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Introduction

Parkinson disease (PD) is the second most common neurode-
generative disorder in the elderly affecting 2% of the population 
over 60 years old.1 The classic form of PD is manifested clinically 
as a slowly progressive movement disorder with resting tremor 
and postural instability. Neuropathologically, PD is character-
ized by the formation of intracytoplasmic inclusions known as 
Lewy bodies, containing α-synuclein (α-syn)2,3 and by the loss 
of dopaminergic neurons mainly in the substantia nigra pars 
compacta, although neurodegeneration has been also reported 
to occur in the cortex and other brain areas, and these altera-
tions correlate with non-motor symptoms. At the molecular level, 
accumulation of misfolded α-syn affects mitochondrial function, 
autophagy4 and the expression of several functional groups of 
genes,5,6 although the molecular basis of transcriptional deregula-
tion remain elusive.

Epigenetic processes control several neurobiological and cogni-
tive functions, from early brain development and neurogenesis7 to 
memory formation, learning and synaptic plasticity.8 Altered epi-
genetic mechanisms have also been associated with neurological 
disorders, including Rett syndrome, autism, schizophrenia and 

parkinson disease (pD) is a multifactorial neurodegenerative disorder with high incidence in the elderly, where 
environmental and genetic factors are involved in etiology. in addition, epigenetic mechanisms, including deregulation 
of DNA methylation have been recently associated to pD. As accurate diagnosis cannot be achieved pre-mortem, 
identification of early pathological changes is crucial to enable therapeutic interventions before major neuropathological 
damage occurs. Here we investigated genome-wide DNA methylation in brain and blood samples from pD patients and 
observed a distinctive pattern of methylation involving many genes previously associated to pD, therefore supporting 
the role of epigenetic alterations as a molecular mechanism in neurodegeneration. importantly, we identified concordant 
methylation alterations in brain and blood, suggesting that blood might hold promise as a surrogate for brain tissue to 
detect DNA methylation in pD and as a source for biomarker discovery.
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Alzheimer, Huntington, and Parkinson diseases.9 We recently 
reported a decay on DNA methylation in the brain of PD sub-
jects, associated with the interaction of α-syn with DNA methyl-
transferase 1 (DNMT1) that results in sequestration of DNMT1 
in the cytoplasm.10 Moreover, other studies showed that decreased 
methylation at SNCA intron 1 might contribute to deregulation 
of α-syn expression in sporadic PD cases,11,12 highlighting the 
involvement of aberrant epigenetic mechanisms in PD pathology.

PD is a multifactorial disease where environmental and 
genetic factors are intricately associated. Since accurate diagnosis 
cannot be achieved until clear motor features have developed, 
which occurs when 50% or more of pigmented neurons in the 
substantia nigra have been lost, increasing efforts are dedicated to 
identify early prodromal non-motor symptoms, including auto-
nomic disturbances, olfactory dysfunctions, depression and sleep 
disorders that may contribute to the precocious diagnosis of PD 
and to enable therapeutic interventions before major neuropatho-
logical damage has occurred. Biomarkers, molecules that repre-
sent the particular signature of a pathological process and that 
can be easily accessed and quantified, represent a new diagnostic 
tool to monitor disease progression and therapy efficacy.13 DNA 
methylation is currently used as a successful biomarker in several 
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striking pathological feature of PD is the loss of dopaminergic 
neurons in the substantia nigra, neurodegeneration also occurs in 
the cortex,19 and variation of the regional volume of frontal cortex 
is a characteristic of PD manifestations with cognitive impair-
ment,20,21 underscoring the involvement of this brain structure 
in PD pathology.

