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Abstract The a-synuclein gene (SNCA) plays a major

role in the aetiology of Lewy body disease (LBD) includ-

ing Parkinson’s disease (PD). Point mutations and genetic

alterations causing elevated gene expression are causally

linked to familial PD. To what extent epigenetic changes

play a role in the regulation of a-synuclein expression and

may contribute to the aetiology of sporadic LBD is a matter

of debate. We analysed the methylation state of the pro-

moter region and a CpG-rich region of intron 1 of a-syn-

uclein in several brain regions in sporadic LBD and

controls using 454 GS-FLX-based high-resolution bisul-

phite sequencing. Our results indicate that there are sig-

nificant differences in the level of methylation between

different brain areas. The overall methylation levels in the

promoter and intron 1 of a-synuclein are rather low in

controls and—in contrast to previously reported findings—

are not significantly different from LBD. However, single

CpG analysis revealed significant hyper- and hypomethy-

lation at different positions in various brain regions and

LBD stages. A slight overall increase in methylation rela-

ted to LBD patients’ age was detected.

Keywords Alpha-synuclein � Epigenetics � Methylation �
Lewy body disease

Introduction

The term epigenetics has been defined as variability in gene

expression underlying characteristic phenotypic traits that

are not due to modifications in the genetic sequence. Epi-

genetic modifications originate from DNA methylation,

histone modifications, miRNA expression and nucleosome

positioning (Portela and Esteller 2010). It is known that

epigenetic mechanisms play an important role in carcino-

genesis (Portela and Esteller 2010; Taby and Issa 2010).

Over the past years, epigenetic research has also captured

the field of neurodegeneration (Marques et al. 2011;

Urdinguio et al. 2009).

Epigenetic modifications of SNCA could be the missing

link between familial and sporadic forms of LBD such as

Parkinson’s disease (PD). Sporadic PD accounts for

90–95% of PD cases and is characterized by the progressive

degeneration of dopaminergic nigro-striatal systems and

other neuronal networks (Sherer et al. 2001). However, its

cause still remains elusive. Nevertheless, one key player in

PD, namely a-synuclein, has been identified so far: Lewy

bodies and Lewy neurites, histopathological hallmarks of

PD, contain mainly a-synuclein (Sherer et al. 2001).
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Furthermore, missense mutations and amplifications of

SNCA are directly related to PD (Ibanez et al. 2004;

Singleton et al. 2003; Zarranz et al. 2004; Polymeropoulos

et al. 1997), indicating that elevations of a-synuclein

expression are directly disease causing. Recent genome-

wide association studies (GWAS) have identified SNCA as a

major risk locus for PD (Simon-Sanchez et al. 2009; Satake

et al. 2009). The expression levels of SNCA could possibly

be controlled by changes in methylation levels of SNCA.

Latest research has suggested epigenetic regulations by

DNA hypomethylation of intron 1 in SNCA in PD, possibly

leading to an increased expression of SNCA and contrib-

uting to PD aetiology (Jowaed et al. 2010; Matsumoto et al.

2010). These studies only analysed a small number of

patients and brain regions, not considering the associated

Braak or McKeith stages of LBD. In addition, these publi-

cations were based on low resolution and subcloning-based

sequencing, so that technically biased evaluation cannot be

excluded. As PD pathology evolves in different stages

during disease progression (McKeith et al. 2005; Braak

et al. 2003), it is mandatory to determine whether epigenetic

modifications are stable alterations in different brain

regions during the progression of disease.

The aims of the present study were to determine

(i) whether methylation changes of SNCA contribute to

LBD aetiology, (ii) whether different brain areas affected

in LBD (substantia nigra, putamen, cingulate gyrus and

temporal cortex) show differences in the methylation of

SNCA and (iii) whether the degree of SNCA methylation

changes with age or post-mortem (p.m.) time. We used

Next-Generation GS-FLX-based bisulphite sequencing to

avoid possible technical biases and to obtain high-resolu-

tion methylation profiles.

Materials and Methods

Tissue Samples and DNA Extraction

Frozen brain tissue samples of 15 Lewy body cases and 6

controls were obtained from the brain bank (Brain-Net

Germany) at the Center of Neuropathology and Prion

Research, Ludwig-Maximilians-Universität, Munich

according to the approval of the local ethical committee

(Table 1). Tissue samples from 4 different brain regions

affected in LBD were analysed: substantia nigra (n = 10,

controls n = 3), putamen (n = 15, controls n = 6), cingu-

late gyrus (n = 15, controls n = 6), temporal cortex

(n = 15, controls n = 6) as well as tissue from the cere-

bellum used as an internal control (n = 14, controls n = 6).

