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Abstract

Background: DNA methylation studies in Parkinson’s disease (PD) thus far have focused on
disease susceptibility but not progression.

Obijective: In this epigenome-wide association study (EWAS), we aim to identify methylation
markers associated with faster cognitive decline or motor progression in PD.

Methods: We included 232 PD patients from the Parkinson’s Environment and Gene follow-up
study who provided blood samples at enrolment. Information on cognitive and motor function was
collected using the Mini-Mental State Examination (MMSE) and Unified Parkinson’s Disease
Rating Scale (UPDRS). For EWAS analyses, we used a robust measure of correlation: biweight
midcorrelations, #tests, and Cox proportional hazard models. We also conducted weighted
correlation network analysis (WGCNA\) to identify CpG modules associated with cognitive
decline or motor progression in PD.
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Results: Among 197 individuals of European ancestry, with our EWAS approach we identified 7
genome-wide significant CpGs associated with a MMSE 4-point decline and 8 CpGs associated
with faster motor progression (i.e., rate of UPDRS increase =5-point/year). The most interesting
CpGs for cognitive decline include cg17445913 in KCNBI (cor = 0.36, p=6.85 x 10™7) and
902920897 in DLEUZ (cor = 0.34, p=3.23 x 107%), while for motor progression it was
cg01754178 in PTPRNZ (cor = —0.34, p=2.07 x 1075). In WGCNA, motor progression related
modules were enriched for genes related to neuronal synaptic functions, Wnt signaling pathway,
and mitochondrial apoptosis.

Conclusions: Our study provides the first epigenetic evidence that differential methylation in
genes previously identified as being associated with cognitive impairment, neuronal synaptic
function, Wnt signaling pathway, and mitochondrial apoptosis is associated with cognitive and
motor progression in PD.

Keywords

Parkinson’s disease; disease progression; longitudinal studies; cognitive decline; MMSE; UPDRS;
DNA methylation

INTRODUCTION

Parkinson’s disease (PD) is progressive with decline in both motor function and some non-
motor symptoms, importantly cognitive impairment. Both contribute heavily to disability
and diminished quality of life in patients. The course of PD is currently unpredictable and
treatment addresses symptoms but does not alter disease progression. There is a notable lack
of knowledge about factors that contribute to or modify the progression of PD. More than a
decade ago, Louis et al. suggested that postural instability/gait dominant motor symptoms, a
low “Activities of Daily Living’ score, and dementia early in PD predict faster motor decline
[1]. Age at onset has been added to this short list of clinical predictors [2, 3]. Previously, we
identified a-synuclein genetic variants (i.e., SNCA REP1 263 bp promoter variants and
rs356165G allele), as possible contributors to faster motor decline [4]. A recent genome-
wide association study (GWAS) of 443 PD patients identified 14 SNPs on 11 genes
associated with motor progression and 18 SNPs on 16 genes associated with cognitive
decline, with suggestive evidence (p-values <5 x 107°), but none survived adjustment for
multiple comparisons [5]. Recently, we showed that a risk score generated from PD GWAS
SNPs predicts faster motor and cognitive decline in patients [6], and we previously showed
that exposure to neurotoxic pesticides and motor symptom severity and PD phenotype at
baseline predict faster progression to cognitive impairment [7, 8].

Epigenetic (DNA methylation) studies, thus far have focused on PD development but not its
progression [9, 10]. However, risk factors for progression might be different from those
responsible for the development of PD. Relying on participants in the Parkinson’s
Environment and Gene (PEG) progression follow-up study, we aim to identify epigenetic
methylation markers associated with faster cognitive decline or PD motor progression. They
may be useful as new biomarkers for PD progression and for targeting high-risk patients for
early treatment or may also serve as new targets for drug development.
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MATERIALS AND METHODS