DNA methylation profiles in brain and blood samples from 
Parkinson disease patients. Methylome analysis was performed 
using the Infinium Human 450K beadchip and GenomeStudio 
(both from Illumina). Detection levels were similar among 
groups, with an average of 485 386 CpG detected at P < 0.01. 
We first compared the methylation profiles between brain and 
blood to investigate if PBLs could represent a good source to 
profile methylation changes associated with PD. We detected 
2908 CpG with differential methylation (DM) in the brain and 
3897 CpG in the blood of PD cases, representing about 0.6% 
and 0.8% of the total array probes interrogated, respectively 
(Table 1). A few recent reports raised some concern about the 
use of whole blood DNA on methylation studies because the 
heterogeneity of the white cell types, each having their own par-
ticular epigenome, might confound DNA methylation measure-
ments and disease associations.22,23 Even though, we observed 
that the overall methylation patterns of brain and blood were 
similar, with more than 80% of the sites reported as DM being 
hypomethylated, in agreement with our previous findings  
(Fig. 1A).10 In addition, distribution of average β values across 
samples and tissues showed similar profiles with most CpG clus-
tering in low-methylation (LMF, β values < 20%) and high-
methylation fractions (HMF, β values > 80%) in both, brain 
and blood (Fig. 1B). However, while there were no significant 
differences between brain and blood in the LMF, there were 
more CpG in the HMF in PD blood in comparison to control 
subjects’ blood and also to PD brains (One-way ANOVA cor-
rected for multiple observations and Bonferroni post-hoc test, 
P < 0.05 and P < 0.001 respectively). Consistent with β-value 
distribution and previous reports,24 CpG neighborhood con-
text analysis and genomic location distribution was compa-
rable between brain and blood samples, and showed that loci 
with decreased methylation were more likely to locate at CG 
islands (CGi) and associated with promoter regions including 
TSS1500, TSS200 and 1st exon sites; while CpG sites located 
farther away from islands (open sea) and at the gene bodies 
were more likely to present increased methylation (Fig. 1C  
and D). Finally, analysis of annotated genes presenting DM 
in PD samples regarding Gene Ontology using Panther 
Classification System (www.pantherdb.org)25 and clustering by 
Biological Process, also showed that the same functional groups 
were affected in brain and blood, with cell communication 
and cellular and metabolic processes being the more populated 
clusters (Fig. 1E), and including genes related to apoptosis, a 
molecular pathway largely implicated in PD.26

We performed differential methylation analysis applying the 
Illumina Custom model after normalization to control probes 
present in the array and using the control subjects group as ref-
erence. We selected probes showing absolute Delta β-values > 
|0.2| at P < 0.01 (with FDR q < 0.001 to control for multiple 

cancer types,14–16 and represents a highly promising biomarker for 
neurodegenerative disorders.17,18 As emerging techniques allow 
monitoring DNA methylation from easily accessible peripheral 
tissues like blood, an important question rises whether DNA 
methylation changes from peripheral blood leukocytes (PBLs) 
would correlate with the brain methylome. We investigated 
genome-wide DNA methylation changes in brain and blood 
samples from PD patients in comparison to control subjects. We 
report here differential methylation for several genes previously 
associated with PD pathology, supporting the role of epigenetic 
deregulation as a molecular pathological mechanism in neuro-
degeneration. Importantly, we identified concordant methylation 
alterations in a subset of genes in PD brain and blood, suggesting 
that PBLs might represent a good proxy for brain methylation 
alterations associated with PD and might constitute a new source 
for biomarker discovery and development.

Results and Discussion

We previously reported a significant decrease in DNA methyla-
tion in the frontal cortex of patients with Parkinson disease and 
the related disorder Dementia with Lewy bodies, associated with 
the retention of DNMT1 in the cytoplasm.10 In the present study 
we further investigated the extent of this epigenetic deregulation 
by analyzing genome-wide DNA methylation profiles in post-
mortem frontal cortex samples and peripheral blood leukocytes 
(PBLs) from the same individuals on a cohort of PD patients (n = 
5) in comparison to age-matched healthy control subjects (n = 6). 
The cases studied did not differ significantly regarding age, brain 
weight, postmortem interval and years of education. Most PD 
cases presented low scores on the Mini-Mental State Examination 
(MMSE) suggestive of cognitive impairment and probable corti-
cal involvement in pathology (Table S1A). Although the most 

Table 1. Distribution of differentially methylated regions in brain and 
blood DNA from parkinson disease patients

