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Abstract

Background: DNA methylation studies in Parkinson’s disease (PD) thus far have focused on 

disease susceptibility but not progression.

Objective: 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, t-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 KCNB1 (cor = 0.36, p = 6.85 × 10−7) and 

cg02920897 in DLEU2 (cor = 0.34, p = 3.23 × 10−6), while for motor progression it was 

cg01754178 in PTPRN2 (cor = −0.34, p = 2.07 × 10−6). 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 α-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 × 10−5), 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 t-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 × 10−6 to 

adjust for multiple comparisons since the threshold of 1 × 10−7 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.

RESULTS

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 × 10−6 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 × 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 cg17445913 (cor = 0.36, p = 6.85 

× 10−7) located within 1500 bps of the transcription start site of KCNB1 encoding Potassium 

Voltage-Gated Channel Subfamily B Member 1. Other CpGs are located in a dementia 

related gene DLEU2, 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 (SCARNA2 cg11653078, cor = 0.32, p = 

3.24 × 10−6).

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 SATB1 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 × 10−3).

Motor symptom progression

Among individuals of European ancestry, the mean baseline UPDRS-III 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 × 10−6) 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 PITX2, KCNJ15, PTPRN2, GATA5, MX1, MAD1L1, 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, STT3A cg05929572, USP13 cg20568102, intergenic cg06365303, 

and SEZ6L2 cg09584855), 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 × 10−3, we identified 3 hypermethylated (plum, coral3, 

light-cyan1; 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 KCNB1, DLEU2, and SATB1 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 KCNB1 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 DLEU2, 
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. SATB1, encoding SATB Homeobox 1, is a DNA binding protein. A mouse 

model generated to investigate the translatome-regulatory network in brain cells showed that 

SATB1, 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 SATB1 may be a potential drug target for PD as 

SATB1 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 

PTPRN2, GATA5, USP13, and ALS2CR11. PTPRN2 encodes Protein Tyrosine Phosphatase 

Receptor Type N2, and tyrosine is a precursor of dopamine. PTPRN2 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 LRRK2 G2019S variants 

compared with controls [30]. An EWAS study using blood derived DNA identified a CpG in 

PTPRN2 (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 PTPRN2 cg01754178 was related 

to faster motor progression in PD patients, suggesting that PTPRN2 might be a potential 

therapeutic target. Transcription factors of the GATA family have been found to regulate the 

expression of the alpha-synuclein gene (SNCA) in a PD study [32]. While GATA1 and 

GATA2 are fundamental regulators of hematopoiesis they also act on the SNCA intron1 

modulating its expression in dopaminergic neurons. However, we found methylation level 

differences for the transcription factor GATA5 associated with faster motor progression. 

GATA5 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. USP13 encodes 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, USP5 and USP13 were 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 × 10−6) 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-III) 

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.

ACKNOWLEDGMENTS

We thank our study participants and their families and caregivers for making the program possible; we also thank 
our field staff who conducted interviews and collected data for our study. The study was funded by NIEHS 
R01ES10544, P50NS038367, R21 ES024356 (SH, BR) and F32 ES028087 (KP) and pilot funding for the APDA.

REFERENCES

[1]. Louis ED, Tang MX, Cote L, Alfaro B, Mejia H, Marder K (1999) Progression of parkinsonian 
signs in Parkinson disease. Arch Neurol 56, 334–337. [PubMed: 10190824] 

[2]. Schapira AH, Olanow CW, Greenamyre JT, Bezard E (2014) Slowing of neurodegeneration in 
Parkinson’s disease and Huntington’s disease: Future therapeutic perspectives. Lancet 384, 545–
555. [PubMed: 24954676] 

[3]. Puschmann A, Brighina L, Markopoulou K, Aasly J, Chung SJ, Frigerio R, Hadjigeorgiou G, Koks 
S, Kruger R, Siuda J, Wider C, Zesiewicz TA, Maraganore DM (2015) Clinically meaningful 
parameters of progression and long-term outcome of Parkinson disease: An international 
consensus statement. Parkinsonism Relat Disord 21, 675–682. [PubMed: 25952959] 

[4]. Ritz B, Rhodes SL, Bordelon Y, Bronstein J (2012) alpha-Synuclein genetic variants predict faster 
motor symptom progression in idiopathic Parkinson disease. PLoS One 7, e36199.

[5]. Chung SJ, Armasu SM, Biernacka JM, Anderson KJ, Lesnick TG, Rider DN, Cunningham JM, 
Eric Ahlskog J, Frigerio R, Maraganore DM (2012) Genomic determinants of motor and 
cognitive outcomes in Parkinson’s disease. Parkinsonism Relat Disord 18, 881–886. [PubMed: 
22658654] 

[6]. Paul KC, Schulz J, Bronstein JM, Lill CM, Ritz BR (2018) Association of polygenic risk score 
with cognitive decline and motor progression in Parkinson disease. JAMA Neurol 75, 360–366. 
[PubMed: 29340614] 

[7]. Paul KC, Sinsheimer JS, Cockburn M, Bronstein JM, Bordelon Y, Ritz B (2017) Organophosphate 
pesticides and PON1 L55M in Parkinson’s disease progression. Environ Int 107, 75–81. 
[PubMed: 28689109] 

Chuang et al. Page 9

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[8]. Keener AM, Paul KC, Folle A, Bronstein JM, Ritz B (2018) Cognitive impairment and mortality 
in a population-based Parkinson’s disease cohort. J Parkinsons Dis 8, 353–362. [PubMed: 
29843251] 

[9]. Chuang YH, Paul KC, Bronstein JM, Bordelon Y, Horvath S, Ritz B (2017) Parkinson’s disease is 
associated with DNA methylation levels in human blood and saliva. Genome Med 9, 76. 
[PubMed: 28851441] 

[10]. Kaut O, Schmitt I, Tost J, Busato F, Liu Y, Hofmann P, Witt SH, Rietschel M, Frohlich H, 
Wullner U (2017) Epigenome-wide DNA methylation analysis in siblings and monozygotic twins 
discordant for sporadic Parkinson’s disease revealed different epigenetic patterns in peripheral 
blood mononuclear cells. Neurogenetics 18, 7–22. [PubMed: 27709425] 

[11]. Costello S, Cockburn M, Bronstein J, Zhang X, Ritz B (2009) Parkinson’s disease and residential 
exposure to maneb and paraquat from agricultural applications in the central valley of California. 
Am J Epidemiol 169, 919–926. [PubMed: 19270050] 

