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SUMMARY

Aims: To investigate effects of DNA methyltransferase (DNMT) inhibitors on dopaminergic

neurons and its underlied mechanism. Methods: The DNMT inhibitor 5-aza-2′-deoxycyti-

dine (5-aza-dC) was tested in cultured dopaminergic cells. Cell viability and apoptosis were

assayed with 5-aza-dC alone. Neurotoxicity of 1-methyl-4-phenylpyridinium (MPP+), 6-hy-

droxydopamine or rotenone was also assayed with 5-aza-dC pretreatment. And mRNA lev-

els of several key PD-related genes were examined by semiquantitative RT-PCR.

Furthermore, CpG methylation of a-synuclein promoter was examined by bisulfite sequenc-

ing. Results: 5-aza-dC resulted in decreased cell viability and increased apoptosis in dopa-

minergic neuronal cells. Pretreatment with 5-aza-dC exacerbated neurotoxic damage to

dopaminergic neurons induced by MPP+, 6-hydroxydopamine or rotenone. 5-aza-dC also

induced transcriptional upregulation of the key PD-related genes tyrosine hydroxylase and a-
synuclein. And demethylation of CpG in a-synuclein promoter was also induced by 5-aza-dC

and MPP+. Conclusions: This DNMT inhibitor might influence pathogenesis of PD. And

demethylation induced by DNMT inhibitor might contribute to dopaminergic neuron death,

by increasing vulnerability of dopaminergic neurons to neurotoxins and by misregulating

transcription of key PD-related genes. Our data also suggested DNMT inhibitors may cause

multiple effects on dopaminergic neurons.

Introduction

DNA methylation, in which DNA methyltransferase (DNMT)

transfers a methyl group from S-adenosyl methionine (SAM) to a

cytosine within a CpG dinucleotide, is one of the major epigenetic

processes controlling gene transcription [1,2]. Hypomethylation

(or demethylation) always reactivates gene transcription in cells,

whereas hypermethylation represses gene transcription. Genes

regulated by DNA methylation may play a critical role in the con-

trol of apoptosis, cell survival, and the response to internal and

external environmental factors in neurons [2–4]. Misregulated

DNA methylation has been linked to several neurological disor-

ders [1,5–7]. DNA methylation can be controlled by DNMT inhibi-

tors [8], which induce demethylation of genes in adult neurons

[7]. DNA methylation and DNMT inhibitors have been implicated

in gene regulation in the adult brain in normal and pathological

conditions [1,7].

Parkinson’s disease (PD) is a neurodegenerative disease caused

by progressive and selective loss of dopaminergic neurons in the

substantia nigra pars compacta (SNc) in the midbrain [9]. Both

intracellular and extracellular factors in the SNc are believed to be

pathogenic. Neurotoxic factors, PD-related genes, and apoptotic

genes [10,11] might all contribute to the death of dopaminergic

neurons in PD. However, the roles of DNA methylation and

DNMT inhibitor in PD have not been extensively investigated.

DNA methyltransferase inhibitors are useful in identifying the

role of DNA methylation in neurological disorders [5,7]. And sev-

eral DNMT inhibitors have been tested in clinical trials of human

disease [8], including 5-aza-2′-deoxycytidine (5-aza-dC), one of

the most commonly used DNMT inhibitors [8]. Pharmacological

modulation of DNA methylation in the brain can regulate neuro-

nal function [2,5,6]. And as such, the pharmacological effects of

DNMT inhibitors need to be clearly demonstrated in neurons.

Importantly, an understanding of epigenetic regulation (i.e., DNA

methylation) within neurons will allow us an appreciation of the

action mechanisms of environmental neurotoxic factors.