Histopathological classifications were based on Braak stages

(Braak et al. 2003). Braak stages 1 and 2 were taken together

as brain-stem predominant stages, Braak stages 3 and 4 as

limbic stages and Braak stages 5 and 6 as neocortical stages.

All controls were tested for the presence of a-synuclein,

abeta, tau etc. using immunohistochemical examinations.

Tissue samples were homogenized using 500 ll 25 mM

EDTA/10 mM NaCl (Roth, Karlsruhe, Germany and VWR,

Darmstadt, Germany), followed by 500 ll 25 mM EDTA/

10 mM Tris–HCL/1%SDS (Roth, Karlsruhe, Germany) and

treated with RNAse (Sigma-Aldrich, Munich, Germany).

Afterwards, samples were digested with Proteinase K

(Fermentas, St. Leon-Rot, Germany) followed by phenol/

chloroform extraction (VWR, Darmstadt, Germany) and eth-

anol precipitation of genomic DNA. Finally, DNA was stored

in TE buffer (Roth, Karlsruhe, Germany). DNA integrity was

checked on 1.2% agarose gels, and DNA was quantified with a

Qubit Fluorometer (Invitrogen, Darmstadt, Germany).

Bisulphite Treatment

Bisulphite treatment was performed on 500 ng genomic

DNA. Briefly, DNA was treated with 2 M sodium bisulphite

(Roth, Karlsruhe, Germany) and 0.6 M NaOH (Roth,

Karlsruhe, Germany), then denatured for 15 min at 99�C and

incubated for 30 min at 50�C. We introduced two thermo-

spikes of 99�C for 5 min followed by two incubation steps of

1.5 h at 50�C. Purification was achieved by loading, desul-

phonation with 0.3 M NaOH and washing with 19 TE

on a microcon YM-30 column (Millipore, Schwalbach,

Germany). Bisulphite DNA was eluted in 50 ll 19 TE.

Amplicon Generation and 454 GS-FLX Sequencing

Amplicons were generated using region-specific primers

(SNCA promoter: 50 GAAAATTTTGAAGATATTTGA

ATT 30 and 50 AAACTAAAAATAATACCTCTTCCT 30;
SNCA intron 1: 50 TATAAGGGTTGAGAGATTAGGT 30

and 50 CCTCAACTATCTACCCTAAACAAA 30) with

the recommended A and B adaptors (Roche, Mannheim,

Germany) at their 50-end. PCR of bisulphite-treated DNA

was performed in a total volume of 30 ll containing 3 ll Hot

Start-IT reaction buffer (USB, Cleveland, OH, USA), 2.4 ll

dNTPs, 2.5 mM each, 100 nmol of each primer, 1.25 U Hot

Start-IT (USB, Cleveland, OH, USA) and 2 ll of bisulphite

DNA. After initial denaturation at 95�C for 5 min, 40 cycles

were carried out for the promoter region (denaturation 95�C

for 1 min, annealing 62�C for 1 min, extension 72�C for

1 min and final extension 72�C for 5 min) and 45 cycles for

intron 1 (denaturation 95�C for 1 min, annealing 56.5�C

for 1 min, extension 72�C for 1 min and final extension 72�C

for 5 min). PCR products were visualized on 1.2% agarose

gels, purified using the Gel/PCR DNA Fragments extraction

kit (AVEGENE, Taipei, Taiwan) and measured by intercalat-

ing fluorescence dye (Qubit HS-Kit, Invitrogen, Darmstadt,

Germany) using Qubit Fluorometer (Invitrogen, Darmstadt,
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Germany). After amplicon pooling, emulsion PCR was

performed using Lib-A emPCR protocols. DNA-containing

beads were recovered, enriched and sequenced from the

A-adaptor on a XLR70 Titanium PicoTiterPlate according to

the manufacturer0s protocols (Roche, Mannheim, Germany).

Data Evaluation

From primary sff files, fasta reads were extracted and

assigned to the reference sequence. Methylation level and

pattern were assessed using multiple sequence alignment

with an extended and improved version of BiQ Analyzer

(Bock et al. 2005), the Biq Analyzer-HT software (Lutsik

et al. 2011). Samples with less than 20 reads (n=6, intron 1

CE sample No. 1, 12, 16, 17; putamen sample No. 20) were

excluded from the study to avoid misinterpretations due to

low read numbers. Data are shown as mean ± SD. Statis-

tical analysis was performed with SPSS version 18. Results

were regarded as significant, if P \ 0.05. P values were

based on unpaired two-tailed t test. Associations between

Table 1 Description of patients

Case

no.