[12]. Wang A, Costello S, Cockburn M, Zhang X, Bronstein J, Ritz B (2011) Parkinson’s disease risk 
from ambient exposure to pesticides. Eur J Epidemiol 26, 547–555. [PubMed: 21505849] 

[13]. Hughes AJ, Daniel SE, Kilford L, Lees AJ (1992) Accuracy of clinical diagnosis of idiopathic 
Parkinson’s disease: A clinico-pathological study of 100 cases. J Neurol Neurosurg Psychiatry 
55, 181–184. [PubMed: 1564476] 

[14]. Gelb DJ, Oliver E, Gilman S (1999) Diagnostic criteria for Parkinson disease. Arch Neurol 56, 
33–39. [PubMed: 9923759] 

[15]. Kang GA, Bronstein JM, Masterman DL, Redelings M, Crum JA, Ritz B (2005) Clinical 
characteristics in early Parkinson’s disease in a central California population-based study. Mov 
Disord 20, 1133–1142. [PubMed: 15954133] 

[16]. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE (2010) Systematic review of 
levodopa dose equivalency reporting in Parkinson’s disease. Mov Disord 25, 2649–2653. 
[PubMed: 21069833] 

[17]. Poewe W (2006) The need for neuroprotective therapies in Parkinson’s disease: A clinical 
perspective. Neurology 66, S2–9. [PubMed: 16717249] 

[18]. Shulman LM, Gruber-Baldini AL, Anderson KE, Fishman PS, Reich SG, Weiner WJ (2010) The 
clinically important difference on the unified Parkinson’s disease rating scale. Arch Neurol 67, 
64–70. [PubMed: 20065131] 

[19]. Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ, Nelson HH, Wiencke 
JK, Kelsey KT (2012) DNA methylation arrays as surrogate measures of cell mixture 
distribution. BMC Bioinformatics 13, 86. [PubMed: 22568884] 

[20]. Jaffe AE, Irizarry RA (2014) Accounting for cellular heterogeneity is critical in epigenome-wide 
association studies. Genome Biol 15, R31. [PubMed: 24495553] 

[21]. Horvath S (2013) DNA methylation age of human tissues and cell types. Genome Biol 14, R115. 
[PubMed: 24138928] 

[22]. Zhang B, Horvath S (2005) A general framework for weighted gene co-expression network 
analysis. Stat Appl Genet Mol Biol 4, Article17.

[23]. Langfelder P, Horvath S (2008) WGCNA: An R package for weighted correlation network 
analysis. BMC Bioinformatics 9, 559. [PubMed: 19114008] 

[24]. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen KD, Irizarry RA 
(2014) Minfi: A flexible and comprehensive Bioconductor package for the analysis of Infinium 
DNA methylation microarrays. Bioinformatics 30, 1363–1369. [PubMed: 24478339] 

[25]. Yu W, Parakramaweera R, Teng S, Gowda M, Sharad Y, Thakker-Varia S, Alder J, Sesti F (2016) 
Oxidation of KCNB1 potassium channels causes neurotoxicity and cognitive impairment in a 
mouse model of traumatic brain injury. J Neurosci 36, 11084–11096. [PubMed: 27798188] 

[26]. Frazzini V, Guarnieri S, Bomba M, Navarra R, Morabito C, Mariggio MA, Sensi SL (2016) 
Altered Kv2.1 functioning promotes increased excitability in hippocampal neurons of an 
Alzheimer’s disease mouse model. Cell Death Dis 7, e2100.

[27]. Parsi S, Smith PY, Goupil C, Dorval V, Hebert SS (2015) Preclinical evaluation of miR-15/107 
family members as multifactorial drug targets for Alzheimer’s disease. Mol Ther Nucleic Acids 
4, e256.

Chuang et al. Page 10

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[28]. Brichta L, Shin W, Jackson-Lewis V, Blesa J, Yap EL, Walker Z, Zhang J, Roussarie JP, Alvarez 
MJ, Califano A, Przedborski S, Greengard P (2015) Identification of neurodegenerative factors 
using translatome-regulatory network analysis. Nat Neurosci 18, 1325–1333. [PubMed: 
26214373] 

[29]. Grunblatt E, Mandel S, Jacob-Hirsch J, Zeligson S, Amariglo N, Rechavi G, Li J, Ravid R, 
Roggendorf W, Riederer P, Youdim MB (2004) Gene expression profiling of parkinsonian 
substantia nigra pars compacta; alterations in ubiquitin-proteasome, heat shock protein, iron and 
oxidative stress regulated proteins, cell adhesion/cellular matrix and vesicle trafficking genes. J 
Neural Transm 111, 1543–1573. [PubMed: 15455214] 

[30]. Sandor C, Robertson P, Lang C, Heger A, Booth H, Vowles J, Witty L, Bowden R, Hu M, Cowley 
SA, Wade-Martins R, Webber C (2017) Transcriptomic profiling of purified patient-derived 
dopamine neurons identifies convergent per-turbations and therapeutics for Parkinson’s disease. 
Hum Mol Genet 26, 552–566. [PubMed: 28096185] 

[31]. van der Plaat DA, de Jong K, de Vries M, van Diemen CC, Nedeljkovic I, Amin N, Kromhout H, 
Vermeulen R, Postma DS, van Duijn CM, Boezen HM, Vonk JM (2018) Occupational exposure 
to pesticides is associated with differential DNA methylation. Occup Environ Med 75, 427–435. 
[PubMed: 29459480] 

[32]. Scherzer CR, Grass JA, Liao Z, Pepivani I, Zheng B, Eklund AC, Ney PA, Ng J, McGoldrick M, 
Mollenhauer B, Bresnick EH, Schlossmacher MG (2008) GATA transcription factors directly 
regulate the Parkinson’s disease-linked gene alpha-synuclein. Proc Natl Acad Sci U S A 105, 
10907–10912. [PubMed: 18669654] 

[33]. Lentjes MH, Niessen HE, Akiyama Y, de Bruine AP, Melotte V, van Engeland M (2016) The 
emerging role of GATA transcription factors in development and disease. Expert Rev Mol Med 
18, e3.

[34]. Xie X, Matsumoto S, Endo A, Fukushima T, Kawahara H, Saeki Y, Komada M (2018) 
Deubiquitylases USP5 and USP13 are recruited to and regulate heat-induced stress granules 
through their deubiquitylating activities. J Cell Sci 131.