In PD, dopaminergic neurons are the most important targets

for neurotoxic factors. Therefore, it is necessary to investigate
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the effects of DNMT inhibitors on dopaminergic neurons. Par-

ticular attention should be paid to the roles of DNMT inhibitors

in the interaction between environmental neurotoxic factors

and dopaminergic neuron survival. Answering these questions

may lead to a better understanding of PD pathogenesis. In our

studies, we treated cultured dopaminergic neuronal cells with

DNMT inhibitor 5-aza-dC and investigated neuronal survival,

apoptosis, neurotoxicity, gene transcription levels, and methyla-

tion status.

Materials and Methods

Cell Culture and Drug Treatment

The dopaminergic neuronal cell lines human SH-SY5Y, rat N27

and mouse MN9D were cultured in RPMI 1640 medium (Invitro-

gen, San Diego, CA, USA) supplemented with 10% FBS (Hiclone,

Logan, UT, USA) and incubated at 37°C in a humidified chamber

with 5% CO2. 5-aza-dC (Sigma, St Louis, MO, USA) and rotenone

(Sigma) were dissolved in DMSO. MPP+ (Sigma), 6-OHDA

(Sigma), and SAM (Sigma) were dissolved in PBS. Cells were trea-

ted in medium containing MPP+, 6-OHDA, or rotenone, with or

without pretreatment with 5-aza-dC.

Cell Viability Assay

Cells were harvested and immediately stained with 0.02% trypan

blue (Life Technologies, Inc., Gaithersburg, MD, USA). Viable cells

were quantified using a hemocytometer under a microscope. Cell

viability quantitatively was assessed using a Vi-Cell XR Cell Viabil-

ity Analyzer (Beckman Coulter, Fullerton, CA, USA). Experi-

ments were performed in triplicate.

Assessment of Apoptosis

An annexin V-FITC apoptosis detection kit (BD Pharmingen,

San Diego, CA, USA) was used to detect apoptotic activity

according to the manufacturer’s instructions. Cells were stained

(A) (C)

(D)

(E)

(B)

Figure 1 Decreased survival of dopaminergic

neuronal cells following 5-aza-dC treatment.

N27 cells (A) or MN9D cells (B) were treated

with 1, 5, or 10 lM 5-aza-dC for 60 h or 72 h,

respectively. N27 cells were treated with S-

adenosyl methionine (SAM) (25, 75, or 250 lg/

mL) for 96 h (C). Cell growth was measured of

N27 cells treated with 0.25, 0.5, or 1 lM 5-aza-

dC (D) and SH-SY5Y cells treated with 5, 10, or

50 lM 5-aza-dC (E) for 12–96 h. The values

represent the means � SEM of three

experiments (n = 3). 5aza, 5-aza-2′-

deoxycytidine.
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with 0.5 mg/mL FITC-conjugated annexin V and 1 mg/mL PI.

Apoptotic cells (annexin V-FITC positive) were microscopically

quantified in at least five random fields. Experiments were per-

formed in triplicate.

Apoptosis was also judged by DNA fragmentation analysis.

Genomic DNA was extracted using a DNA isolation kit according

to the manufacturer’s instructions (BioDev, Beijing, China). The

DNA laddering pattern was identified on 1.5% agarose gels.

Total RNA Extraction and Semiquantitative
RT-PCR

Total RNA was isolated using TRIzol (Invitrogen) and RT-PCR was

performed using an RNA PCR kit (TaKaRa Biotechnology, Dalian,

China) according to the manufacturer’s instructions. RNA was

reversed transcribed with the AMV reverse transcriptase in the

presence of an oligo(dT)15 primer. The cDNA was PCR amplified,

using the primer sets indicated in Table S1, for 20, 25, 30, or 35

cycles. PCR products were visualized by electrophoresis on 1.2%

agarose gels.