Gene name Brain Blood

Differentially methylated regions 2908 (0.6%)* 3897 (0.8%)†

increased methylation‡ 317 476

Located in Autosomal CHr§ 131 206

Annotated genesΠ 84 127

Co-variation¶ 63

Decreased methylation‡ 2591 3421

Located in Autosomal CHr§ 148 174

Annotated genesΠ 90 106

Co-variation¶ 61

Differential methylation analysis threshold included probes with detec-
tion P value < 0.001 and Delta Beta scores > ⎜0.2⎟ at a P < 0.01 and fDr q 
< 0.001. *percentage of DMr from the average number of array probes 
detected per brain sample at P < 0.001 (485 577). †percentage of DMr 
from the average number of array probes detected per pBL sample at  
P < 0.001 (485 554). ‡probes showing gain or loss of DNA methylation 
in pD samples comparison to controls. §DM probes excluding those 
located at X and Y-chromosomes. Πprobes associated with annotated 
genes. ¶probes associated with annotated genes showing concordant 
changes in methylation in both, brain and pBL samples.
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Figure 1. DNA methylation profiles of brain and blood in parkinson disease cases. (A) Comparison of the fractions of differentially methylated loci 
that showed gain or loss of methylation in pD brain and blood. (B) Distribution of average β values across samples and tissues showing enrichment in 
low-methylation (LMf, β values < 20%) and high-methylation fractions (HMf, β values > 80%). iMf, intermediate methylated fraction (β values < 20% 
and > 80%). *Significant difference in pD blood in comparison to control subjects’ blood (P < 0.05) and to pD brains P < 0.001, One-way ANOVA with 
correction for multiple observations and Bonferroni post-hoc test). (C) CpG neighborhood context analysis in brain and blood samples that showed 
increased methylation (iM) or decreased methylation (DM) in pD. CG islands Shores are defined as regions up to 2 Kb from the CGi Start or End; Shelves 
are defined as the next 2 Kb boundaries from CGi shores. (D) Genomic location distribution of differentially methylated loci in pD brain and blood 
samples. tSS1500, CpG sites within 200–1500 bp from the transcription-starting site (tSS). tSS200, CpG sites within 200 bp from the tSS. Body, gene 
body regions. (E) Gene ontology analysis of annotated genes showing differential methylation clustering by biological process.
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Concordant variation of differen-
tially methylated loci in PD brain and 
blood. We further refined our analy-
sis to the fraction of autosomal probes 
showing differential methylation and 
associated with annotated genes, which 
corresponded to a total of 174 genes in 
the brain (84 with increased and 90 
with decreased methylation in PD) and 
233 annotated genes in blood (127 with 
increased and 106 with decreased meth-
ylation in PD, Table 1). Strikingly, 30% 
(124/407) of the total autosomal anno-
tated genes with DM presented concor-
dant changes in methylation between 
brain and blood (63 loci with increased 
methylation and 61 with decreased 
methylation respectively, Table 1;  
Table S4). We performed bootstrap 
simulations to test the probability of 
selecting the same 124 probes from both 
pools of differentially methylated loci 
in PD brain and blood only by chance 
(Fig. S1). Random sample generation on 
10 000 independent iterations, showed 
only n = 6 common probes that appear 
in both sets at high frequency, preclud-
ing the possibility that we could select 
124 genes with concordant methyla-
tion alterations by chance. This statis-
tic analysis with a bootstrap approach30 
supported the observation for both, 
genes with increased and decreased 
methylation. In addition, we ana-
lyzed the possible correlation between 
changes in methylation recorded in 
brain and blood, and represented by the 
individual β-values per probe for each 
PD case studied (Fig. 2). Linear regres-
sion analysis and Spearman correlation 
coefficients calculated for the 20 top 
probes with DM in only one tissue or 
co-varying in both, showed a tight cor-
relation of methylation levels for the 
probes with concordant methylation 
changes in both, brain and blood. Once 

more, this observation holds true for the probes with increased  
(Fig. 2A) and decreased methylation (Fig. 2B). Finally, we 
tested the probability that the changes in methylation observed 
in blood were independent from the changes in methyla-
tion observed for the same probes in the brain by performing 
a Fisher’s exact probability test on DM probes that showed 
increased or decreased methylation in PD brain and/or blood 
(Fig. 2C). In both scenarios, the null hypothesis was rejected, 
supporting a biologically meaningful relationship between 
the variation of methylation in brain and PBLs. Taken in all, 

comparisons) as DM, a threshold previously suggested to improve 
detection of DM sites in this array platform with 99% confi-
dence.27 We identified 317 probes in brain and 476 in blood with 
increased methylation while 2591 probes in brain and 3421 in 
blood showed decreased methylation in PD (Table 1). As gender 
is a known source of variation for DNA methylation in differ-
ent tissues,28,29 we focused our analysis on autosomal loci, which 
represented about half of DMRs with increased methylation and 
about 5% of DM sites with decreased methylation in both, brain 
(Table S2) and PBLs (Table S3).