The Parkinson’s Environment and Gene (PEG) study

Study population—The PEG study is a population-based case control study in central
California that first examined PD patients between 2001-2007. 1,167 PD patients were
initially identified by neurologist, large medical groups, or public service announcements,
and 563 were eligible to participate based on the following criteria: a PD diagnosis within 3
years, being a resident of Fresno, Kern, or Tulare counties, living in California for at least 5
years, and at least 35 years old [11,12]. Of that, 36 were too ill to participate and 54 chose to
withdraw from the study, leaving 473 to be invited for a visit with a UCLA movement
disorder specialist (JB, YB) for clinical evaluations using UK Brain Bank and Gelb
diagnostic criteria [13-15]. 379 were confirmed to have probable, possible, or definite PD,
and 342 (90%) completed the baseline interview and provided blood samples for DNA
extraction. Our study included 232 PD patients who were successfully followed up between
early 2008 and January 2018 with Mini Mental State Examination (MMSE) and Unified
Parkinson’s Disease Rating Scale (UPDRS) performed at one or two follow-up examinations
(for detail see Ritz et al. [4]).

DNA methylation profiling—DNA methylation data containing 486k CpGs were
obtained from Illumina Infinium HumanMethylation450 BeadChip using DNA samples
extracted from peripheral whole blood. The raw DNA methylation data (beta value) was
preprocessed using the background normalization method from the Genome Studio
software. Sex concordance was confirmed and no outliers were identified.

Outcome assessment—At baseline, PD patients were screened for cognitive function
using the MMSE test (=26 scores, referring to no dementia) and interviewed to obtain
lifestyle-related and medical information including medication use. PD patients were also
assessed for motor symptoms according to the UPDRS exam while in a functional ‘off’ state
for PD medications (overnight withdrawal) [4]. If a patient was unable or unwilling to come
for physical examination with our movement disorder specialists without having taken PD
medications (18%), we imputed the ‘off’ exam score by adding to the patient’s ‘on’ exam
score the mean difference of the study population’s off- and on-scores (for detail see Ritz et
al. [4]). We also calculated levodopa equivalent doses at time of blood draw based on the
reported PD specific medications [16].

For both MMSE and UPDRS, annual rates of change were calculated as the difference of
baseline and last follow-up scores divided by duration of follow-up. Faster cognitive decline
was defined as an MMSE score reduction greater than 0.6-point/year i.e. the third quartile of
the annual MMSE reduction rate, and compared with slow and non-progressors as the
reference group. Alternatively, in time to event analyses, we defined cognitive decline as a 4-
point decline (a suggestive reliable change indices for the MMSE for longer term follow-up)
between baseline and the follow-up exam when a 4-point decline was first seen (for detail
see Paul et al. [6]). Fast motor progressors were those whose motor function impairment was
greater than a clinically relevant change of 5-points/year [17, 18]. In time to event analyses,
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we defined motor progression as the first occurrence of a 20-point increase in the motor
score.

Statistical analysis—We focused analyses on 197 individuals of European ancestry to
account for confounding by ethnicity, but sensitivity analyses that include all 232 subjects
and further adjusted for European ancestry were also conducted. For our epigenome-wide
association analysis (EWAS) approach, we related 486k CpGs separately to outcomes of
interest adjusting for age, gender, blood cell counts, and L-dopa use using the R function
“standardScreening” in the WGCNA R package. Specifically, this program applies biweight
midcorrelations (bicor), a robust measure of correlation, to numeric traits, and #tests to
binary traits. Cox proportional hazards models were used for time to event analyses and
produced a measure of corDeviance. A positive corDeviance value indicates that the hazard
ratio (HR) is >1 in support of a shorter than expected time to event, whereas a negative value
(HR <1) indicates that the observed event time is longer than expected. Blood cell types
were imputed based on the Houseman algorithm in the minfi R package and the epigenetic
clock software [19-21]. We used a modified Bonferroni corrected threshold of 5 x 1076 to
adjust for multiple comparisons since the threshold of 1 x 10~/ was termed too stringent (for
detail see Chuang et al. [9]).