Protein Extraction and Western Blotting

Methods for protein extraction and Western blotting were mod-

ified from reference [12]. Total protein (50 lg) was separated

by SDS-PAGE, electrotransferred onto nitrocellulose mem-

branes, and probed with primary antibodies to p53 (1:2000;

Cat# 2524, CST, Danvers, MA, USA) or actin (1:2000; Cat#

A4700, Sigma). Signal was detected using anti-mouse IDY800

(1:5000; Cat# 610-132-121, Rockland Immunochemicals, Gil-

bertsville, PA, USA) and scanned with an Odyssey� Imaging

System (LI-COR Bioscience Inc., Lincoln, NE, USA).

DNA Extraction and Bisulfite Sequencing

Methods for DNA isolation and bisulfite sequencing were modi-

fied from reference [13]. Genomic DNA was extracted using a

QIAamp DNA mini kits (Cat# 51304; QIAGEN, Hilden, Germany).

Bisulfite conversion and clean-up of DNA for methylation analysis

were performed with the EpiTect Bisulfite kit (Cat# 59104, QIA-

GEN). Bisulfite-treated DNA was amplified using primer pairs

(A)

(C)

(D)

(B)

Figure 2 5-aza-dC–induced apoptosis in

dopaminergic neuronal cells. N27 cells, treated

with 5-aza-dC (5 lM) for 24–48 h (A) or S-

adenosyl methionine (SAM) (250 lg/mL) for

92 h (B), were stained with annexin V-FITC.

DNA laddering assay (C) in N27 cells treated

with 5-aza-dC (5 lM) for 24 h and in SH-SY5Y

cells treated with 5-aza-dC (10 lM) for 24 h.

SH-SY5Y cells (D) treated with 5-aza-dC (5 lM)

for 24 h were stained with annexin V-FITC and

propidium iodide (PI) and then viewed under a

fluorescence microscope (green only, early

apoptotic stage; green and red together,

middle apoptotic stage; red only, late

apoptotic stage). 5aza, 5-aza-2′-deoxycytidine.
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synF-GGGAGGTTAAGTTAATAGGTGGTAA/synR-CCCTCAACTA-

TCTACCCTAAACAAAC with TaKaR Taq Hot Start version (Cat#

DR007A; TaKaRa Biotechnology). PCR products were purified

with Wizard� SV Gel and PCR Clean-Up System (Cat# A9281,

Promega, Madison, WI, USA) and then cloned into pGEM�-T Vec-

tors (Cat A1360, Promega). At least 10 clones from each experi-

ment were sequenced by M13 primers. Quality control for DNA

methylation data was performed using BiQ (software tool for DNA

methylation analysis; http://biq-analyzer.bioinf.mpi-inf.mpg.de/).

Statistical Analysis

Values were represented as means � SEM. Data were analyzed

using one-way ANOVA followed by a Student–Newman–Keuls

test as a post hoc test. A value of P < 0.05 was considered statisti-

cally significant.

Results

5-aza-dC Caused Decreased Survival of
Dopaminergic Neuronal Cells

Misregulated DNA methylation can be induced by DNMT inhibi-

tors (hypomethylation) or overabundance of the methyl donor

SAM (hypermethylation) [1,2,8]. To investigate the effects of a

DNMT inhibitor on dopaminergic neurons, cultured human SH-

SY5Y, rat N27, and mouse MN9D cells were treated with 5-aza-

dC. Treatment with 5-aza-dC (1, 5, or 10 lM) for 60 h in N27 cells

(Figure 1A) or 72 h in MN9D cells (Figure 1B) resulted in a

marked decrease in cell viability, compared with control cells. At

doses of 0.25–1.0 lM or 5.0 ~50.0 lM for 12–96 h, 5-aza-dC

resulted in a time- and dose-dependent reduction in the number

of viable cells, in both N27 and SH-SY5Y cells (Figure 1D,E),

(A)

(B) (D) (E)

(C)