Figure 2. Correlation of β-values between brain and blood in pD samples. Linear regression and 
Spearman correlation coefficients were calculated for the methylation values (β) of individual 
pD samples for the top 20 DM probes that showed increased (A) or decreased (B) methylation in 
only one tissue or that co-varied in both brain and blood. (C) fisher’s exact probability test on DM 
probes testing the null hypothesis that the observed changes in methylation in brain were inde-
pendent of the changes on the same probes in blood.
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We further validated the findings from the Infinium meth-
ylation array by an independent technique. We performed meth-
ylation-sensitive restriction/qPCR on brain and blood samples 
on 5 genes from the co-varying group for which Epitect Methyl 
II assays (Qiagen) were available to match the CGi covered by 
array probes. We included MRI1 and TMEM9 as candidates with 
increased methylation (Fig. 2A and B) and GSST1, TUBA3E 
and KCNH1 as genes with decreased methylation in the qPCR 
analysis (Fig. S2C–E). Array findings for 80% of tested genes 
(4/5) were validated by qPCR methods (Fig. S2).

this analyses suggest that a number of methylation changes in 
PD is shared between brain and blood, positioning these 124 
genes that co-varied among tissues as candidates for biomarker 
discovery.

In order to determine the potential association of these co-
varying DM genes with PD pathology, we mined the 30 top 
changing loci against curated genomic data repositories using 
NextBio® Disease Atlas (www.nextbio.com).31 Strikingly, the 
expression of 73% of DM loci (22/30) was reported deregulated 
in PD by at least one study, including 4 genes highly associ-
ated with PD risk in GWAS (HLA-DQA1, GFPT2, MAPT and 
MIR886 ; Table 2), suggesting that alterations in DNA methyla-
tion might represent a common molecular mechanism underly-
ing transcriptional deregulation and might be highly relevant to 
PD pathology. Noteworthy, genetic polymorphisms in GSST1, 
encoding glutathione S-transferase and GSTTP1, involved in 
conjugation of electrophiles and protection against reactive oxy-
gen species have been associated with increased risk to PD after 
exposure to Paraquat, a widely used herbicide that we reported 
recently to alter adult neurogenesis in PD models.32 In addi-
tion, the expression of major histocompatibility complex class 
II-related transcript HLA-DQA1 is altered by overexpression of 
HDAC1, a histone deacetylase increased in prefrontal cortex of 
patients with schizophrenia and related psychiatric disorders,33 
suggesting that this gene is under a complex epigenetic regula-
tion and its imbalance might trigger cognitive and behavioral 
pathologies. Furthermore, MIR886 is a highlighted candidate 
among co-varying genes with decrease methylation, for which 
more than 8 probes mapping to adjacent CpGs showed signifi-
cant decay in PD. MIR886 has recently been renamed as Vault 
RNA 2-1 (vtRNA2-1), precursor of svtRNA2-1a, a small non-
coding RNA whose upregulation induces neuronal dysfunction 
and was reported as an early event in PD pathology.34

Despite concerns regarding the use of whole blood as a source 
for DNA methylation profiling, significant co-variation between 
brain and blood methylomes was lately reported after weighted 
correlation network analysis of 2442 Illumina DNA methyla-
tion arrays.35 This meta-analysis identified an age-related co-
methylation module that can be found in diverse independent 
data sets. Biological evaluation showed that module membership 
is associated with CGi status and autosomal chromosome loca-
tion, two features that characterized our co-varying genes. In 
addition, functional enrichment analysis revealed that the aging-
related consensus module includes genes involved in nervous 
system development, neuron differentiation and neurogenesis 
and also genes known to be downregulated in Alzheimer dis-
ease. We identified 10 genes from our co-varying group among 
the top 1000 members of the aging-related methylation module. 
Importantly, all of them were associated to PD at NextBio Disease 
Atlas: SLC12A5,36–38 ABCA3,39 FHIT,36 FAT1,38 CPLX2,36–38,40,41 
APBA1,37,38,41 MAGI2,36,38,42,43 CNTNAP2,38,39 ATP8A2,36–40,44 
and SMOC2,38 reinforcing the idea that detection of differential 
methylation events pertinent to PD pathology is feasible from 
blood samples, and also rising the possibility of common risk fac-
tors for PD and age-associated brain changes mediated by meth-
ylation of select genes.