Classification Sex Age PMT

(h)

Tissue Concomitant

neurodegenerative

diseases

Other concomitant diseases

1 Control $ 88 [48 SN, P, CG, TC, CE Braak & Braak I-II,

CERAD B

?

2 Control # 53 N.A. P, CG, TC, CE None Cardiac tamponade

3 Control # 87 48 P, CG, TC, CE Braak & Braak I-II,

CERAD 0

?

4 Control # 61 24 P, CG, TC, CE None Heart failure

5 Control # 46 N.A. SN, P, CG, TC, CE None ?

6 Control $ 80 N.A. SN, P, CG, TC, CE Braak & Braak III-IV,

CERAD 0

?

7 Brain-stem predominant

(Braak 1 and 2)

# 71 26 P, CG, TC, CE None Respiratory insufficiency,

hypertension

8 Brain-stem predominant

(Braak 1 and 2)

$ 95 10.5 SN, P, CG, TC, CE None Heart failure, diabetes

mellitus

9 Brain-stem predominant

(Braak 1 and 2)

$ 76 N.A. P, CG, TC, CE None ?

10 Brain-stem predominant

(Braak 1 and 2)

$ 73 19 P, CG, TC, CE Paraneoplastic

anti-Yo-syndrome

Paraneoplastic

anti-Yo-syndrome

11 Brain-stem predominant

(Braak 1 and 2)

# 70 60 SN, P, CG, TC, CE None Heart insufficiency, COPD,

cerebral amyloid angiopathy,

pyelonephritis

12 Limbic (Braak 3 and 4) # 74 \24 SN, P, CG, TC, CE None Respiratory insufficiency,

pneumonia

13 Limbic (Braak 3 and 4) # 76 7 SN, P, CG, TC, CE None ?

14 Limbic (Braak 3 and 4) $ 78 6.5 SN, P, CG, TC Braak & Braak V,

CERAD C

Amyloid angiopathy

15 Limbic (Braak 3 and 4) # 72 28 P, CG, TC, CE None Cancer of the liver

16 Neocortical (Braak 5 and 6) # 83 29 SN, P, CG, TC, CE Braak & Braak II,

CERAD A

?

17 Neocortical (Braak 5 and 6) $ 76 19 SN, P, CG, TC, CE Braak & Braak IV,

CERAD 0

?

18 Neocortical (Braak 5 and 6) # 80 6 SN, P, CG, TC, CE Braak & Braak II,

CERAD 0

?

19 Neocortical (Braak 5 and 6) # 74 14 SN, P, CG, TC, CE Braak & Braak III,

CERAD 0

Pituitary apoplexy

20 Neocortical (Braak 5 and 6) # 76 7.5 P, GC, TC, CE Braak & Braak II,

CERAD 0

Heart insufficiency,

pulmonary hypertension

21 Neocortical (Braak 5 and 6) $ 79 N.A. SN, P, GC, TC, CE Braak & Braak II,

CERAD 0

Polyneuropathy

Classification: According to Braak stages, PMT post-mortem time (h), SN substantia nigra, P putamen, CG cingulate gyrus, TC temporal cortex,

CE cerebellum
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variables were measured by Pearson’s rank correlation.

Co-methylation was analysed with Fisher’s exact test.

Results

We analysed DNA from 4 different brain regions known to

be affected in LBD [substantia nigra (SN), putamen, cin-

gulate gyrus (CG) and temporal cortex (TC)] as well as

tissue from the cerebellum (CE) used as an internal control

in 187 tissue samples (promoter n = 96, intron 1 n = 91)

from 15 LBD cases (brain-stem predominant n = 5, limbic

n = 4, neocortical n = 6) and 6 controls. The analysed

SNCA regions of interest and the summary of information

concerning the patients and controls are shown in Fig. 1

and Table 1.

Amplicon-Specific Methylation

The average methylation level over all analysed CpGs at

the promoter region was 0.6% for LBD cases and controls

(CE excluded, Fig. 2a, Online Resource Table 1). Com-

pared with the promoter region, the intron 1 showed 4.2-

fold higher methylation levels (CE excluded, Fig. 2b,

Online Resource Table 1). At the intron 1, LBD cases

displayed average methylation levels of 2.6% and controls

2.3%.

Concerning different LBD stages, the promoter region

showed methylation levels of 0.6% for brain-stem pre-

dominant, limbic and neocortical stages (CE excluded,

Fig. 2a, Online Resource Table 1). At intron 1, brain-stem

predominant stages demonstrated methylation levels of

2.8%, limbic ones 2.6% and neocortical ones 2.5% (CE

excluded, Fig. 2b, Online Resource Table 1). Additionally,

hypomethylation as well as hypermethylation was detected

in various LBD stages at both the promoter region and

intron 1 compared with controls (Fig. 2a, b, Online

Resource Table 1).

