways to influ- data,®® in which 100+ individuals have been genome-wide
ence phenotypes, we suggest that the overall goals and uses genotyped and expression phenotyped across myriad tis-
of a marker be kept in mind. If the goal is to provide a  sues, to arrive at a more definitive answer. Interestingly, in
molecular definition of a clinically useful endophenotype, an earlier brain eQTL study of 10 cerebellar samples and 22
for use in, for example, clinical trial stratification, the practi- substantia nigra samples, the C allele at rs356219 correlated
cal advantage in defining that endophenotype by a relatively with lower cerebellar SNCA transcript levels, but not with
straightforward SNP marker is substantial. We note here SNCA expression levels in the substantia nigra.*® As the C-

that our study neither establishes, nor argues for, causality allele at rs356219 is well-proxied by the G-allele at rs356182
for the rs356182 SNP itself. Rather, this SNP may serve as a (R? = 0.74, 1000 Genomes),>? our current results are con-

useful marker of a linked genetic regulatory mechanism that cordant in both direction of effect and brain region in which
underlies the association with PD risk, motor endopheno- the eQTL effect is seen. Further investigation of the region-
type, and differential rates of progression. specific eQTL effect observed, especially as it involves a

As evidence links increased expression of SNCA to the brain region not thought to be preferentially affected by
pathogenesis of PD,*®*** we also investigated the Lewy body pathology, and was not found in the substantia
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nigra, frontal cortex, or caudate, would be a valuable addi-
tion to the data presented here.

The most unexpected aspect of our findings concerns the
direction of association between rs356182 genotype and
downstream molecular and clinical phenotypes. Specifically,
the minor allele, G, and in particular the GG genotype, at
rs356182 is linked in our study with decreased SNCA brain
expression, a more tremor-predominant phenotype, a slower
rate of motor progression, and possibly, although this obser-
vation is based on a smaller number of individuals, a longer
total disease duration (Fig. 3C). Thus, the direction of asso-
ciation across these various phenotypes follows expectations
based on our current understanding of the (positive) effects
of decreased SNCA expression, and the (favorable) outcomes
associated with a more tremor-predominant phenotype.
However, the G allele at rs356182 — linked to “better” phe-
notypes within PD — is the allele reported to associate with
increased risk for developing PD.*

We considered three potential explanations for this find-
ing. First, our current endophenotype findings could be
incorrect. However, this is unlikely, given the cohort num-
bers (n = 89 for brain eQTL analysis, n > 800 for TD/PIGD
analysis, n > 200 for motor progression analysis), the
strength of each of these associations, and the fact that our
analyses largely involved nonoverlapping cohorts. More-
over, other groups have reported seemingly paradoxical
directions of association as well. As mentioned previously,
the allele associated with increased risk for PD at rs356219
has been reported to correlate with decreased SNCA brain
expression,48 and the allele associated with increased risk for
PD at Repl has been reported to correlate with a slower rate
of motor progression in a study of >1000 PD patients.*®

A second possibility is that the association between the G
allele at rs356182 and increased risk for PD could be incor-
rect. On the one hand, statistical considerations (large
numbers in the meta-analyzed GWAS, strength of associa-
tions reported) argue against this possibility. The fact that
the G allele at rs356182 associates with a more tremor-pre-
dominant phenotype, however, raises the possibility that
ascertainment bias could affect the reported association
between rs356182 genotype and PD risk; individuals with
the highly recognizable resting tremor of PD might be more
likely to be diagnosed with PD. In this respect, we note that
in the only GWAS performed to date on neuropathologi-
cally confirmed PD, association between the SNCA locus
and PD was absent; the closest SNP (rs13140923) showing
any degree of association with PD in this analysis of 484
neuropathologically confirmed cases and 1145 controls was
>75kB away from the SNCA gene, demonstrating an R* of
only 0.017 with rs356182."

A third possibility is that rs356182 genotypes do not
exert the same effect on risk for developing PD as they do
on risk for more versus less severe PD. This third possibility
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may at first seem paradoxical; however, the longstanding
clinical observation in PD that patients with tremor-domi-
nant PD have both an earlier age at onset,”> and a more
benign disease course,'? is conceptually similar.

The 10 SNPs screened in this study are not the only
genetic variants associated with PD risk: one meta-analy-
sis reported 28 independent risk loci,”> and the 10 SNPs
examined here represent the most statistically significant
associations by P-value of these 28 reported loci. We
focused on the top 10 SNPs based on statistical power
considerations in our discovery cohort. To guard against
the possibility of spurious correlation with motor pheno-
type, we replicated our analysis in an additional cohort.
One limitation of our study, however, is that additional
PD genetic risk loci not examined here may also influence
progression or motor phenomenology; studies in larger
patient cohorts looking specifically at these variants would
be helpful. Additionally, replication of our current longi-
tudinal finding in additional studies would be a valuable
addition to this work; we note in this regard that, based
on the results captured in Figure 2, a follow-up period of
~4 years may be needed to confirm or reject separation of
trajectories by rs356182 genotype. Finally, as mentioned
previously, the eQTL effect relating rs356182 genotype to
SNCA brain expression has only been observed in cerebel-
lum, and only been examined in normal brain tissue. As
a consequence, the question of whether there may be PD-
specific eQTL effects, including eQTL effects in additional
brain regions, remains to be answered.

In summary, using a screen of 10 SNPs already associ-
ated with PD risk, we found an association between
rs356182 genotype and multiple different, but related, phe-
notypes, ranging in scale from molecular effects (brain
SNCA expression) to clinical outcomes (motor progression
over time), with an intermediate phenotype of clinical
symptomatology (TD/PIGD). These genotype-endopheno-
type relationships were, moreover, investigated in large
and, where possible, nonoverlapping cohorts, decreasing
the likelihood that our observations were due to chance.
We thus define a specific and clinically important PD
endophenotype. We further suggest that such molecularly
defined endophenotyping in PD may be of significant bene-
fit for both clinical trial design and tailoring of clinical care
as we enter the era of precision medicine.
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