We also implemented a system biology approach based on weighted correlation network
analysis (WGCNA) [22, 23], focusing on the 250k CpGs with the highest variance across
individuals to identify co-methylation modules in an unsupervised manner. Blockwise
module function and biweight midcorrelation were used to construct CpG networks; module
eigengenes (ME) that represent a weighted average of methylation levels were then related
to outcomes. We then applied functional enrichment analysis on gene modules to identify
their biological function using the online bioinformatics tool DAVID v.6.7.

Lastly, we validated our EWAS findings for cognitive decline in PD using the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) cohort study under the assumption that progression
of the dysfunction in all of these neurodegenerative disorders may share biologic pathways.

The Alzheimer’s Disease Neuroimaging Initiative—The ADNI (http://
adni.loni.usc.edu) is a large-scale longitudinal cohort started in 2004, designed to develop
biomarkers for the early detection and tracking progression of Alzheimer’s disease (AD).
The ADNI cohort recruited participants with AD, with mild cognitive impairment (MCI),
and with normal cognition and gathered brain scans, genetic profiles and biomarkers in
blood and cerebrospinal fluid of the participants. Whole-genome DNA methylation profiling
was done from blood sample of 653 participants at baseline or later phase, with ~2 to 3
longitudinal measures. The Illumina Infinium HumanMethylationEPIC BeadChip Array
(www.illumina.com), which covers ~866,000 CpGs, was used for methylation profiling.
Samples were randomized using a modified incomplete balanced block design, whereby all
samples from a subject were placed on the same chip, with remaining chip space occupied
by age- and sex-matched samples. Subjects from different diagnosis groups were placed on
the same chip to avoid confounding. Unused chip space was leveraged for technical
reproducibility assessment via replicated DNA samples. Methylation beta values were
generated using the Bioconductor minfi package with Noob background correction [24].
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We established an estimate of cognitive decline on the basis of a growth curve analysis of
longitudinal changes in Mini-Mental State Examination (MMSE) tests. Linear mixed models
with random intercepts and slopes were regressed on MMSE, adjusted for age, gender and
follow-up time (in units of year) as fixed effects in the models. The random slopes reflect
subject-specific longitudinal changes not predicted by the fixed effects. We performed the
analysis on the control (988 observations on 218 subjects) and MCI group (1718
observations on 332 subjects), respectively, with the diagnosis status aligned with the first
profile of DNA methylation. The mean follow-up time was 3.6 years in both groups and the
mean age at baseline was around 74 years old. We defined a score of progression in
cognitive function as the residuals from regressing random slopes on chronological age and
multiplied this by “~1" in terms of progression. Thus, a higher score reflects fast progression
in cognitive function. To identify CpG markers tracking cognitive progression, we
performed EWAS on the (minus) age-adjusted random slope, using the first profile of the
methylation measure. In order to obtain an overall p-value across the four subsets, we also
conducted a meta-analysis using Stouffer’s method to obtain an overall correlation and p-
value across control and MCI subjects.

Cognitive decline

Among individuals of European ancestry, the mean baseline MMSE score was 28.8 and the
mean annual rate of change in PD patients was —0.3 (SD = 0.7), and 18% experienced a
MMSE =4-point decline during follow-up (Supplementary Table 1).