In summary, both regions show methylation levels that

do not differ markedly between LBD cases and controls.

Furthermore, the methylation state is independent on dis-

ease state in LBD patients, but one has to bear in mind that

individuals and tissues exhibited high variation in meth-

ylation state (Fig. 2a, b, Online Resource Table 1). E.g.

limbic LBD stages show hypermethylation as well as

hypomethylation in the SN compared with controls

(Fig. 2a, b, Online Resource Table 1).

Specific Methylation in Different Brain Regions

DNA methylation levels show strong variations in different

brain regions (Fig. 2a, b, Online Resource Table 1). Mean

methylation levels for CE at the promoter region and intron

1 always showed the lowest methylation levels compared

with all other analysed tissues and did not show significant

differences between LBD cases and controls. LBD cases

demonstrated mean methylation levels of 0.2% at the

promoter region and 0.7% at intron 1, whereas controls

demonstrated 0.3% at the promoter region and 0.6% at

intron 1 (Fig. 2a, b, Online Resource Table 1). A com-

parison of the methylation levels in CE and the other

analysed tissues demonstrated significant hypermethylation

for most LBD cases and controls at the intron 1 (Online

Resource Table 6). The second lowest methylation levels

Promoter 

+521TYTTTATTTTTAGGATTTTTTTCGGTTTTTTTTAGATTAAGAGTAAACGAAAATTTTGAA              +580 

 +581 GATATTTGAATTAAAGCGATTTTTAACGTTGTAATTTGTGATCGTGATTAAATTTTAGCG      +640 
1                      2                                   3                                     4                             

 +641 ATGCGAGGGTAAAGCGTTTTCGGCGGTGCGGTGTGAGTTATTTTTCGGCGTTGTTTGTTT +700 
                   5                           6            7      8           9                                      10     11
 +701 TTTTTAGTAGTTTTTTAAGGGATAGGTTTTGTTTTTGGTGGTCGATTTTTAGGTTTTCGG      +760 
                                                                                                                12                               13                                                           
 +761 TTTTTTTAGGGCGATTTTGACGAGGGGTAGGGGGTGGTTTTCGGGAGGATTTAGAGGAAA +820 
                   14            15                        16  
 +821 GGCGGGGATAAGAAGGGAGGGGAAGGGGAARGAGGAAGAGGTATTATTTTTAGTTTAATC   +880 

17  

Intron 1 

 +1781 TATAAGGGTTGAGAGATTAGGTTGTTTTTTCGGGATTCGTTTTTTTTCGGGAAACGCGAG       +1840 
1                2                   3                4    5 

 +1841 GATGTTTTATGRAGCGTGAGTATTTAATTTTTTTTTTATATAAAATTTGTTTGTTCGTTT             +1900 
6                                                                                              7 

 +1901 TTTTGGTTTTTTTTTGTAAAGTAAGTAAGTTGCGTTTGGTAAATAATGAAATGGAAGTGT          +1960 
8  

 +1961 ARGGAGGTTAAGTTAATAGGTGGTAACGGGTTAATAAGTGTTGGCGCGGGGTTCGTTAGG    +2020 
9                                         10  11              12 

 +2021 GTGGAGGTTGAGAAYGTTTTTTCGGGTGGTTGGCGCGGGGTTGGAGACGGTTSGCGAGTG  +2080 
                                                                   13                        14  15                           16              17  
 +2081 TGAGCGGCGTTTGTTTAGGGTAGATAGTTGAGGGCGGGGGTGGATGTTGGATGGATTAGA   +2140 

18    19 

Fig. 1 SNCA regions of

interest. Yellow: predicted CpG

islands (CpG plot: observed/

expected ratio [0.60, percent C

? percent G [50.00, length

[200 bp), Green: Bis-PCR-

Primer
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were found in the putamen (Fig. 2a, b, Online Resource

Table 1). There, LBD cases exhibited higher methylation

values than controls (Fig. 2a, b, Online Resource Table 1).

The highest methylation levels were observed in the cor-

tical areas, but no differences were found between controls

and LBD patients (Fig. 2a, b, Online Resource Table 1).

Values in the SN must be viewed with caution, since they

are based on small numbers of cases and varying admix-

tures of glial cells in Lewy body cases (see ‘‘Discussion’’).

Specific Methylation in Different LBD Stages

A comparison of LBD stages revealed hypomethylated as

well as hypermethylated alterations at the promoter region

and intron 1 in different brain regions (Fig. 2a, b, Online

Resource Table 1). Significant changes could only be

detected at the intron 1 in the putamen of Lewy body cases

with limbic stage compared with controls (Fig. 2b).