Figure 3 Pretreatment with 5-aza-dC increased the neurotoxic damages of MPP+, 6-OHDA, and rotenone on dopaminergic neuronal cells. N27 cells were

pretreated with 5-aza-dC (0.5 lM) for 24 h, followed by 12 h (A) or 24 h (B) of MPP+ (200 lM), 6-OHDA (15 lM) or rotenone (0.5 lM), then counted by

trypan blue staining (upper panel) and visualized by morphological observation (lower panel). SH-SY5Y cells were pretreated with 5-aza-dC (10 or 50 lM)

for 24 h, followed by MPP+ (400 lM) for 12 h (C) or for 24 h (D). N27 cells (E) were pretreated with 5-aza-dC (0.5 lM) for 24 h, followed by 12 h of MPP+

(200 lM). Cell viability was assayed using a cell viability analyzer. The values represent the means � SEM of three experiments (n = 3). *P < 0.05. 5aza, 5-

aza-2′-deoxycytidine; MPP, 1-methyl-4-phenylpyridinium (MPP+); 6-OHDA, 6-hydroxydopamine.
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compared with controls. Within 12–24 h, 5-aza-dC treatment of

N27 (0.25–1.0 lM) and SH-SY5Y (5.0–50.0 lM) cells resulted in

low or no cytotoxic effects (Figure 1D,E). We also investigated the

effects of excess SAM. Treatment with SAM (75–250 lg/mL) for

96 h resulted in a decreased number of viable N27 cells, compared

with controls (Figure 1C).

5-aza-dC Induced Apoptosis in Dopaminergic
Neuronal Cells

To investigate whether the 5-aza-dC- or SAM-induced decreased

cell survival was mediated by apoptosis, the phosphatidylserine

exposure of cell membranes and DNA strand breakages were ana-

lyzed. In N27 cells, 5-aza-dC (5 lM) for 24–48 h clearly resulted

in apoptosis, as detected by annexin V-FITC staining (Figure 2A).

In SH-SY5Y cells, 5-aza-dC (5 lM) for 24 h induced typical apop-

tosis observed under a fluorescence microscope (Figure 2D). DNA

laddering assays showed that in N27 cells, 5-aza-dC (5 lM) for

24 h resulted in typical apoptosis, as indicated by DNA strand

breaks (Figure 2C). In SH-SY5Y cells, 5-aza-dC (10 lM) for 24 h

did not result in apoptosis as assessed by DNA laddering assays

(Figure 2C). SH-SY5Y cells appeared to be more resistant than

N27 cells to 5-aza-dC-induced apoptosis. Annexin V-FITC staining

showed that SAM supplementation (up to 250 lg/mL) for 92 h

did not cause significantly increased apoptosis in N27 cells (Fig-

ure 2B), suggesting that the SAM-induced decreased survival of

N27 cells (Figure 1C) might not be due to apoptosis.

5-aza-dC Exacerbated the Neurotoxic Damage
Induced by MPP+, 6-OHDA, or Rotenone in
Dopaminergic Neuronal Cells

We pretreated dopaminergic neuronal cells with low cytotoxic

doses of 5-aza-dC to investigate its effects on the toxicity of neuro-

toxins commonly used in PD models: MPP+, 6-OHDA, and rote-

none. In N27 cells, pretreatment with 5-aza-dC (0.5 lM) for 24 h

exacerbated the neurotoxic damage induced by 12-h treatment

with MPP+ (200 lM), 6-OHDA (15 lM), or rotenone (0.5 lM)

(Figure 3A). 5-aza-dC also exacerbated the neurotoxic damage

accrued during longer (24 h) neurotoxin treatments (Figure 3B).

Similarly, in SH-SY5Y cells, 24 h pretreatment with 5-aza-dC (10

or 50 lM) exacerbated the neurotoxic damage induced by 12-h

(Figure 3C) or 24-h (Figure 3D) treatment with 400 lMMPP+. To

confirm our findings, we assessed cell viability quantitatively with

a cell viability analyzer (Vi-Cell XR Cell Viability Analyzer; Beck-

man Coulter). Consistently, pretreatment with 5-aza-dC exacer-

bated neurotoxic damage induced by MPP+ in dopaminergic

neuronal cells (Figure 3E).