[35]. Ayers JI, Cashman NR (2018) Prion-like mechanisms in amyotrophic lateral sclerosis. Handb 
Clin Neurol 153, 337–354. [PubMed: 29887144] 

[36]. Mata IF, Johnson CO, Leverenz JB, Weintraub D, Trojanowski JQ, Van Deerlin VM, Ritz B, 
Rausch R, Factor SA, Wood-Siverio C, Quinn JF, Chung KA, Peterson-Hiller AL, Espay AJ, 
Revilla FJ, Devoto J, Yearout D, Hu SC, Cholerton BA, Montine TJ, Edwards KL, Zabetian CP 
(2017) Large-scale exploratory genetic analysis of cognitive impairment in Parkinson’s disease. 
Neurobiol Aging 56, 211 e211–211 e217.

[37]. Apostolova L, Hwang K, Copolla G, Lane J, Gao F, Cummings J, Thompson P (2011) Peripheral 
blood gene expression correlates of cortical atrophy in cognitively normal elderly and MCI. 
Alzheimers Dement 7, S311–S312.

[38]. Wang YX, Zhao J, Li DK, Peng F, Wang Y, Yang K, Liu ZY, Liu FT, Wu JJ, Wang J (2017) 
Associations between cognitive impairment and motor dysfunction in Parkinson’s disease. Brain 
Behav 7, e00719.

[39]. Evans JR, Mason SL, Williams-Gray CH, Foltynie T, Brayne C, Robbins TW, Barker RA (2011) 
The natural history of treated Parkinson’s disease in an incident, community based cohort. J 
Neurol Neurosurg Psychiatry 82, 1112–1118. [PubMed: 21593513] 

[40]. Zadikoff C, Fox SH, Tang-Wai DF, Thomsen T, de Bie RM, Wadia P, Miyasaki J, Duff-Canning 
S, Lang AE, Marras C (2008) A comparison of the mini mental state exam to the Montreal 
cognitive assessment in identifying cognitive deficits in Parkinson’s disease. Mov Disord 23, 
297–299. [PubMed: 18044697] 

[41]. Hoops S, Nazem S, Siderowf AD, Duda JE, Xie SX, Stern MB, Weintraub D (2009) Validity of 
the MoCA and MMSE in the detection of MCI and dementia in Parkinson disease. Neurology 73, 
1738–1745. [PubMed: 19933974] 

[42]. Horvath S, Zhang Y, Langfelder P, Kahn RS, Boks MP, van Eijk K, van den Berg LH, Ophoff RA 
(2012) Aging effects on DNA methylation modules in human brain and blood tissue. Genome 
Biol 13, R97. [PubMed: 23034122] 

Chuang et al. Page 11

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[43]. Lin D, Chen J, Perrone-Bizzozero N, Bustillo JR, Du Y, Calhoun VD, Liu J (2018) 
Characterization of cross-tissue genetic-epigenetic effects and their patterns in schizophrenia. 
Genome Med 10, 13. [PubMed: 29482655] 

[44]. Aberg KA, Dean B, Shabalin AA, Chan RF, Han LKM, Zhao M, van Grootheest G, Xie LY, 
Milaneschi Y, Clark SL, Turecki G, Penninx B, van den Oord E (2018) Methylome-wide 
association findings for major depressive disorder overlap in blood and brain and replicate in 
independent brain samples. Mol Psychiatry. doi: 10.1038/s41380-018-0247-6

[45]. Masliah E, Dumaop W, Galasko D, Desplats P (2013) Distinctive patterns of DNA methylation 
associated with Parkinson disease: Identification of concordant epigenetic changes in brain and 
peripheral blood leukocytes. Epigenetics 8, 1030–1038. [PubMed: 23907097] 

[46]. Horvath S, Ritz BR (2015) Increased epigenetic age and granulocyte counts in the blood of 
Parkinson’s disease patients. Aging 7, 1130–1142. [PubMed: 26655927] 

Chuang et al. Page 12

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuang et al. Page 13

Ta
b

le
 1

.

L
is

t o
f 

co
gn

iti
ve

 d
ec

lin
e-

as
so

ci
at

ed
 C

pG
s 

w
ith

 p
-v

al
ue

 <
5 

×
 1

0−
6  

ad
ju

st
in

g 
fo

r 
ag

e,
 g

en
de

r, 
an

d 
bl

oo
d 

ce
ll 

co
un

ts
 b

as
ed

 o
n 

an
al

ys
es

 o
f 

in
di

vi
du

al
s 

of
 

E
ur

op
ea

n 
an

ce
st

ry
 (

n 
=

 1
80

)

C
pG

G
en

e
C

hr
.

P
os

it
io

n
(b

p)
R

el
at

io
n 

to
U

C
SC

 C
pG

Is
la

nd

G
en

e 
re

gi
on

SN
P

s
SN

P
s_

10
co

r
p

M
M

SE
 r

ed
uc

ti
on

 r
at

e 
≥0

.6
-p

t/
ye

ar

1
cg

17
32

19
15

T
U

B
G

C
P3

13
11

31
84

84
5

B
od

y
−

0.
36

6.
14

E
-0

7

M
M

SE
 ≥

4-
po

in
t 

de
cl

in
e

1
cg

17
44

59
13

K
C

N
B

1
20

48
10

04
12

N
_S

ho
re

T
SS

15
00

0.
36

6.
85

E
-0

7

2
cg

22
59

47
37

2
24

16
40

44
4

Is
la

nd
−

0.
35

1.
11

E
-0

6

3
cg

20
81

35
18

1
81

92
96

22
0.

35
1.

30
E

-0
6

4
cg

02
92

08
97

D
L

E
U

2
13

50
69

93
44

Is
la

nd
B

od
y

0.
34

3.
23

E
-0

6

5
cg

07
10

85
79

SA
T

B
1

3
18

39
11

24
B

od
y

−
0.

34
3.

32
E

-0
6

6
cg

13
43

22
86

P4
H

T
M

3
49

02
70

02
N

_S
ho

re
T

SS
15

00
0.

34
3.

44
E

-0
6

7
cg

00
11

49
44

C
6o

rf
11

5 
(A

B
R

A
C

L
)

6
13

93
50

06
7

Is
la

nd
5’

U
T

R
0.

33
3.