In detail, methylation levels at the promoter region in

the SN decreased in all three LBD stages (brain-stem

predominant and neocortical 14.3%, limbic 28.5%,

P = 0.3 each, Fig. 2a and Online Resource Table 1).

Concerning the CG, the methylation state also decreased in

brain-stem predominant patients (12.5%, P = 0.8), limbic

ones (50%, P = 0.2) and neocortical stages (37.5%,

P = 0.2, Fig. 2a and Online Resource Table 1). In con-

trast, promoter methylation analysis of the putamen and TC

demonstrated increased but not significantly higher meth-

ylation levels in different LBD stages compared with

controls; putamen: 1.3-fold in brain-stem predominant

stages (P = 0.3), 1.7-fold in limbic stages (P = 0.1), 1.7-

fold in neocortical stages (P = 0.2) and TC: 1.2-fold in

brain-stem predominant stages (P = 0.5), 1.6-fold in lim-

bic stages (P = 0.1), 1.4-fold in neocortical stages

(P = 0.7, Fig. 2a and Online Resource Table 1).

In intron 1, the SN and the putamen showed increased

methylation levels: SN 1.6-fold in brain-stem predominant

stages (P = 0.6), 1.3-fold in neocortical stages (P = 0.6);

putamen 1.4-fold in brain-stem predominant stages

(P = 0.4), 1.9-fold in limbic stages (P = 0.03), 1.4-fold in

neocortical stages compared with controls (P = 0.2, Fig. 2b

0.0
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7.0

SN Putamen CG TC CE

controls LBD brain stem predominant LBD limbic LBD diffuse neocortical
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Fig. 2 a, b Methylation levels

[%] in different brain areas

(SN = substantia nigra,

CG = cingulate gyrus,

TC = temporal cortex,

CE = cerebellum) of LBD

samples according to the Braak

stages (brain-stem

predominant = Braak 1 and 2,

limbic = Braak 3 and 4,

neocortical = Braak 5 and 6)

and controls. P = 0.03 versus

controls (unpaired two-tailed

t test)
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and Online Resource Table 1). The TC also displayed

increased methylation levels in brain-stem predominant

(1.1-fold, P = 0.9) and limbic stages (1.1-fold, P = 0.8) but

decreased methylation levels in neocortical stages (6.9%,

P = 0.8) compared with controls (Fig. 2b and Online

Resource Table 1). Decreased methylation levels were also

detected in the CG for limbic and neocortical stages (10.7%,

P = 0.5 each, Fig. 2b and Online Resource Table 1).

Methylation State of Single CpGs

Other studies carried out so far suggested methylation chan-

ges analysing single CpGs in intron 1 (Table 2). Our analysis

of single CpGs in the SNCA promoter region and intron 1

(promoter: 17 CpG positions, intron 1 19 CpG positions;

Fig. 1) revealed no significant differences between various

LBD stages and controls (Fig. 3a–d, Online Resource

Tables 2–5). With regard to intron 1, methylation levels of

different CpGs only varied marginally. Differences in meth-

ylation levels only accounted for 10%. The highest methyl-

ation levels always peaked at positions 7 and 19 (up to 10.1%),

the lowest methylation levels (0.1%) mainly at positions 3, 4

and 14 (Fig. 3a–d, Online Resource Tables 3, 5).

Concerning different tissue samples, only sparse CpG

positions demonstrated significant hypo- as well as hyper-

methylation in the promoter region and intron 1. Compared

with the other studies, only significant increased, but not

decreased methylation levels in LBD affected brain regions

could be detected in intron 1 (putamen CpG no. 5 limbic

stage (4.8-fold, P = 0.03), CpG no. 7 neocortical stage

(2.0-fold, P = 0.02), CG CpG no. 18 neocortical stage (2.9-

fold, P = 0.04), Fig. 3a–d, Online Resource Tables 3, 5).

Since we analysed brain regions consisting of different cell

types, looking at co-methylation of CpG positions within

the amplicons might shed light on cell type–specific

methylation profiles. For example, Fisher’s exact test

revealed no co-methylation of the hypermethylated CpGs

No. 5 and 7 in the putamen of LBD cases (P \ 0.0001,

Online Resource Fig. 2).

Regarding different LBD stages, significant methylation

changes were detected in early and late LBD stages in

intron 1 as well as the promoter region, indicating that

methylation changes do not antecede or parallel disease

progression. (Fig. 3a–d, Online Resource Tables 2–5).