Conducting an EWAS analysis among individuals of European ancestry adjusting for age,
gender, blood cell count and using a modified Bonferroni threshold of p<5 x 1076 to
evaluate genome-wide significance, based on rate of MMSE score decrease =0.6-point/year
we identified 1 CpG (TUBGCP3¢cg17321915, cor = —0.36, p= 6.14 x 10~7) associated with
faster cognitive decline. For the outcome “having lost =4-points in the MMSE’ during
follow-up, 7 CpGs were associated with cognitive decline (Table 1, Supplementary Table 2).
The CpG with the highest genome-wide significance was ¢g17445913 (cor = 0.36, p=6.85
x 1077) located within 1500 bps of the transcription start site of KCNBI encoding Potassium
\oltage-Gated Channel Subfamily B Member 1. Other CpGs are located in a dementia
related gene DLEUZ, and SATB1, P4HTM, and ABRACL. These CpGs remained
statistically significant in sensitivity analyses that included all subjects while adjusting for
European ancestry (Supplementary Table 3). Using all subjects, we identified one additional
CpG as associated with a MMSE =4-point decline (SCARNAZ 911653078, cor = 0.32, p=
3.24 x 107).

Using the ADNI data to replicate our EWAS results for cognitive decline (a negative age-
adjusted random slope measure of longitudinal MMSE scores from growth curve models),
we found that cg07108579 in SATBI replicated, i.e., had a p-value<0.05 (Supplementary
Table 4). Although its association was not significant after Bonferroni correction, the
direction of the association was preserved. Study population characteristics of the ADNI
cohort are presented in Supplementary Table 5.
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WGCNA adjusting for age, gender, and blood cell counts clustered the 250k CpGs into 148
co-methylation modules (Supplementary Figure 1). No module was identified to be
significantly associated with faster cognitive decline in both measures using the Bonferroni
threshold of p <0.05/148 (approximately p <5 x 1073).

Motor symptom progression

Among individuals of European ancestry, the mean baseline UPDRS-111 score was 19.2 and
the mean annual rate of change in PD patients was 2.4 (SD = 2.7). Fourteen percent of PD
patients had an annual rate of UPDRS score increase =5 points, and 24% experienced a
UPDRS =20-points increase during the 5.1 years of mean follow-up (Supplementary Table
1). Seventy percent of patients were ever treated with L-dopa.

Our EWAS analysis of individuals of European ancestry adjusting for age, gender, blood cell
count, and L-dopa use, identified 8 CpGs (p<5 x 107%) with faster motor progression based
on rate of UPDRS score increase =5-points/year (Table 2, Supplementary Table 2).
Alternatively, using a cutoff of >20-points increase in the UPDRS during follow-up, 4
additional CpGs were associated with motor progression. These 12 CpGs are located in
genes PITXZ, KCNJ15, PTPRNZ, GATAS MX1, MADIL1, and RGMB. In sensitivity
analyses of all subjects adjusted for European ancestry, all UPDRS-associated CpGs
remained statistically significant (Supplementary Table 6). Using all subjects, we identified
6 additional CpGs with rate of UPDRS score increase =5-points/year (SRRM4 cg26649752,
intergenic cg00320288, ST73A ¢g05929572, USP13¢cg20568102, intergenic cg06365303,
and SEZ6L.2cg09584855), and one CpG located in the first exon of Amyotrophic Lateral
Sclerosis (ALS) gene ALS2CR11 was associated with a UPDRS=20 points increase during
follow-up.

In WGCNA with the threshold of 5 x 1073, we identified 3 hypermethylated (plum, coral3,
light-cyanl; Supplementary Figure 1) and 1 hypomethylated (coral2) modules significantly
associated with a UPDRS =20 points increase. These modules were enriched for genes
involved in transcription, neuronal dendrite and synaptic function, Wnt signaling pathway,
mitochondrial apoptosis, and potassium channel activity (Table 3). Moreover, these four
modules were not confounded by L-dopa use and disease duration at the baseline.

DISCUSSION

In our population-based cohort followed on average for 5.1 years for an average total PD
duration of 7.1 years, we have found methylation patterns associated with PD motor and
cognitive progression.