5-aza-dC Resulted in Transcriptional
Upregulation of the Key PD-Related Genes TH
and a-Synuclein in Human Neuronal Cells

Gene transcription can be reactivated by DNMT inhibitor–induced

hypomethylation of cytosines. To investigate transcriptional regu-

lation of genes important in PD, we analyzed the mRNA levels of

several PD-related genes (TH, a-synuclein, parkin, UCHL1, DJ-1)

and an apoptosis-related gene (p53) after 5-aza-dC treatment in

SH-SY5Y cells. The mRNA levels of reelin were also measured as a

control, because reelin has been reported to be upregulated by

DNMT inhibitor–induced hypomethylation [14]. Treatment with

5-aza-dC (50 lM) for 24 h resulted in upregulation of TH and

a-synuclein (SNCA) genes (Figure 4A). Similarly, lower doses of

5-aza-dC (2 lM or 10 lM) for 24 h also resulted in marked tran-

scriptional upregulation of TH, though not of SNCA (Figure 4B).

Transcription levels of the other PD-related genes, parkin, UCHL1,

and DJ-1, were unaffected (Figure 4A). The expression levels of

p53 protein were not upregulated by 5-aza-dC (Figure 4C).

Demethylation Status of CpG Island at Promoter
Region of a-Synuclein Gene Was Induced by
DNMT Inhibitor 5-aza-dC and Neurotoxin MPP+

Upregulation or reactivation of gene transcription in cells associ-

ates with demethylation of CpG island in promoter region. To

identify whether demethylation was induced by 5-aza-dC in neu-

ronal cells, we therefore analyzed methylation status of CpG

island in a-synuclein (SNCA) gene promoter region (Figure 5). A

fragment (-686/-535) containing 13 CpG sites (Figure 5A) in this

SNCA CpG island was investigated. Results of bisulfite sequencing

showed that in SH-SY5Y neuronal cells, DNMT inhibitor 5-aza-dC

resulted in a reduced methylation levels (at 36.9–41.5%methylat-

ed), compared with control (at 49.2% methylated) (Figure 5B).

Interestingly, neurotoxin MPP+ also induced a reduced methyla-

tion levels (at 43.8–47.7% methylated) (Figure 5B). The detailed

analysis of different CpG site showed that CpG sites 2, 3, 4, 5, 6, 7,

8, 10, and 13 were demethylated by 5-aza-dC (Figure 5C). These

DNMT inhibitor–demethylated CpG sites could be candidate

(A)

(C)

(B)

Figure 4 Regulation of gene transcription and expression in 5-aza-dC–

treated SH-SY5Y cells. Semiquantitative RT-PCR showing the mRNA levels

of tyrosine hydroxylase (TH), a-synuclein (SNCA), parkin, ubiquitin

carboxy-terminal esterase hydrolase L1 (UCHL1), DJ-1, and reelin in SH-

SY5Y cells treated with 50 lM (A), 2 lM, or 10 lM (B) of 5-aza-dC for

24 h. Expression levels of p53 protein (C) in N27 cells treated with 5-aza-

dC (5 lM) for 6, 12, or 24 h, as assessed by immunoblotting. 5aza, 5-aza-

2′-deoxycytidine.
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targets for epigenetically pharmaceutical manipulation, associated

with regulation of SNCA gene transcription. In addition, neuro-

toxin MPP+ also induced the demethylation at CpG sites 2, 3, 4, 6,

7, 10, and 13 (Figure 5C).

Discussion

DNA methyltransferase inhibitors such as 5-aza-dC have been

used in experimental studies and clinical trials to induce DNA hy-

pomethylation and reactivate transcription [8,13,15]. It is neces-

sary to confirm its side effects on nervous system. We investigated

its effects on dopaminergic neurons and its underlined mechanism

that might involve in demethylation. Our result suggested that 5-

aza-dC and 5-aza-dC-induced demethylation might associate with

PD. Based on these findings, we suggested there might be adverse

effects on dopaminergic neuron, and use of 5-aza-dC in epigenetic

therapy needs to be prudent.