Correlations Between Methylation State and Age

and p.m. Time

Matsumoto et al. suggested correlations between methyl-

ation state and disease duration, but not age (Matsumoto

et al. 2010). Our results show that the averaged methylation

state was unaffected by age (r = -0.03; P=0.9) or p.m.

time (r = -0.02; P = 0.9) for controls and p.m. time for

LBD cases (r = -0.2; P = 0.2; Online Resource Fig. 1 A,

B). A slightly significant positive correlation was found

between methylation state and age in LBD cases (r = 0.3,

P = 0.01, Online Resource Fig. 1 A).

Discussion

In the present study, we have investigated whether (i) dif-

ferences in the methylation state of the promoter region and

intron 1 of SNCA appear in LBD cases versus controls, (ii)

different brain areas show variable DNA methylation of

SNCA and (iii) the degree of SNCA methylation changes

with age or p.m. time. We analysed the methylation state in

sporadic cases of LBD of different stages according to the

Braak classification (Braak et al. 2003) and compared them

with controls. Our results indicate that the overall meth-

ylation levels in both regions of SNCA are rather low in

controls and various LBD stages compared with reported

methylation levels of other genes (most of them ranging

from 40 to 70%) in the brain (Xin et al. 2010; Ladd-Acosta

et al. 2007). Furthermore, methylation levels varied

markedly between different brain areas in our study, the

CE consistently showed the lowest methylation levels

compared to the other analysed regions of the brain, and

the cortex always showed the highest ones. The consistent

differences between different brain regions can be inter-

preted as an indirect methodological control in relation to

the absence of measurable differences between LBD brains

and control brains.

Single CpG analysis revealed significant hyper- and

hypomethylation at different positions in various brain

regions and LBD stages. Interestingly, we detected a slight

overall increase in methylation related to the LBD patients’

age. A statistically significant difference was seen in intron

1 in the putamen, when control cases were compared with

LBD patients in the limbic stage. The biological meaning

of this difference is questionable, in particular, since no

differences were found when controls were compared with

brain-stem predominant LBD cases, neocortical cases, or

all LBD cases together as one cohort.

Regional differences of methylation in the brain (Ghosh

et al. 2010) with a distinct cerebellar methylation profile

have been described (Xin et al. 2010). Other studies have

shown that the cerebellar methylation levels are strik-

ingly lower than in other brain regions (Xin et al. 2010;

Ladd-Acosta et al. 2007). On the one hand, these studies

demonstrated regional methylation patterns that corre-

lated strongly within a brain region across individuals

(Ladd-Acosta et al. 2007). On the other hand, interindi-

vidual methylation variability of different brain regions

Neuromol Med (2011) 13:310–320 315

123



T
a

b
le

2
C

o
m

p
ar

is
o

n
o

f
d

if
fe

re
n

t
st

u
d

ie
s

th
at

an
al

y
se

d
m

et
h

y
la

ti
o

n
le

v
el

s
o

f
S

N
C

A
p

ro
m

o
te

r
an

d
/o

r
in

tr
o

n
1

d
e

B
o

n
i

et
al

.
(2

0
1

1
,

th
is

st
u

d
y

)
Jo

w
ae

d
et

al
.

(2
0

1
0
)

M
at

su
m

o
to

et
al

.
(2

0
1

0
)

D
es

p
la

ts
et

al
.

(2
0

1
1

)

M
et

h
y

la
ti

o
n

st
at

e
at

p
ro

m
o

te
r

o
f

S
N

C
A

Y
es

Y
es

Y
es

N
o

M
et

h
y

la
ti

o
n

st
at

e
at

in
tr

o
n

1
o

f
S

N
C

A
Y

es
Y

es
Y

es
Y

es

M
et

h
o

d
D

ir
ec

t
b

is
u

lp
h

it
e

se
q

u
en

ci
n

g

(4
5

4
G

S
-F

L
X

,
R

o
ch

e)

In
d

ir
ec

t
b

is
u

lp
h

it
e

se
q

u
en

ci
n

g

(A
B

I,
P

ri
sm

3
1

0
,

ap
p

li
ed

b
io

sy
st

em
s)

In
d

ir
ec

t
b

is
u

lp
h

it
e

se
q

u
en

ci
n

g

(A
B

I,
7

9
0

0
H

T
,

ap
p

li
ed

b
io

sy
st

em
s)

(i
)

G
lo

b
al

D
N

A
m

et
h

y
la

ti
o

n

w
it

h
an

an
ti

b
o

d
y

re
co

g
n

iz
in

g

5
-m

et
h

y
lc

y
to

si
n

e

(i
i)

M
et

h
y

la
ti

o
n

-s
p

ec
ifi

c
P

C
R

N
u

m
b

er
o

f
re

ad
s/

cl
o

n
es

4
6

7
±

4
4

9
re

ad
s

p
er

sa
m

p
le

o
n

av
er

ag
e

A
t

le
as

t
1

0
cl

o
n

es
A

t
le

as
t

2
0

cl
o

n
es

–

N
u

m
b

er
o

f
an

al
y

se
d

C
p

G
P

ro
m

o
te

r:
1

7

In
tr

o
n

1
:

1
9

P
ro

m
o

te
r:

3
9

In
tr

o
n

1
:

2
3

P
ro

m
o

te
r:

n
.a

.