Table 2. Differentially methylated autosomal genes that co-varied in 
brain and blood DNA from pD patients

A. Genes with increased methylation in PD

Gene name Delta beta brain Delta beta blood

KCtD540 0.429 0.465

VAV237,38,40 0.374 0.426

MOG36,38,39 0.357 0.336

triM1038 0.352 0.397
†HLA-DQA138,49 0.325 0.290

ArHGEf1037,38,40 0.319 0.356
†Gfpt238,42,50 0.291 0.253

*HLA-DrB536 0.282 0.255

tMEM937,38 0.274 0.249

Mri140 0.258 0.284
†MApt37,38,44,49–52 0.247 0.295

HLA-DrB6 0.240 0.279

LASS3 0.230 0.243

GSttp238,41,53 0.222 0.207

GSttp138,42,44 0.218 0.258

B. Genes with decreased methylation in PD

Gene name Delta beta brain Delta beta blood

DNAJA3 −0.445 −0.511

*JAKMip337,40 −0.403 −0.362

frK36,47 −0.386 −0.341

LrrC27 −0.382 −0.406

DMBX1 −0.370 −0.354

LGALS7 −0.368 −0.380

fOXK1 −0.317 −0.340

ApBA137,38 −0.312 −0.283

MAGi236–38,42 −0.306 −0.228

SLC25A2438 −0.253 −0.241

GStt138,42,44 −0.239 −0.239

*MYOM244 −0.228 −0.201

*†Mir88651 −0.214 −0.242

tUBA3E −0.210 −0.210

tMCO338,40 −0.207 −0.203

Selected genes differentially methylated in brain and blood genomes 
(top 15 per group). *Loci with more than 2 probes with differential meth-
ylation on the array (Delta β represents average value from all detected 
probes). †Expression deregulated and/or linked to GWAS in pD.
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pharmacological treatments on DNA methylation, in particular 
regarding levodopa/carbidopa, the most widely used dopamine 
replacement drugs. We plotted the individual methylation val-
ues for each PD patient studied (expressed as the average β-value 
from all interrogated probes/individual). Methylation profiles 
did not significantly differed among patients (Fig. 3A) and no 
clear association with therapy was evident. Interestingly, higher 
methylation levels were observed for one patient with a record of 
cancer, which is known to greatly alter methylation46 suggesting 
that disease might override epigenetic changes due to age and 
potentially to drugs. Noteworthy, while average β-values did not 
correlated with age (Fig. 3C), a high Spearman correlation coef-
ficient was observed for duration of disease (Fig. 3D), suggesting 
that methylation changes might be driven by PD pathological 
processes.

Finally, we performed unsupervised hierarchical clustering of 
the individual methylation profiles detected from blood using 
absolute correlation (Fig. 4) as a test of the potential capacity 
of methylation profiles to differentiate between control and dis-
eased subjects. Interestingly, the resulting dendogram showed a 
clear separation between control and PD cases. Although samples 

The array platform selected for this study contains multiple 
probes mapping adjacent to each other and covering different 
CpGs per annotated gene. We detected probes associated with 
the same gene and showing opposite changes in methylation for 
only 6 genes out of 407 genes for which we observed DM in brain 
and/or blood, including HLA-DRB1, LRKK1, MMEL1, HLA-
DQB1, OR12D3 and VAV2 (denoted by * in Tables S2–4). 
Although all the probes reached significance in our stringent 
analysis, still the biological interpretation of the effects of these 
changes in the context of transcriptional regulation need to be 
further explored.

