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Abstract 

Objectives: The involvement of epigenetics mechanisms in the transcriptional regulation of key 

genes has been investigated in the initiation and progression of neurodegenerative disorders, 

including Parkinson’s disease (PD). Among others, we here focused the attention on the dopamine 

transporter (DAT) gene playing a critical role in maintaining the integrity of dopaminergic neurons.  

Materials and Methods: We performed bisulfite pyrosequencing to examine DNA methylation 

levels of six CpG sites in the 5’-UTR of DAT1 gene in human peripheral blood mononuclear cells 

(PBMCs) obtained from 101 sporadic PD patients and 59 healthy controls.  

Results: We selectively report for CpG5 an increase in DNA methylation levels in PD subjects 

respect to controls, that almost reaches statistical significance (30.06 ± 12.4 vs 26.58 ± 7.6, 

p=0.052). Of interest, a significantly higher methylation at specific CpG sites (ANOVA: p = 0.029) 

was observed in PD subjects with advanced stage of illness. Namely, a multivariate regression 

analysis showed that a higher methylation level at specific CpG sites in the group of PD patients 

was associated with increased methylation at CpG2, CpG3 and with H&Y stage but not with age 

and gender. This regression model explains the 38% of the variance of methylation at CpG5.  

Conclusion: Our results do seem to suggest that the methylation level of CpG5 is different between 

PD patients and controls. Moreover, this methylation level for CpG5 may be associated also with 

the stage of disease. 
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Parkinson’s disease (PD) is a complex neurodegenerative disorder characterized by impairment of 

dopaminergic (DA) function that leads to the typical clinical motor and non-motor features .1 PD is 

often diagnosed after significant pathology and neuronal cell loss has occurred. The molecular 

mechanisms causing the loss of dopaminergic neurons in the substantia nigra are still unknown. 

Accurate early diagnosis suffers from the lack of reliable biomarkers. 

A key player in DA neurotransmission is the dopamine transporter (DAT), a protein located at the 

nerve terminals within the striatum where modulates the dynamics and the levels of released 

dopamine, by recycling extracellular dopamine back into the pre-synaptic terminal, thus terminating 

its action.2 A dysregulated DA activity may stem from altered release or reuptake and therefore a 

proper regulation of DAT expression is critical to maintain homeostasis in the dopamine system. 

DAT concentration closely relates to striatal dopamine levels.3 In particular, DAT is decreased with 

DA neurodegeneration of nigrostriatal neurons4 and therefore is considered a marker of DA 

terminal integrity, supporting its use as an imaging biomarker for PD.5 Patients, however, are 

already typically symptomatic when these diagnostic neuroimaging techniques are used.6  

The increasing relevance of epigenetic-based regulatory mechanisms encompasses the development 

and progression of many neurodegenerative diseases including PD.7,8 Epigenetic mechanisms 

include any process regulating gene expression without affecting the genome sequence.9 In 

particular, DNA methylation, in which a methyl group is added to the cytosine in CpG sequences, 

may account for underlying mechanisms of gene-environment interaction and their participation in 

the neurological disorders, by modulating genes transcriptional activity.  In most cases, a higher 

methylation leads to a repression of the gene. Altered methylation pattern of several genes have 

been found in both familial and sporadic PD.10-17 Besides, some epigenetic modifications in PD 

were reported to occur early on, before extensive neuronal death has occurred.18 Therefore, research 

on epigenetic variations such as abnormal DNA methylation of specific genes may account for the 

variability in the course of PD and could give insights into the pathogenesis of this disease and 

provide new biomarkers for early diagnosis and therapeutic strategies for PD. 