77
E

-0
6

C
hr

., 
C

hr
om

os
om

e;
 b

p,
 b

as
e 

pa
ir

; T
SS

, t
ra

ns
cr

ip
tio

n 
st

ar
t s

ite
; T

SS
15

00
, w

ith
in

 1
50

0 
bp

s 
of

 a
 T

SS
; T

SS
20

0,
 w

ith
in

 2
00

 b
ps

 o
f 

a 
T

SS
; U

T
R

, u
nt

ra
ns

la
te

d 
re

gi
on

; S
N

Ps
, l

is
tin

g 
db

SN
P 

en
tr

ie
s 

w
ith

in
 a

 p
ro

be
; 

SN
Ps

_1
0,

 li
st

in
g 

db
SN

P 
en

tr
ie

s 
w

ith
in

 1
0 

bp
 o

f 
th

e 
C

pG
 s

ite
; C

or
, C

or
re

la
tio

ns
 o

bt
ai

ne
d 

by
 C

ox
 p

ro
po

rt
io

na
l h

az
ar

d 
m

od
el

s;
 T

U
B

G
C

P3
, T

ub
ul

in
 G

am
m

a 
C

om
pl

ex
 A

ss
oc

ia
te

d 
Pr

ot
ei

n 
3;

 K
C

N
B

1,
 

Po
ta

ss
iu

m
 V

ol
ta

ge
-G

at
ed

 C
ha

nn
el

 S
ub

fa
m

ily
 B

 M
em

be
r 

1;
 D

L
E

U
2,

 D
el

et
ed

 I
n 

Ly
m

ph
oc

yt
ic

 L
eu

ke
m

ia
 2

; S
A

T
B

1,
 S

A
T

B
 H

om
eo

bo
x 

1;
 P

4H
T

M
, P

ro
ly

l 4
-H

yd
ro

xy
la

se
, T

ra
ns

m
em

br
an

e;
 A

B
R

A
C

L
, A

B
R

A
 

C
-T

er
m

in
al

 L
ik

e.
 C

or
re

la
tio

ns
 a

nd
 p

-v
al

ue
s 

w
er

e 
ob

ta
in

ed
 b

y 
C

ox
 p

ro
po

rt
io

na
l h

az
ar

d 
m

od
el

s.

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuang et al. Page 14

Ta
b

le
 2

L
is

t o
f 

m
ot

or
 p

ro
gr

es
si

on
-a

ss
oc

ia
te

d 
C

pG
s 

w
ith

 p
-v

al
ue

 <
5 

×
 1

0−
6  

ad
ju

st
in

g 
fo

r 
ag

e,
 g

en
de

r, 
bl

oo
d 

ce
ll 

co
un

ts
, a

nd
 L

-d
op

a 
us

e 
ba

se
d 

on
 a

na
ly

se
s 

of
 

in
di

vi
du

al
s 

of
 E

ur
op

ea
n 

an
ce

st
ry

 (
n 

=
 1

87
)

C
pG

G
en

e
C

hr
.

P
os

it
io

n
(b

p)
R

el
at

io
n 

to
U

C
SC

 C
pG

Is
la

nd

G
en

e 
re

gi
on

SN
P

s
SN

P
s_

10
co

r
p

U
P

D
R

S 
ra

te
 o

f 
in

cr
ea

se
 ≥

5-
po

in
t/

ye
ar

a

1
cg

13
89

12
20

PI
T

X
2

4
11

15
49

95
3

Is
la

nd
B

od
y

rs
80

19
99

76
0.

36
2.

86
E

-0
7

2
cg

18
24

81
12

K
C

N
J1

5
21

39
62

91
23

5’
U

T
R

0.
36

3.
50

E
-0

7

3
cg

04
30

43
33

17
59

47
40

38
Is

la
nd

0.
34

1.
44

E
-0

6

4
cg

05
75

94
21

8
10

44
79

62
0.

34
1.

52
E

-0
6

5
cg

01
75

41
78

PT
PR

N
2

7
15

75
07

61
0

S_
Sh

el
f

B
od

y
−

0.
34

2.
07

E
-0

6

6
cg

12
66

44
64

G
A

TA
5

20
61

05
10

21
Is

la
nd

1s
tE

xo
n;

5’
U

T
R

0.
34

2.
39

E
-0

6

7
cg

02
01

76
34

M
X

1
21

42
79

13
59

N
_S

ho
re

T
SS

15
00

0.
33

3.
23

E
-0

6

8
cg

26
57

01
65

1
11

95
41

83
3

N
_S

ho
re

rs
10

92
37

20
0.

33
3.

26
E

-0
6

U
P

D
R

S 
≥2

0-
po

in
t 

in
cr

ea
se

b

1
cg

25
74

43
55

M
A

D
1L

1
7

18
89

29
9

N
_S

ho
re

B
od

y
rs

35
18

59
54

−
0.

35
7.

38
E

-0
7

2
cg

25
41

44
63

7
15

25
64

06
6

−
0.

33
3.

08
E

-0
6

3
cg

08
03

63
99

7
32

33
65

85
N

_S
ho

re
rs

77
90

35
5

−
0.

33
3.

38
E

-0
6

4
cg

05
21

41
51

R
G

M
B

5
98

10
65

64
S_

Sh
or

e
B

od
y

0.
33

3.
38

E
-0

6

C
hr

., 
C

hr
om

os
om

e;
 b

p,
 b

as
e 

pa
ir

; T
SS

, t
ra

ns
cr

ip
tio

n 
st

ar
t s

ite
; T

SS
15

00
, w

ith
in

 1
50

0 
bp

s 
of

 a
 T

SS
; T

SS
20

0,
 w

ith
in

 2
00

 b
ps

 o
f 

a 
T

SS
; U

T
R

, u
nt

ra
ns

la
te

d 
re

gi
on

; S
N

Ps
, l

is
tin

g 
db

SN
P 

en
tr

ie
s 

w
ith

in
 a

 p
ro

be
; 

SN
Ps

_1
0,

 li
st

in
g 

db
SN

P 
en

tr
ie

s 
w

ith
in

 1
0 

bp
 o

f 
th

e 
C

pG
 s

ite
. P

IT
X

2,
 P

ai
re

d 
L

ik
e 

H
om

eo
do

m
ai

n2
; K

C
N

J1
5,

 P
ot

as
si

um
 V

ol
ta

ge
-G

at
ed

 C
ha

nn
el

 S
ub

fa
m

ily
 J

 M
em

be
r 

15
; P

T
PR

N
2,

 P
ro

te
in

 T
yr

os
in

e 
Ph

os
ph

at
as

e,
 R

ec
ep

to
r 

Ty
pe

 N
2;

 G
A

TA
5,

 G
A

TA
 B

in
di

ng
 P

ro
te

in
 5

; M
X

1,
 M

X
 D

yn
am

in
 L

ik
e 

G
T

Pa
se

 1
; M

A
D

1L
1,

 M
ito

tic
 A

rr
es

t D
ef

ic
ie

nt
 1

 L
ik

e 
1;

 R
G

M
B

, R
ep

ul
si

ve
 G

ui
da

nc
e 

M
ol

ec
ul

e 
Fa

m
ily

 
M

em
be

r 
B

. C
or

re
la

tio
ns

 a
nd

 p
-v

al
ue

s 
w

er
e 

ob
ta

in
ed

 b
y

a t-
te

st
s 

an
d

b C
ox

 p
ro

po
rt

io
na

l h
az

ar
d 

m
od

el
s.