As mentioned before, clear diagnosis of PD is achieved in the 
clinic when movement symptoms have clearly being established, 
and patients are usually started in anti-parkinsonian treatments 
soon after. All of the PD cases included in our cohort received 
different drug regimens and the duration of disease also varied 
among cases (Table S1B; Fig. 3A and B), therefore the question 
might arise whether the observed epigenetic alterations are due to 
ongoing PD pathology or rather an effect of medication or age, as 
the later was associated with DNA methylation decline.45 Almost 
no systematic investigation was conducted so far on the impact of 

Figure 3. Effects of drug regimen, age and disease duration on DNA methylation. (A) Box plot showing the average β-value of the total probes interro-
gated per individual pD case. Age at time of death is indicated in (black). Duration of disease, calculated as years elapsed since first pD diagnosis until 
time of death, is indicated in red. Drug treatment most relevant to pD pathology is indicated in blue. (B) Medication details (additional information is 
presented in Table S1B). *Denotes a patient with record of cancer. Correlation of DNA methylation (average β-value) with age (C) or disease duration 
(D) plotted per individual pD subject studied. Blue circle identifies the patient with cancer record. Case iD corresponds with Figure 4.
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methylated). The Illumina GenomeStudio Software (version 
2011.1) was used to assess quality and extract the DNA methyla-
tion signals from scanned arrays. Methylation data was extracted 
as raw signals with no background subtraction and data was 
normalized to control probes present on the array. An average of 
485 386 probes were detected per sample at P < 0.001 and were 
incorporated into downstream analysis. Differential methylation 
analysis was performed using Illumina custom model and thresh-
old for CpG selection was Delta β scores > |0.2| at P < 0.01 and 
FDR q < 0.001.

Methylation-sensitive restriction qPCR. To independently 
validate array findings, we performed methylation-sensitive 
restriction qPCR analysis using EpiTect Methyl II PCR assays 
(Sa Biosciences/Qiagen). The method is based on the detection 
of remaining input DNA after cleavage with methylation-sensi-
tive and methylation-dependent restriction enzymes. Following 
digestion, the remaining DNA is quantified by real-time PCR in 
each individual enzyme reaction using primers that flank a CpG 
region of interest that comprise the restriction sites. We per-
formed digestions on 400 ng of brain and PBL genomic DNA 
using EpiTect Methyl II DNA restriction kit (Qiagen, # 335452) 
as indicated in the manufacturer’s protocol. Digested DNA was 
used as template for qPCR Assay using RT2 SYBR® Green qPCR 
Mastermixes (Qiagen, # 330509) under standard amplification 
conditions. Cataloged Epitect II Methyl PCR primers used were 

were also clustered by gender, male control subjects were closer 
to female controls than to PD males. The existence of a distinc-
tive DNA methylation pattern than can separate control from 
disease subjects was previously reported for the related disorder 
Dementia with Lewy bodies, where an unsurpevised clustering 
showed a distinct methylation profile in brain.47

In conclusion, we report here genome-wide alterations in 
DNA methylation associated with PD pathology in brain and 
blood tissues. Although DNA extracted from whole blood rep-
resents a complex mixture from different cell types and is highly 
variable among individuals, we detected similar methylation 
patterns between both tissues. Importantly, we identified a set 
of genes whose methylation coordinately varies in brain and 
blood, with most of these loci previously being implicated in PD 
pathology. Notably, the individual methylation profiles obtained 
from blood were able to separate control subjects from PD cases, 
highly suggesting that peripheral blood leukocytes might repre-
sent a good surrogate for brain tissue and opening a new source 
for biomarker discovery in PD.

Materials and Methods

Samples. All investigations involving human samples have 
been conducted according to the principles expressed in the 
Declaration of Helsinki. Approval was obtained from the 
Institutional Review Board of the University of California San 
Diego (UCSD), project 111085X. Written informed consent was 
obtained from all participating subjects, where appropriate.

Human brain samples. Postmortem human brain samples 
(frontal cortex) were provided by the Alzheimer Disease Research 
Center at UCSD and the Layton Aging and Alzheimer Research 
Center from Oregon Health and Science University from patients 
diagnosed with Parkinson disease (PD, n = 5) and non-demented 
age-matched control subjects (CT, n = 6). All cases were clini-
cally characterized during life and histopathologically post mor-
tem. Cases with a history of trauma, hemorrhage or infarction 
were excluded from the study. Post mortem intervals were no lon-
ger than 8 h. Genomic DNA was extracted from 25 mg of brain 
tissue with DNeasy Blood and Tissue kit (Qiagen, # 69504). 
Genomic DNA isolated from peripheral blood leukocytes (PBLs) 
was directly obtained from the brain repositories.