The DNA methylation status of a given neuronal genome may

play a critical role in its response to challenges or injury [5]. Epige-

netic effects in the mammalian brain may represent a major

molecular mechanism mediating dynamic gene–environment

interactions [2]. Aberrant DNA methylation status might lead to

vulnerability to environmental toxins or other neurotoxic factors

[4]. Here, we demonstrated for the first time that a DNMT inhibi-

tor reduced survival and increased apoptosis in dopaminergic neu-

ronal cells, and most importantly, that it exacerbated the

neurotoxic damage induced by MPP+, 6-OHDA, or rotenone in

dopaminergic neuronal cells. Demethylation and transcriptional

upregulation of genes induced by 5-aza-dC might contribute to

enhancement of vulnerability of dopaminergic neurons to these

neurotoxic damages. In our study, 5-aza-dC induced CpG deme-

thylation in promoter and upregulated transcriptional levels of a-
synuclein gene. Upregulation of a-synuclein gene transcription

might contribute to vulnerability of dopaminergic neuron loss in

(A)

(C)

(B)

Figure 5 Methylation status of CpG island in SNCA promoter region. (A) The CpG island at 5′ end of the interested SNCA region. (a) Schematic drawing of

the five region of SNCAwith exons 1 and 2 (boxes) and the five UTR and intron 1 (line). Numbers are relative to the translation start site (ATG 1). (b) CpG island

(CGI) is depicted by the stripped box. (c) Fragments in CpG island were used for bisulfite sequencing. (d) Location of CpG dinucleotides (CpGs) in this

fragments of CpG island. There are 13 CpGs in the CpG region. Each CpG is labeled with number. Sequences with under bar show primer locations of the

bisulfite PCR. (B) Bisulfite sequence analysis of the CpG region. DNA was purified from SH-SY5Y cells, and bisulfite sequence analysis was performed. At least

10 clones from each drug-treated group were analyzed. Open circles indicate unmethylated CpGs, whereas closed circles indicate methylated CpGs. The

degree of methylation was calculated as methylated CpG/total CpG and shown below (% methylation). (C) Detailed comparison of methylation at individual

CpG sites. The degree of methylation at each CpG site was calculated as methylated CpG/total CpG. Total 10 clones per group were analyzed by bisulfite

sequencing. ctr, control; 524, 5-aza-dC (50 lM) for 24 h; 548, 5-aza-dC (50 lM) for 48 h; M24, MPP+ (400 lM) for 24 h; M48, MPP+ (400 lM) for 48 h.
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PD [9,16]. MPP+/6-OHDA-caused neurotoxicity is mainly through

mitochondria dysfunction and ROS, with which demethylation-

induced upregulation of gene transcription might cooperate lead-

ing to an exacerbated neurotoxicity. Our data suggested that

DNMT inhibitor and demethylation induced by it may influence

the susceptibility of dopaminergic neurons to environmental neu-

rotoxic factors.

Both TH and a-synuclein belong to the key PD-related genes.

Besides, the important PD-related genes include parkin, UCHL1,

and DJ-1 genes detected in the present study and others. TH is a

key rate-limited enzyme in synthesis of dopamine, which is one of

the most important factors in physiological function of dopami-

nergic neurons. In PD, loss of TH-positive neurons (dopaminergic

neurons) in SNc leads to depletion of dopamine in its projected

striatum [9]. Upregulation of TH expression and activity is neuro-

protective to patients with PD. Genes a-synuclein, parkin, UCHL1,
and DJ-1 may contribute to PD neurodegeneration, through cellu-

lar machinery involved in protein misfolding, protein aggregation,

mitochondrial dysfunction, and oxidative stress [17]. Overexpres-

sion or mutation of a-synuclein, especially, may associate with fam-

ily and sporadic PD. And it might relate to the selective

neurodegeneration of PD [18].