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuang et al. Page 15

Ta
b

le
 3

.

Fu
nc

tio
na

l e
nr

ic
hm

en
t a

na
ly

si
s 

fo
r 

C
pG

s 
in

 4
 m

ot
or

 p
ro

gr
es

si
on

-a
ss

oc
ia

te
d 

m
od

ul
es

 in
 in

di
vi

du
al

s 
of

 E
ur

op
ea

n 
an

ce
st

ry
 a

dj
us

tin
g 

fo
r 

ag
e,

 g
en

de
r, 

an
d 

bl
oo

d 
ce

ll 
co

un
ts

 (
m

od
ul

e 
p-

va
lu

e 
cu

to
ff

 =
 5

 ×
 1

0−
3 )

R
an

k
C

at
eg

or
y

Te
rm

p
B

on
fe

rr
on

i
B

en
ja

m
in

i
F

D
R

F
ol

d
E

nr
ic

hm
en

t
O

ve
rl

ap
G

en
es

 (
N

)

U
P

D
R

S 
20

-p
t 

in
cr

ea
se

pl
um

 m
od

ul
e 

(c
or

 =
 0

.2
2,

 p
=2

*1
0−3

, 1
33

 C
pG

s 
in

 2
02

 g
en

es
)

A
nn

ot
at

io
n 

C
lu

st
er

 1
 E

nr
ic

hm
en

t 
Sc

or
e:

 5
.8

4

1
G

O
T

E
R

M
_M

F
G

O
:0

00
09

78
~R

N
A

 p
ol

ym
er

as
e 

II
 c

or
e 

pr
om

ot
er

 p
ro

xi
m

al
 r

eg
io

n 
se

qu
en

ce
-s

pe
ci

fi
c 

D
N

A
 b

in
di

ng
1.

07
E

-0
7

2.
46

E
-0

5
8.

21
E

-0
6

1.
37

E
-0

4
6.

26
15

2
G

O
T

E
R

M
_M

F
G

O
:0

00
10

77
~t

ra
ns

cr
ip

tio
na

l a
ct

iv
at

or
 a

ct
iv

ity
, R

N
A

 p
ol

ym
er

as
e 

II
 c

or
e 

pr
om

ot
er

 
pr

ox
im

al
 r

eg
io

n 
se

qu
en

ce
-s

pe
ci

fi
c 

bi
nd

in
g

5.
25

E
-0

7
1.

21
E

-0
4

3.
02

E
-0

5
6.

73
E

-0
4

7.
53

12

3
G

O
T

E
R

M
_B

P
G

O
:0

00
63

66
~t

ra
ns

cr
ip

tio
n 

fr
om

 R
N

A
 p

ol
ym

er
as

e 
II

 p
ro

m
ot

er
5.

34
E

-0
7

4.
75

E
-0

4
4.

75
E

-0
4

8.
31

E
-0

4
4.

72
17

4
G

O
T

E
R

M
_B

P
G

O
:0

04
59

44
~p

os
iti

ve
 r

eg
ul

at
io

n 
of

 tr
an

sc
ri

pt
io

n 
fr

om
 R

N
A

 p
ol

ym
er

as
e 

II
 p

ro
m

ot
er

1.
47

E
-0

4
1.

23
E

-0
1

6.
35

E
-0

2
2.

29
E

-0
1

2.
76

19

A
nn

ot
at

io
n 

C
lu

st
er

 2
 E

nr
ic

hm
en

t 
Sc

or
e:

 4
.0

4

1
G

O
T

E
R

M
_M

F
G

O
:0

00
37

00
~t

ra
ns

cr
ip

tio
n 

fa
ct

or
 a

ct
iv

ity
, s

eq
ue

nc
e-

sp
ec

if
ic

 D
N

A
 b

in
di

ng
3.

55
E

-0
9

8.
16

E
-0

7
8.

16
E

-0
7

4.
55

E
-0

6
4.

01
26

2
G

O
T

E
R

M
_M

F
G

O
:0

00
36

77
~D

N
A

 b
in

di
ng

2.
51

E
-0

4
5.

61
E

-0
2

1.
15

E
-0

2
3.

21
E

-0
1

2.
21

25

3
G

O
T

E
R

M
_B

P
G

O
:0

00
63

51
~t

ra
ns

cr
ip

tio
n,

 D
N

A
-t

em
pl

at
ed

3.
91

E
-0

3
9.

69
E

-0
1

2.
35

E
-0

1
5.

91
E

+
00

1.
82

25

4
G

O
T

E
R

M
_C

C
G

O
:0

00
56

34
~n

uc
le

us
1.

97
E

-0
2

9.
51

E
-0

1
6.

35
E

-0
1

2.
12

E
+

01
1.

31
50

A
nn

ot
at

io
n 

C
lu

st
er

 3
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.1

0

1
G

O
T

E
R

M
_C

C
G

O
:0

04
52

11
~p

os
ts

yn
ap

tic
 m

em
br

an
e

1.
62

E
-0

2
9.

16
E

-0
1

7.
10

E
-0

1
1.

77
E

+
01

4.
05

6

2
G

O
T

E
R

M
_C

C
G

O
:0

03
00

54
~c

el
l j

un
ct

io
n

1.
02

E
-0

1
1.

00
E

+
00

8.
37

E
-0

1
7.

24
E

+
01

2.
17

7

3
G

O
T

E
R

M
_C

C
G

O
:0

01
40

69
~p

os
ts

yn
ap

tic
 d

en
si

ty
1.

37
E

-0
1

1.
00

E
+

00
8.

22
E

-0
1

8.
30

E
+

01
3.

10
4

4
G

O
T

E
R

M
_C

C
G

O
:0

04
30

25
~n

eu
ro

na
l c

el
l b

od
y

1.
78

E
-0

1
1.