DNA methylation microarray. Briefly, 500 ng genomic 
DNA were converted by bisulfite treatment using the EZ DNA 
Methylation kit (Zymogen, # D5001) according to the manufac-
turer’s instructions. Genome-wide methylation profiling was per-
formed on 200 ng of bisulfite-treated DNA using the Illumina 
Infinium HumanMethylation 450k BeadChip (Illumina, 
# WG-314-1003) at the Case Western Reserve University 
Department of Genetics and Genome Sciences Genomics Core, 
following standardized protocols at the facility and according to 
the manufacturer’s instructions. Beadchips were scanned on an 
Illumina HiScan SQ. The methylation status of a specific CpG 
site was expressed as β values, calculated as the ratio of the fluo-
rescence intensity signals of the methylated (M) and unmethyl-
ated (U) alleles, β = Max(M,0)/[Max(M,0) + Max(U,0) + 100]. 
β values range between 0 (non-methylated) and 1 (completely 

Figure 4. Hierarchical clustering of samples based on individual meth-
ylation profiles detected from blood. Dendogram showing the unsu-
pervised hierarchical clustering of the 11 cohort subjects using absolute 
correlation. Control cases (gray) and pD patients (blue) were grouped 
based on pearson correlations of whole genome methylation profiles us-
ing a 1 − |r| distance measure and nesting with average linkage method. 
An average of 485 386 CpG sites/group with detection P < 0.001 were 
featured in the analysis. females are represented by circles and males by 
squares. Numbers represent the individual sample iD.
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n = 6 being the number of probes that reached the highest fre-
quency (P < 0.001). Similar results were obtained when the same 
procedure was performed for the group of 148 probes showing 
decreased methylation in brain and 174 probes that lost methyla-
tion in PD blood, and testing for the probability of finding the 
same 61 probes in both sets.
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GSST1 (EPHS109721-1A); MRI1 (EPHS107138-1A); KCNH1 
(EPHS101243-1A), TMEM9 (EPHS101170-1A) and TUBA3E 
(EPHS108566-1A), all from Qiagen.

Statistical analysis. Statistical analysis was performed using 
One-way ANOVA corrected for multiple comparisons followed 
by the Bonferroni’s post hoc test or the Student t-test (unpaired; 
two-tailed) with a significance of P < 0.05 (Prism Graph Pad 
Software) as indicated. Linear regression, Spearman’s correlation 
and Fisher’s exact probability test were calculated with Prism 
Graph Pad Software.

Differential methylation analysis. The Illumina custom model 
was applied, under the assumption that β-values are normally 
distributed among replicates. False discovery rate was computed 
according with the method of Benjamini-Hochberg48 to correct 
for multiple comparisons.

Correlation of methylation values between brain and blood. We 
report linear regression and the Spearman correlation coefficients 
of β-methylation values in brain and blood for each individual 
of the PD group. We compared the individual β values of the top 
20 probes showing concordant methylation changes in brain and 
blood and the 20 top probes showing differential methylation in 
only one tissue (selected as the 10 top probes with DM in brain 
and the 10 top probes with DM in blood).

We also tested the probability that increased or decreased 
methylation in blood was independent than increased or decreased 
methylation of the same probes in the brain by performing a 
Fisher’s exact probability test on differentially methylated probes 
showing changes in methylation in PD brain and/or blood.

Bootstrap analysis. We performed bootstrap simulations to test 
the probability of selecting the same 124 probes from both pools 
of differentially methylated probes in PD brain and blood only 
by chance. We independently analyzed probes sets with increased 
and decreased methylation in PD. We generated a random sample 
from the 131 probes with increased methylation in brain and from 
the 206 that gained methylation in PD blood, and computed 
how many probes were present on both sets. The procedure was 
repeated 10 000 times. For the 10 000 iterations, most of the boot-
strapped samples had a low number of co-varying probes, with 
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