In
tr

o
n

1
:

1
3

– In
tr

o
n

1
:

4

B
ra

in
re

g
io

n
s

S
N

,
p

u
ta

m
en

,
C

G
,

T
C

,
C

E
S

N
,

p
u

ta
m

en
,

co
rt

ex
S

N
,

p
u

ta
m

en
,

C
G

F
C

N
u

m
b

er
o

f
in

d
iv

id
u

al
s

L
B

D
=

1
5

,
C

tr
l.

=
6

P
D

=
6

,
C

tr
l.

=
8

P
D

/D
L

B
=

1
2

,
C

tr
l.

7
P

D
=

4
,

D
L

B
=

4
,

C
tr

l.
=

4

%
M

et
h

y
la

ti
o

n
le

v
el

in
in

tr
o

n
1

G
ro

u
p

co
m

p
ar

is
o

n
s:

C
tr

l.
*

0
.5

–
4

%
,

L
B

D
ca

se
s
*

0
.5

–
6

%

S
in

g
le

C
p

G
an

al
y

si
s:

C
tr

l.
u

p
to

*
1

5
%

,

L
B

D
ca

se
s

u
p

to
*

2
0

%

G
ro

u
p

co
m

p
ar

is
o

n
s:

C
tr

l.
*

5
–

1
0

%
,

P
D

*
2

–
4

%

S
in

g
le

C
p

G
an

al
y

si
s:

C
tr

l.
u

p
to

*
4

0
%

,

P
D

u
p

to
*

2
5

%
,

m
o

st

P
D

\
1

0
%

C
G

/P
4

0
–

1
0

0
%

,

S
N

C
tr

l.
*

1
0

0
%

,
P

D
al

m
o

st

0
%

,
D

L
B
*

1
0

0
%

C
tr

l.
*

4
5

%
,

P
D

/D
L

B
*

4
0

%
,

S
N

su
b

st
an

ti
a

n
ig

ra
,

P
p

u
ta

m
en

,
C

G
ci

n
g

u
la

te
g

y
ru

s,
T

C
te

m
p

o
ra

l
co

rt
ex

,
C

E
ce

re
b

el
lu

m

316 Neuromol Med (2011) 13:310–320

123



0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

A

B

No. CpG

No. CpG

%
 M

et
h

yl
at

io
n

%
 M

et
h

yl
at

io
n

Substantia nigra

Putamen

0.0

5.0

10.0

15.0

20.0

25.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

C

D

No. CpG

No. CpG

%
 M

et
h

yl
at

io
n

%
 M

et
hy

la
ti

o
n

Cingulate gyrus

Temporal cortex

controls LBD brain stem predominant LBD limbic LBD diffuse neocortical

Fig. 3 a–d Methylation levels

[%] of analysed CpGs (intron 1)

in different brain areas of LBD

samples according to the Braak

stages (brain–stem

predominant = Braak 1 and 2,

limbic = Braak 3 and 4,

neocortical = Braak 5 and 6)
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was discovered (Xin et al. 2010). It is discussed that these

differences are due to experience-based plasticity and may

explain functional differences of the brain regions.

Other studies (Table 2) have shown that the methylation

state in the SNCA promoter region is quite low and not

altered in PD (Matsumoto et al. 2010; Jowaed et al. 2010).

However, the age was associated with an increase in

methylation levels of LBD cases in our study, but not in

others (Matsumoto et al. 2010). Furthermore, two studies

indicated that sporadic PD is associated with hypomethy-

lation of SNCA intron 1 (Jowaed et al. 2010; Matsumoto

et al. 2010; Table 2). Jowaed et al. showed methylation

differences in LBD cases concerning group comparisons

and single CpG position in the SN (position 8 and 17) and

putamen (position 8 and 12). No methylation changes were

detected in the cortex (2010).

Transcription factor binding sites (TFBS) within SNCA

intron 1 have previously been shown to be implicated in

transcriptional activation (Scherzer et al. 2008), and TF

misregulation was proposed to play a role in neurodegen-

eration (Jowaed et al. 2010). Interestingly, the above-

mentioned hypermethylated CpGs within intron 1 overlap

with a binding region for the TFBS p107/E2F. Both are

potentially involved in cell cycle regulation (Zhu et al.