Furthermore, significant and concordant changes in DNA methylation were found in several genes 

in both peripheral blood mononuclear cells (PBMCs) and brain of PD subjects 19, making PBMCs a 

valid source for brain methylation studies involved in disease pathogenesis. In particular, it has 

recently been described a positive correlation of DAT1 promoter methylation levels between 

PBMCs and substantia nigra in both postmortem ADHD and control subjects.20 

Clinical and experimental studies seem to support the evidence that synaptic dysfunction may 

represent an early stage of DA neurons degeneration of the substantia nigra pars compacta.21,22 



Considering the prominent role of DA system dysregulation in PD, the epigenetic derangement of 

the dopamine metabolism determinants, such as of the DAT1 gene, coding for human DAT, 

deserves a peculiar attention. It has been shown that DAT1 gene expression is very susceptible to 

epigenetic modifications.23 Moreover, several studies conducted in vitro 24 and in MPTP-treated 

mice at modelling preclinical and early clinical stages of PD 25,  have shown in the striatum a 

reduction in both DAT protein expression and content, while a trend for reduced expression of 

DAT1 gene was also detected in isolated DA neurons from the substantia nigra of idiopathic PD 

patients.26  

Based on the above premises, the present cross-sectional study aimed to investigate the methylation 

level of DAT1 gene in peripheral cells of PD patients and control subjects, as well as its correlation 

with demographic and clinical characteristics of PD patients. We here analyzed the DNA 

methylation level of specific CpG sites located in the 5’-untranslated region (5’-UTR) of the DAT1 

gene. Several studies demonstrated a closer correlation between DNA methylation downstream of 

the transcriptional starting site (TSS) and the repression of gene transcription than methylation 

upstream of TSS, i.e., in the promoter region. 27, 28 In a previous study, we also showed a decrease in 

the DNA methylation levels in the same 6 CpG sites of the 5’UTR DAT1 region here analyzed in 

buccal mucosa cells of ADHD subjects, respect to controls, which correlated with an increase of 

serum aAbs. 29  

 

Materials and Methods  

Samples.  The study group consisted of 101 unrelated sporadic PD outpatients, consecutively 

recruited from June 2017 to July 2018 at the Department of Human Neuroscience, Sapienza 

University of Rome and fulfilled the UK Brain Bank criteria for PD.30 Exclusion criteria included: 

signs of atypical parkinsonism; history of neurological diseases other than idiopathic PD; diagnosis 

of mental retardation or dementia (Mini-Mental State Examination score <23.8); presence of major 

non stabilized medical illnesses (i.e. non stabilized diabetes, obstructive pulmonary disease or 

asthma, hematologic/oncologic disorders, vitamin B12 or folate deficiency, pernicious anemia, 

clinically significant and unstable active gastrointestinal, renal, hepatic, endocrine or cardiovascular 

disorders); brain tumors and known or suspected history of alcoholism, drug dependence and abuse, 

head trauma and mental disorders according to the DSM-IV-TR criteria. The variables collected 

included: demographic data, disease duration, total levodopa equivalent dose (LEDD) calculated 

according to Tomlinson 31, Hoehn & Yahr staging (H&Y) and Unified Parkinson’s Disease Rating 

Scale-subset III (UPDRS III) at the time of last visit.   



The control group comprised 59 subjects, recruited among unrelated patients’ carers healthy 

volunteers (n=33) and blood donors (n=26). The exclusion criteria were alcohol and substance abuse, 

neurological disorders, family history of movement disorders. Subjects suffering from metabolic 

disorders, severe hypertension or systemic autoimmune diseases were also excluded. All participants 

provided written informed consent and the study protocol was approved by the local ethics committee. 

Demographic and clinical characteristics for the study samples are shown in Table 1. 

 

Analysis of DNA methylation by bisulfite pyrosequencing. Methylation status of the DAT1 5′-UTR 

sequence was determined using pyrosequencing of bisulfite-converted genomic DNA isolated by 

standard method from blood cells. After DNA extraction, 0.5 μg of DNA from each sample underwent 

bisulfite modification to convert unmethylated cytosine residues to uracil, using a DNA methylation 

kit (Zymo Research, Orange, CA, USA). Bisulfite-treated DNA was amplified by the PyroMark PCR 

Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The schematic 

representation of CpG island in DAT1 5′-UTR region is illustrated in Figure 1. Details on the 

sequence and the pyrosequencing assay (PM00022064) are available on the Qiagen web site 

(www.qiagen.com). PCR conditions were: 95 °C for 15 min, followed by 45 cycles of 94 °C for 30 

s, 56 °C for 30 s, 72 °C for 30 s, and, finally, 72 °C for 10 min. PCR products were verified by agarose 

gel electrophoresis. Pyrosequencing methylation analysis was conducted using the PyroMark Q24 