00
E

+
00

7.
91

E
-0

1
9.

04
E

+
01

2.
26

5

co
ra

l2
 m

od
ul

e 
(c

or
 =

 −
0.

22
, p

 =
 2

 ×
 1

0−3
, 2

93
 C

pG
s 

in
 1

47
 g

en
es

)

1
G

O
T

E
R

M
_B

P
G

O
:0

04
27

59
~l

on
g-

ch
ai

n 
fa

tty
 a

ci
d 

bi
os

yn
th

et
ic

 p
ro

ce
ss

7.
09

E
-0

4
4.

31
E

-0
1

4.
31

E
-0

1
1.

08
E

+
00

71
.1

5
3

2
G

O
T

E
R

M
_M

F
00

46
87

2~
m

et
al

 io
n 

bi
nd

in
g

2.
85

E
-0

3
5.

14
E

-0
1

5.
14

E
-0

1
3.

65
E

+
00

1.
81

27

3
K

E
G

G
_P

A
T

H
W

A
Y

hs
a0

54
12

:A
rr

hy
th

m
og

en
ic

 r
ig

ht
 v

en
tr

ic
ul

ar
 c

ar
di

om
yo

pa
th

y 
(A

R
V

C
)

1.
29

E
-0

2
8.

25
E

-0
1

8.
25

E
-0

1
1.

41
E

+
01

7.
94

4

4
G

O
T

E
R

M
_B

P
G

O
:0

00
64

65
~s

ig
na

l p
ep

tid
e 

pr
oc

es
si

ng
1.

30
E

-0
2

1.
00

E
+

00
9.

95
E

-0
1

1.
82

E
+

01
17

.0
8

3

5
K

E
G

G
_P

A
T

H
W

A
Y

hs
a0

43
10

:W
nt

 s
ig

na
lin

g 
pa

th
w

ay
1.

50
E

-0
2

8.
68

E
-0

1
6.

37
E

-0
1

1.
62

E
+

01
5.

11
5

6
G

O
T

E
R

M
_M

F
G

O
:0

01
99

04
~p

ro
te

in
 d

om
ai

n 
sp

ec
if

ic
 b

in
di

ng
1.

70
E

-0
2

9.
87

E
-0

1
8.

86
E

-0
1

2.
00

E
+

01
3.

99
6

7
G

O
T

E
R

M
_B

P
G

O
:1

90
07

40
~p

os
iti

ve
 r

eg
ul

at
io

n 
of

 p
ro

te
in

 in
se

rt
io

n 
in

to
 m

ito
ch

on
dr

ia
l m

em
br

an
e 

in
vo

lv
ed

 in
 a

po
pt

ot
ic

 s
ig

na
lin

g 
pa

th
w

ay
1.

84
E

-0
2

1.
00

E
+

00
9.

93
E

-0
1

2.
48

E
+

01
14

.2
3

3

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuang et al. Page 16

R
an

k
C

at
eg

or
y

Te
rm

p
B

on
fe

rr
on

i
B

en
ja

m
in

i
F

D
R

F
ol

d
E

nr
ic

hm
en

t
O

ve
rl

ap
G

en
es

 (
N

)

8
G

O
T

E
R

M
_M

F
G

O
:0

00
37

00
~t

ra
ns

cr
ip

tio
n 

fa
ct

or
 a

ct
iv

ity
, s

eq
ue

nc
e-

sp
ec

if
ic

 D
N

A
 b

in
di

ng
2.

03
E

-0
2

9.
94

E
-0

1
8.

22
E

-0
1

2.
34

E
+

01
2.

02
14

9
G

O
T

E
R

M
_B

P
G

O
:0

00
71

60
~c

el
l-

m
at

ri
x 

ad
he

si
on

2.
50

E
-0

2
1.

00
E

+
00

9.
93

E
-0

1
3.

22
E

+
01

6.
32

4

10
G

O
T

E
R

M
_B

P
G

O
:2

00
11

37
~p

os
iti

ve
 r

eg
ul

at
io

n 
of

 e
nd

oc
yt

ic
 r

ec
yc

lin
g

2.
76

E
-0

2
1.

00
E

+
00

9.
88

E
-0

1
3.

49
E

+
01

71
.1

5
2

11
G

O
T

E
R

M
_B

P
G

O
:0

00
66

05
~p

ro
te

in
 ta

rg
et

in
g

3.
02

E
-0

2
1.

00
E

+
00

9.
83

E
-0

1
3.

75
E

+
01

10
.9

5
3

12
K

E
G

G
_P

A
T

H
W

A
Y

hs
a0

41
51

:P
I3

K
-A

kt
 s

ig
na

lin
g 

pa
th

w
ay

3.
10

E
-0

2
9.

85
E

-0
1

7.
55

E
-0

1
3.

08
E

+
01

2.
86

7

13
G

O
T

E
R

M
_C

C
G

O
:0

04
24

70
~m

el
an

os
om

e
3.

23
E

-0
2

9.
98

E
-0

1
9.

98
E

-0
1

3.
36

E
+

01
5.

73
4

14
G

O
T

E
R

M
_C

C
G

O
:0

07
00

62
~e

xt
ra

ce
llu

la
r 

ex
os

om
e

4.
08

E
-0

2
1.

00
E

+
00

9.
82

E
-0

1
4.

05
E

+
01

1.
44

28

15
G

O
T

E
R

M
_C

C
G

O
:0

00
57

88
~e

nd
op

la
sm

ic
 r

et
ic

ul
um

 lu
m

en
4.

33
E

-0
2

1.
00

E
+

00
9.

43
E

-0
1

4.
24

E
+

01
3.

77
5

16
G

O
T

E
R

M
_B

P
G

O
:1

90
10

17
~n

eg
at

iv
e 

re
gu

la
tio

n 
of

 p
ot

as
si

um
 io

n 
tr

an
sm

em
br

an
e 

tr
an

sp
or

te
r 

ac
tiv

ity
4.

78
E

-0
2

1.
00

E
+

00
9.

96
E

-0
1

5.
28

E
+

01
40

.6
6

2

17
G

O
T

E
R

M
_B

P
G

O
:0

04
58

22
~n

eg
at

iv
e 

re
gu

la
tio

n 
of

 h
ea

rt
 c

on
tr

ac
tio

n
4.

78
E

-0
2

1.
00

E
+

00
9.