1993; Nevins 1992). p107 associates with Sp1 and E2F

(Datta et al. 1995), and the phosphorylated retinoblastoma

protein (pRB)/E2F pathway is activated in dopaminergic

neurons of PD patients mediating cell death (Hoglinger

et al. 2007). Other studies also detected an increase in

E2F-1 levels in the CG of PD patients compared with

controls strengthening the potential implication of E2F in

neuronal apoptosis (Alvira et al. 2008). Sp1 is a commonly

found transcription factor of CG-rich promoters (Briggs

et al. 1986), and E2F binds to CpGs at promoter regions

with sensitivity towards DNA methylation (Jenal et al.

2009). A potential role of intron 1-specific CpG methyla-

tion on transcription factor-mediated regulation of SNCA

remains an open question.

Matsumoto et al. 2010) only found alterations of the

methylation state in the SN, but not CG or putamen.

Moreover, a third study described reduced methylation

levels using methylation-specific PCR (MSP) and an anti-

body against 5-methylcytosine (5-mC) in samples of the

frontal cortex (FC) together with decreased expressions

of DNA (cytosine-5)-methyltransferase 1 (DNMT1) and

an inverse correlation with oligomerization of SNCA

(Desplats et al. 2011).

In detail, regarding the percentage of methylation state

in the SN, Jowaed et al. 2010 found \5% methylation in

PD at most CpG positions and up to *40% in controls,

whereas Matsumoto et al. 2010 found almost 100%

methylation in controls and *0% in LBD cases. Con-

cerning our data, methylation levels of LBD cases were

comparable with those of Jowaed et al., but controls did not

display methylation levels above 16%.

In the presented study, we chose the 454 GS-FLX

platform, which is pyrosequencing-based, thus avoiding

subcloning that was performed in previous studies (Jowaed

et al. 2010; Matsumoto et al. 2010). It is important to note

that during cloning, the ratio of methylated to unmethy-

lated PCR products is not faithfully maintained (Warnecke

et al. 2002) and can result in bias against AT-rich clones

(Chhibber and Schroeder 2008). High-throughput parallel

bisulphite sequencing can scan DNA methylation in

genomic regions of interest at single methylcytosine reso-

lution in a more direct and robust fashion, making it

superior to traditional bisulphite sequencing technologies

(Taylor et al. 2007).

Whilst examining genetic alterations in SNCA, we came

across annotated polymorphisms within the underlying

PCR primer sequences in the studies of Jowaed and Mat-

sumoto, which may have resulted in specific and prefer-

ential amplifications of alleles differing in methylation

state (Warnecke et al. 2002; Wojdacz et al. 2008; Shen

et al. 2007).

Moreover, the limited number of fresh frozen brain

samples in previous studies might have led to over-inter-

pretations. We also want to stress the point that, so far, only

tissue homogenates containing multiple cell types were

analysed. Consequently, detected methylation changes

might not represent alterations in affected neurons only as

cell numbers diverge during disease progression. The

administration of L-Dopa or other drugs could possibly

alter methylation levels. From our study, we cannot con-

clude any influence of medication, but we cannot argue

with certainty that methylation levels are not changed by

L-Dopa because we do not have sufficient information on

the medication of all patients and controls.

Overall, our data raise the question whether alterations

of methylation levels play a role in the aetiology of LBD.

We have investigated DNA methylation in the promoter

and intron 1 of SNCA. But DNA methylation can also occur

at CpG shores (Portela and Esteller 2010), and methylated

stretches of DNA have also been found in the promoter and

coding regions of actively transcribed genes (Graff et al.

2011). Highly expressed genes were found to have

hypomethylated promoters and hypermethylated gene

bodies (Ball et al. 2009; Esteller 2007), but the influence of

methylated CpGs within genomic regions is still poorly

understood. Recent evidence also suggests the involvement

of histone modifications and miRNAs in the aetiology of

LBD (Doxakis 2010; Du et al. 2010; Jin et al. 2011a; Junn

et al. 2009; Kontopoulos et al. 2006; Marques et al. 2011;

Asikainen et al. 2010). Furthermore, 5-hydroxymethylcy-

tosine (5-hmC), which is widely expressed in the human

and murine brain, may significantly alter the biological
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functions of promoter and gene methylation (Robertson

et al. 2011; Kinney et al. 2011; Jin et al. 2011b). The

investigation of its function awaits further technical

development, as it is indistinguishable from 5-mC by

presently available sequencing techniques.
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