(Qiagen, Hilden, Germany). The level of methylation for each patient and control was analysed using 

PyroMark Q24 Software (Qiagen, Hilden, Germany), which calculates the methylation percentage 

(mC/(mC + C)) for each CpG site, allowing quantitative comparisons (mC is methylated cytosine, C 

is unmethylated cytosine). Two standard human DNA samples, fully methylated (100%) and 

unmethylated DNA (0%) were purchased from Zymo (Zymo Research; Irvine, CA, USA) and used, 

respectively, as positive and negative methylation control. They were bisulfite-converted and were 

run along with the experimental samples. 

 

Statistical analysis. Methylation percentages for PD patients and controls were expressed as mean ± 

SD. Average methylation percentages for the DAT1 5′-UTR were calculated by averaging 

methylation level of the 6 CpG sites analysed. Student’s t tests were used to compare differences in 

the mean values of continuous variables between PD and control subjects, and ANOVA was used for 

the comparison between four groups (PD H&Y stage I, II, III and controls). Correlations analyses of 

CpGs methylation were performed for clinical features in PD population by means of Pearson’s index. 

Subsequently, the analysis was implemented with a multiple linear regression to assess the association 

between degree of methylation and clinical features identified as variables statistically relevant to 

univariate analysis. All statistical analyses were performed using the SPSS software (version 25.0). 

https://www.frontiersin.org/articles/10.3389/fnins.2019.00683/full#T1
http://www.qiagen.com/


Significance levels were established at a value of p < 0.05. We did not test for multiple corrections 

for the exploratory character of this study. 

 

 

Results 

 

The characteristics of the patients and controls enrolled in the present study are shown in Table 1. 

No statistically significant differences were found between patients and controls for age and gender 

(Table 1). Pyrosequencing method was utilized to quantify methylation levels at 6 CpG sites in the 

5’-UTR of the DAT1 gene (Figure 1). No statistically significant differences were found between 

PD patients and controls in terms of total methylation value, as well as at each CpG site, except for 

CpG5 that showed an increased methylation level in PD subjects respect to controls (30.06 ± 12.4 

vs 26.58 ± 7.6, p=0.052) (Table 1). However, as DNA methylation levels can be impacted by 

several confounding factors32, 33, we analysed the methylation of the 6 CpG sites after stratification 

based on age, gender as well as disease severity of PD patients, according to H&Y stage and 

compared with healthy subjects (Table 2). No differences between male and females were observed 

according to disease severity.  The age was statistically significant when we consider the 

comparison between four groups (H&Y I, II, III and controls) (p=0.001) (Table 2). At ANOVA 

analyses the CpG sites 2, 3, 5 and total CpGs methylation values were statistically significant 

different between the four groups studied (H&Y I, II, III and controls), with a p value of 0.05, 

0.004, 0.029 and 0.048 respectively.  

A correlation analysis showed a statistically significant association between age and sites 1, 2, 3, 5, 

6 and total CpGs, with p value of 0.08, 0.002, 0.01, 0.012, 0.045 and 0.001 respectively. 

Furthermore, increased methylation at CpG5 correlates with increased methylation level of all 

studied sites. Other PD-related phenotypes analysed, such as age at PD onset (p=0.225), UPDRS III 

score (p=0.236), LEDD (p=0.93) and PD clinical subtypes (p=0.45) were found not significantly 

correlated to the methylation of the CpG island we studied. 

Since CpG5 was the only statistically different variable between PDs and controls (Table 1), it was 

considered as the discriminant variable in this study. Moreover, the ANOVA analyses show that 

CpG2 and 3 were statistically significant in accordance to stage of the disease (Table 2) and were 

statistically significant correlated a the CpG5 (p= 0.001 for both correlations). 

A multivariate regression analysis (methylation at CpG5 as dependent variable) considering age, 

gender, H&Y stage, CpG2 and 3 methylation level, was performed in order to determine the 

contribution of these variables to the variance of methylation at CpG5. The regression model shows 

that of all the included variables only DAT1 hypermethylation at CpG2 (p= 0.001), CpG3 (p= 



0.002) and H&Y stage (p=0.011), are factors significantly associated with methylation at CpG5. 