96
E

-0
1

5.
28

E
+

01
40

.6
6

2

co
ra

l3
 m

od
ul

e 
(c

or
=0

.2
2,

 p
=2

 ×
 1

0−3
, 8

4 
C

pG
s 

in
 5

4 
ge

ne
s)

A
nn

ot
at

io
n 

C
lu

st
er

 1
 E

nr
ic

hm
en

t 
Sc

or
e:

 3
.1

5

1
G

O
T

E
R

M
_B

P
G

O
:0

00
63

66
~t

ra
ns

cr
ip

tio
n 

fr
om

 R
N

A
 p

ol
ym

er
as

e 
II

 p
ro

m
ot

er
2.

96
E

-0
4

1.
30

E
-0

1
1.

30
E

-0
1

4.
22

E
-0

1
5.

95
8

2
G

O
T

E
R

M
_M

F
G

O
:0

00
10

77
~t

ra
ns

cr
ip

tio
na

l a
ct

iv
at

or
 a

ct
iv

ity
, R

N
A

 p
ol

ym
er

as
e 

II
 c

or
e 

pr
om

ot
er

 
pr

ox
im

al
 r

eg
io

n 
se

qu
en

ce
-s

pe
ci

fi
c 

bi
nd

in
g

3.
96

E
-0

4
5.

21
E

-0
2

5.
21

E
-0

2
4.

64
E

-0
1

9.
33

6

3
G

O
T

E
R

M
_B

P
G

O
:0

04
59

44
~p

os
iti

ve
 r

eg
ul

at
io

n 
of

 tr
an

sc
ri

pt
io

n 
fr

om
 R

N
A

 p
ol

ym
er

as
e 

II
 p

ro
m

ot
er

3.
07

E
-0

3
7.

66
E

-0
1

3.
84

E
-0

1
4.

30
E

+
00

3.
50

9

A
nn

ot
at

io
n 

C
lu

st
er

 2
 E

nr
ic

hm
en

t 
Sc

or
e:

 2
.2

6

1
G

O
T

E
R

M
_C

C
G

O
:0

03
04

25
~d

en
dr

ite
2.

00
E

-0
3

1.
85

E
-0

1
1.

85
E

-0
1

2.
21

E
+

00
6.

53
6

2
G

O
T

E
R

M
_B

P
G

O
:0

07
18

05
~p

ot
as

si
um

 io
n 

tr
an

sm
em

br
an

e 
tr

an
sp

or
t

3.
65

E
-0

3
8.

22
E

-0
1

3.
51

E
-0

1
5.

09
E

+
00

12
.6

2
4

3
G

O
T

E
R

M
_C

C
G

O
:0

00
80

76
~v

ol
ta

ge
-g

at
ed

 p
ot

as
si

um
 c

ha
nn

el
 c

om
pl

ex
2.

34
E

-0
2

9.
11

E
-0

1
2.

92
E

-0
1

2.
32

E
+

01
12

.4
3

3

A
nn

ot
at

io
n 

C
lu

st
er

 3
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.9

2

1
G

O
T

E
R

M
_C

C
G

O
:0

03
04

25
~d

en
dr

ite
2.

00
E

-0
3

1.
85

E
-0

1
1.

85
E

-0
1

2.
21

E
+

00
6.

53
6

2
G

O
T

E
R

M
_C

C
G

O
:0

03
00

54
~c

el
l j

un
ct

io
n

7.
61

E
-0

3
5.

41
E

-0
1

3.
23

E
-0

1
8.

15
E

+
00

4.
76

6

3
G

O
T

E
R

M
_C

C
G

O
:0

04
52

11
~p

os
ts

yn
ap

tic
 m

em
br

an
e

1.
10

E
-0

1
1.

00
E

+
00

6.
61

E
-0

1
7.

28
E

+
01

5.
18

3

A
nn

ot
at

io
n 

C
lu

st
er

 4
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.7

9

1
G

O
T

E
R

M
_C

C
G

O
:0

03
04

25
~d

en
dr

ite
2.

00
E

-0
3

1.
85

E
-0

1
1.

85
E

-0
1

2.
21

E
+

00
6.

53
6

2
G

O
T

E
R

M
_C

C
G

O
:0

04
52

02
~s

yn
ap

se
1.

27
E

-0
2

7.
29

E
-0

1
2.

30
E

-0
1

1.
33

E
+

01
8.

05
4

3
G

O
T

E
R

M
_C

C
G

O
:0

04
32

04
~p

er
ik

ar
yo

n
3.

30
E

-0
2

9.
67

E
-0

1
3.

48
E

-0
1

3.
12

E
+

01
10

.3
2

3

4
G

O
T

E
R

M
_C

C
G

O
:0

00
58

87
~i

nt
eg

ra
l c

om
po

ne
nt

 o
f 

pl
as

m
a 

m
em

br
an

e
8.

27
E

-0
2

1.
00

E
+

00
6.

24
E

-0
1

6.
18

E
+

01
2.

06
8

lig
ht

cy
an

1 
m

od
ul

e 
(c

or
=0

.2
0,

 p
=5

 ×
 1

0−3
, 1

02
6 

C
pG

s 
in

 7
04

 g
en

es
)

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chuang et al. Page 17

R
an

k
C

at
eg

or
y

Te
rm

p
B

on
fe

rr
on

i
B

en
ja

m
in

i
F

D
R

F
ol

d
E

nr
ic

hm
en

t
O

ve
rl

ap
G

en
es

 (
N

)

A
nn

ot
at

io
n 

C
lu

st
er

 1
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.6

9

1
G

O
T

E
R

M
_M

F
G

O
:0

00
46

74
~p

ro
te

in
 s

er
in

e/
th

re
on

in
e 

ki
na

se
 a

ct
iv

ity
1.

34
E

-0
2

1.
00

E
+

00
6.

20
E

-0
1

1.
87

E
+

01
1.

72
24

2
G

O
T

E
R

M
_M

F
G

O
:0

00
46

72
~p

ro
te

in
 k

in
as

e 
ac

tiv
ity

1.
53

E
-0

2
1.

00
E

+
00

6.
36

E
-0

1
2.

10
E

+
01

1.
72

23

3
G

O
T

E
R

M
_B

P
G

O
:0

00
64

68
~p

ro
te

in
 p

ho
sp

ho
ry

la
tio

n
4.

19
E

-0
2

1.
00

E
+

00
9.

19
E

-0
1

5.
29

E
+

01
1.