Methylation levels in CpGs located in the genes KCNBI, DLEUZ, and SATBI were
associated with faster cognitive decline for the outcome “having lost >4-points in the
MMSE’ during follow-up. A mouse model of traumatic brain injury reported that oxidation
of a KCNBI channel (a.k.a. Kv2.1) in the brain is toxic and may cause neurodegeneration
and cognitive impairment. Moreover, potassium channel dysfunction has been implicated in
AD and is important for acquisition of memory in mammals [25, 26]. For the gene DLEUZ,
encoding Deleted In Lymphocytic Leukemia 2, mRNA has been found to be downregulated
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both the temporal and frontal cortex of AD patients [27], and has been suggested as a drug
target for AD. SATBI, encoding SATB Homeobox 1, is a DNA binding protein. A mouse
model generated to investigate the translatome-regulatory network in brain cells showed that
SATBI, as an upstream regulator was specifically expressed more highly in dopaminergic
neurons of the substantia nigra pars compacta than in neighboring ventral tegmental area
(VTA) neurons [28]. This suggests that SA7B1 may be a potential drug target for PD as
SATBI1 may drive dopaminergic stress response related to neuron death in the substantia
nigra pars compacta (not VTA).

With respect to motor progression, genome-wide significant CpGs are located in the genes
PTPRNZ, GATAS5, USP13, and ALS2CR11. PTPRNZencodes Protein Tyrosine Phosphatase
Receptor Type N2, and tyrosine is a precursor of dopamine. PTPRNZ gene expression has
previously been found to be downregulated in human substantia nigra from PD patients [29].
On the other hand, an inverse association (upregulation of PTPRN2) was reported in purified
dopaminergic neurons derived from PD patients carrying LRRKZ2 G2019S variants
compared with controls [30]. An EWAS study using blood derived DNA identified a CpG in
PTPRNZ (cg15577272) as having lower DNA methylation levels in high pesticide exposed
subjects with airway obstruction [31], and many of our PEG subjects have been highly
pesticide exposed [7]. We found that hypomethylation of PTPRN2cg01754178 was related
to faster motor progression in PD patients, suggesting that P7TPRN2 might be a potential
therapeutic target. Transcription factors of the GATA family have been found to regulate the
expression of the alpha-synuclein gene (SNVCA) in a PD study [32]. While GATAI and
GATAZ are fundamental regulators of hematopoiesis they also act on the SNCA intronl
modulating its expression in dopaminergic neurons. However, we found methylation level
differences for the transcription factor GA7TA5 associated with faster motor progression.
GATAS5 has been described as essential for the development of the heart, gastrointestinal and
genitourinary tracts and is expressed in normal gastric and colon mucosa [33]; how it relates
to motor function in PD is unclear. USP13encodes Ubiquitin Specific Peptidase 13.
Recently, there is a growing interest in the role of ubiquitin-specific proteases (USPS) in
neurodegenerative diseases. In a cell study, USP5and USP13were found to degrade
ubiquitin chains inside stress granules, defined as clumps of protein or RNA created when
cells are stressed [34]. This raised the possibility of targeting them for treatment because
ubiquitination of alpha-synuclein in Lewy bodies is the pathological hallmark of PD. Finally,
ALS2CR11 (C2CD6), encoding C2 Calcium Dependent Domain Containing 6, is a protein
with calcium binding properties that has been implicated in the pathogenesis of ALS, a
motor neuron disease also characterized by the aggregation of ubiquitinated protein in
affected neurons [35]. Previously we found the genetic variant rs72939119 in the
ALS2CR11 gene to be significantly associated with better cognitive performance (based on
HVLT-R (Hopkins Verbal Learning Test-Revised) delayed recall) in PD patients [36]. In a
gene expression study of peripheral blood, higher RNA expression of ALS2CR11 was
associated with cortical thinning of the sensorimotor strip and supplementary motor area in
cognitively normal elderly and mild-cognitively impaired subjects [37]. In our current study,
lower methylation level of ALS2CR11 was associated with faster motor progression in PD
patients. In a Chinese study of PD patients, shared neurochemical pathways have been
suggested for both cognitive and motor decline in PD [38]. The complex interaction between
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cognitive and motor functions in patients of motor neuron diseases needs to be studied
further. While many DNA methylation studies have implicated SNCA in PD, we did not see
evidence for methylation difference in SNCA CpGs that are on the Illumina 450K array in
PD progression.