Epigenetic modifications, including DNA methylation, control

the transcription potential of genes [1,5]. DNA methylation

misregulation could lead to abnormality of gene transcription,

through the silencing of normally active genes or reactivation

of normally silent genes [3]. And DNA methylation misregula-

tion usually associates with human disorders [3]. In the present

study, DNMT inhibitor upregulated transcription of key

PD-related genes a-synuclein and TH in dopaminergic neuronal

cells. It suggests a mechanism that transcription of a-synuclein
and TH genes could be misregulated by aberrant DNA methyla-

tion status. Up- or downregulation of these key PD-related

gene transcriptions depends on DNA methylation modification.

Given that a-synuclein could be upregulated by demethylation or

TH could be downregulated by hypermethylation in aging

through unknown mechanism, it mostly likely would develop

PD. In clinic, loss of TH activity, degeneration of TH-positive

dopaminergic neurons, and aggregation of a-synuclein in SNc

are primary characteristics of PD. And it has been reported that

a-synuclein might relate to the selective neurodegeneration of

PD [18]. Our results suggest that DNA methylation misregula-

tion, for example, demethylation induced by DNMT inhibitor,

might lead to abnormal transcription of key PD-related genes

such as a-synuclein and eventually might associate with the

selective neurodegeneration in PD.

Overexpression of a-synuclein may play important roles in

pathogenesis of PD [19,20], whereas upregulation of TH transcrip-

tion may be neuroprotective in PD therapy [21,22]. In the present

study, transcriptions of both a-synuclein and TH were upregulated

by DNMT inhibitor. These data are consistent with other reports

that DNMT inhibitors upregulate these key PD-related genes

[13,23]. Both upregulation of a-synuclein and TH at the same time

are opposite or conflict effects in PD, which normally would not

happen. Although these opposite or conflict effects caused by

DNMT inhibitor in our experiments could not happen in real case

of PD, our data suggest that DNMT inhibitors could cause multi-

ple, complicated, and even conflicting effects on dopaminergic

neurons. Thus, it is important to exercise caution in the use of

DNMT inhibitors in epigenetic therapy for human disease.

The most commonly studied epigenetic modifications include

DNA methylation and histone modifications [1,5]. Degenerative

disorders of the CNS have been demonstrated may depend, at

least in part, on epigenetic mechanisms [2,5,6,24]. In PD, recent

report suggested that epigenetic mechanisms including DNA

methylation might be involved [13,15]. Our findings suggest that

DNMT inhibitor and DNMT inhibitor–misregulated DNA methyla-

tion might associate with PD. This supports the notion that epige-

netic misregulation might involve in PD. And aberrant DNA

methylation might play a role in PD pathogenesis.

In summary, DNMT inhibitor and its induced demethylation

might influence PD pathogenesis through two ways (Figure 6):

(1) by increasing vulnerability of dopaminergic neurons to neuro-

toxins and (2) by misregulating transcription of key PD-related

genes. This suggests that DNA methylation misregulation might

involve in PD. In addition, our data suggest that DNMT inhibitors

may cause multiple effects on dopaminergic neurons. And it is

important to exercise caution in the use of DNMT inhibitors in

epigenetic therapy for human disease. Further understanding

involved in the molecular mechanism of epigenetic process of PD

is needed.
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Figure 6 A speculated model for the roles of DNA methylation

modification in Parkinson’s disease. There might two ways that DNA

methylation misregulation may play roles in PD. One is that at cellular

level, it may influence the susceptibility of dopaminergic neurons to

environmental neurotoxic factors, associating with the progressive loss of

dopaminergic neurons in PD. Another is that at molecular level, it may

misregulate transcription of key PD-related genes such as a-synuclein or

TH, associating with the selective neurodegeneration of PD.
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