50
26

A
nn

ot
at

io
n 

C
lu

st
er

 2
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.5

6

1
G

O
T

E
R

M
_B

P
G

O
:0

02
30

19
~s

ig
na

l t
ra

ns
du

ct
io

n 
in

vo
lv

ed
 in

 r
eg

ul
at

io
n 

of
 g

en
e 

ex
pr

es
si

on
5.

13
E

-0
5

1.
19

E
-0

1
6.

12
E

-0
2

9.
03

E
-0

2
9.

71
7

2
G

O
T

E
R

M
_B

P
G

O
:0

06
00

70
~c

an
on

ic
al

 W
nt

 s
ig

na
lin

g 
pa

th
w

ay
6.

14
E

-0
1

1.
00

E
+

00
1.

00
E

+
00

1.
00

E
+

02
1.

27
4

3
G

O
T

E
R

M
_B

P
G

O
:0

00
19

47
~h

ea
rt

 lo
op

in
g

6.
78

E
-0

1
1.

00
E

+
00

1.
00

E
+

00
1.

00
E

+
02

1.
30

3

A
nn

ot
at

io
n 

C
lu

st
er

 3
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.5

0

1
G

O
T

E
R

M
_C

C
G

O
:0

00
59

13
~c

el
l-

ce
ll 

ad
he

re
ns

 ju
nc

tio
n

2.
56

E
-0

2
1.

00
E

+
00

4.
76

E
-0

1
3.

09
E

+
01

1.
71

20

2
G

O
T

E
R

M
_B

P
G

O
:0

09
86

09
~c

el
l-

ce
ll 

ad
he

si
on

2.
93

E
-0

2
1.

00
E

+
00

8.
99

E
-0

1
4.

08
E

+
01

1.
75

18

3
G

O
T

E
R

M
_M

F
G

O
:0

09
86

41
~c

ad
he

ri
n 

bi
nd

in
g 

in
vo

lv
ed

 in
 c

el
l-

ce
ll 

ad
he

si
on

4.
35

E
-0

2
1.

00
E

+
00

7.
82

E
-0

1
4.

94
E

+
01

1.
67

18

A
nn

ot
at

io
n 

C
lu

st
er

 4
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.2

8

1
G

O
T

E
R

M
_B

P
G

O
:0

00
63

38
~c

hr
om

at
in

 r
em

od
el

in
g

1.
61

E
-0

2
1.

00
E

+
00

8.
38

E
-0

1
2.

49
E

+
01

2.
76

9

2
G

O
T

E
R

M
_C

C
G

O
:0

07
15

65
~n

B
A

F 
co

m
pl

ex
8.

89
E

-0
2

1.
00

E
+

00
6.

51
E

-0
1

7.
36

E
+

01
5.

93
3

3
G

O
T

E
R

M
_C

C
G

O
:0

01
65

14
~S

W
I/

SN
F 

co
m

pl
ex

1.
00

E
-0

1
1.

00
E

+
00

6.
80

E
-0

1
7.

79
E

+
01

5.
53

3

A
nn

ot
at

io
n 

C
lu

st
er

 5
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.2

5

1
G

O
T

E
R

M
_B

P
G

O
:0

03
50

23
~r

eg
ul

at
io

n 
of

 R
ho

 p
ro

te
in

 s
ig

na
l t

ra
ns

du
ct

io
n

1.
15

E
-0

2
1.

00
E

+
00

7.
95

E
-0

1
1.

84
E

+
01

2.
93

9

2
G

O
T

E
R

M
_M

F
G

O
:0

00
50

89
~R

ho
 g

ua
ny

l-
nu

cl
eo

tid
e 

ex
ch

an
ge

 f
ac

to
r 

ac
tiv

ity
2.

41
E

-0
2

1.
00

E
+

00
7.

22
E

-0
1

3.
12

E
+

01
2.

79
8

3
G

O
T

E
R

M
_M

F
G

O
:0

00
50

85
~g

ua
ny

l-
nu

cl
eo

tid
e 

ex
ch

an
ge

 f
ac

to
r 

ac
tiv

ity
6.

43
E

-0
1

1.
00

E
+

00
9.

99
E

-0
1

1.
00

E
+

02
1.

14
5

A
nn

ot
at

io
n 

C
lu

st
er

 6
 E

nr
ic

hm
en

t 
Sc

or
e:

 1
.1

1

1
K

E
G

G
_P

A
T

H
W

A
Y

hs
a0

40
70

:P
ho

sp
ha

tid
yl

in
os

ito
l s

ig
na

lin
g 

sy
st

em
2.

35
E

-0
2

9.
96

E
-0

1
7.

50
E

-0
1

2.
64

E
+

01
2.

56
9

2
K

E
G

G
_P

A
T

H
W

A
Y

hs
a0

05
62

:I
no

si
to

l p
ho

sp
ha

te
 m

et
ab

ol
is

m
4.

07
E

-0
2

1.
00

E
+

00
8.

00
E

-0
1

4.
13

E
+

01
2.

75
7

3
G

O
T

E
R

M
_B

P
G

O
:0

00
66

61
~p

ho
sp

ha
tid

yl
in

os
ito

l b
io

sy
nt

he
tic

 p
ro

ce
ss

6.
80

E
-0

2
1.

00
E

+
00

9.
65

E
-0

1
7.

11
E

+
01

2.
73

6

4
G

O
T

E
R

M
_B

P
G

O
:0

04
36

47
~i

no
si

to
l p

ho
sp

ha
te

 m
et

ab
ol

ic
 p

ro
ce

ss
5.

36
E

-0
1

1.
00

E
+

00
1.

00
E

+
00

1.
00

E
+

02
1.

68
3

G
O

T
E

R
M

_B
P,

 B
io

lo
gi

ca
l P

ro
ce

ss
; G

O
T

E
R

M
_M

F,
 M

ol
ec

ul
ar

 F
un

ct
io

n;
 G

O
T

E
R

M
_C

C
, C

el
lu

la
r 

C
om

po
ne

nt
; K

E
G

G
, K

yo
to

 E
nc

yc
lo

pe
di

a 
of

 G
en

es
 a

nd
 G

en
om

es
.

J Parkinsons Dis. Author manuscript; available in PMC 2020 January 08.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	The Parkinson’s Environment and Gene (PEG) study
	Study population
	DNA methylation profiling
	Outcome assessment
	Statistical analysis
	The Alzheimer’s Disease Neuroimaging Initiative


	RESULTS
	Cognitive decline
	Motor symptom progression

	DISCUSSION
	References
	Table 1.
	Table 2
	Table 3.