In systems biology WGCNA analysis, four motor dysfunction progression modules were
significantly enriched for genes related to synaptic function. We previously reported five
biological pathways (mitochondrial function, cytoskeleton organization, systemic immune
response, the Wnt receptor signaling pathway, and iron handling) to be important for
developing PD in an EWAS study using the same subjects from the PEG study (335 PD and
237 controls) [9]. Our findings in this study further suggest that mitochondrial function and
the Wnt signaling pathway are not only associated with PD risk but also its motor
progressions.

Compared with the previous GWAS of 443 PD patients that reported on SNPs associated
with cognitive decline or motor progression which were related to gene expression, we did
not find differential methylation levels for these genes such as C8orf4 (rs10958605, HR=
1.81[1.42-2.31], p= 1.51 x 107%) related to either outcome.

Strengths of our study are its relatively large size, that PD patients were recruited from a
community setting and that we collected both cognitive and motor progression information.
In addition, the measures of cognitive decline (MMSE) and motor progression (UPDRS-I111)
are well validated and widely employed (for detail see Paul et al. [6]). Therefore, it is easy to
perform replication studies in independent samples when progression cohorts of PD with
methylation data become more available in the future. For instance, we replicated our
findings in the ADNI study. The chosen cut-points were based on external data and reliable
change indices and represent reliable functional change. Lastly, we used not only an EWAS
but also a systems biology approach (WGCNA) that helps to amplify the underlying
biological signal in DNA methylation studies.

Our study has some limitations. First, while we have on average 5.1 years of follow-up, at
first revisit we had already lost a third ((342—-232)/342 = 32%) of our patients mostly due to
death. However, this is similar to another PD study where most subjects lost had died during
follow-up [39]. Also, selection bias in our study is unlikely because DNA methylation levels
were not related to loss to follow-up. Second, the information on medication is self-reported.
However, because it is unlikely that motor progression status influenced the accuracy of
reporting medication use we would expect non-differential misclassification that tends to
bias estimates toward the null. Third, although the measure of cognitive decline used in this
study is well validated and widely employed, compared with the Montreal Cognitive
Assessment scale it is less sensitive for detecting cognitive changes in domains most
commonly impaired early in PD [40, 41]. Forth, in sensitivity analyses that included all
subjects, all CpG hits based on individuals of European ancestry were preserved. This may
suggest that these hits are not population specific. However, since 85% of our participants
are of European ancestry, we cannot rule out they drive our results. Replication in different
ethnic groups is needed. Fifth, PD is a disorder that affects dopaminergic neurons in the
brain, and DNA methylation levels are tissue specific. It is likely that patterns of DNA
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methylation in the brain and the peripheral blood are distinctive. However, blood might also
be able to serve as a surrogate for some brain tissue methylation and it is easily obtainable in
living subjects [42—45]. Furthermore, inflammation has been suggested as a pathway
contributing to PD and peripheral blood cells may be an appropriate target tissue for this
reason [9, 46]. Lastly, even though we have genome-wide data, it only covers a small
percentage of the CpG sites in the human genome which may lead to an underestimation of
the real differences in methylation.

Our study provides the first epigenetic evidence for genes being differentially methylated
that also have been previously identified as being associated with cognitive impairment and
neuronal synaptic function, and our results suggest that mitochondrial function and the Wnt
signaling pathway are strongly associated not only with disease risk but also PD motor
symptom progression. Our results based on 197 individuals — although from currently
worldwide the largest the population based PD progression studies and with the 5.1 of years
of mean follow-up - are preliminary and need to be replicate in independent cohorts of PD
patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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