The overall regression model has a R2 value of 38% (Table 3). Moreover, the regression 

multivariate analysis showed that the observed differences in methylation level were independent of 

age (p=0.389) and gender (p=0.88) (Table 3).  

 

 

 

 

Discussion  

 

Recent studies of genome-wide methylation have highlighted the presence of differentially 

methylated regions spread across the genome in PD subjects respect to controls.19, 34 However, the 

role of DNA methylation and its link to sporadic PD is not completely defined and clearly 

characterized.  

Herein we investigated the methylation status of a CpG island in the 5’-UTR of the DAT1 gene in 

sporadic PD and control subjects, considering the key role played by the dopamine transporter in 

maintaining the integrity of DA neurons. By comparing the methylation level between the two 

groups, we observed an increased methylation at CpG site5 in PD that almost reaches statistical 

significance. We further analyse this result considering the contribution of several PD confounding 

factors. Most important findings from the present study show significant correlation between the 

increased methylation of CpG5 and that of all other CpGs in the island analysed. Moreover, we 

observed higher levels of methylation at specific CpGs of PD patients with advanced stage of 

disease respect to controls and PD patients with mild disease. The increased methylation according 

to the clinical variables that mainly express PD severity, seem to suggest that dynamic changes of 

methylation patterns may emerge during disease progression. The role of DNA methylation and its 

link to PD progression is currently unclear and remain poorly characterized. In the brain, epigenetic 

mechanisms dynamically regulate gene expression in response to environmental influences 

throughout the lifespan, enabling adaptive plasticity. The role of DNA methylation as a possible 

mediator of environmental inputs that drive PD development and/or progression is just starting to 

be explored.  

Under normal physiological conditions, increased dopamine release rapidly upregulates DAT 

membrane expression. It can be hypothesized that with DA depletion of nigrostriatal neurons, 

increased during PD progression, a modulation of DAT1 gene expression, which leads to a 

reduction in protein levels could occur in the remaining neurons, in order to have more stable level 

of dopamine in the synaptic gap.  



Gene expression studies showed a trend for reduced expression of DAT by qRT-PCR in PD 

dopamine neurons.26 Although the effects of DNA methylation on gene expression are complex, 

heavily methylated genes are usually less active (gene expression turned off) by preventing the 

formation of transcriptional machinery at the target sites. 

DNA hyper-methylation could well be the mechanism responsible for the reduction of DAT 

expression in the pre-synaptic membrane. 

Furthermore, as the increased uptake of dopamine or other toxins via DAT is the key component of 

dopamine-induced neurotoxicity in the DA neurons, an inhibition or reduction of its entry into the 

cell, could represent an extreme attempt against neurodegeneration.  

Cytosine methylation of CpG sequences might regulates gene expression by affecting the ability of 

transcription factors to access and bind specific regions in promoter sequence.35 In particular, CpG 

sites 5 and 6 in the 5’-UTR analysed, represent a CGCG-core motif that is a putative transcription 

factor binding site for members of a family of calmodulin-binding transcription activators 

(CAMTAs), recognized as integrators of stress responses.36, 37 In neuroblastoma cells, it has been 

shown that CAMTA1 primarily regulates genes involved in neuronal function and differentiation.38 

Such binding to the DNA could be inhibited by CpG methylation of the CGCG motif preventing 

gene expression. Other factors may have, indeed, affected the levels of DNA methylation of 5’-

UTR of DAT1 gene, including, individual differences in DAT expression among PD subjects. 

Our study presents some limitations. Given the concern that the small sample size of the population 

examined cannot allow conclusive evaluations, these results support the hypothesis that epigenetic 

modifications in the DAT1 gene could partake in PD progression. However, the potential of DAT1 

gene methylation as a biomarker in PD, in particular during disease progression, warrants further 

investigations in an independent sample including a larger group of PD patients as well as DAT1 

gene expression evaluation. Furthermore, a longitudinal DAT1 methylation analysis of PD patients, 

integrated with DAT1 gene expression, together with functional neuroimaging evaluation, could 

provide insights into the biological implication of DAT1 methylation and PD.  

Notwithstanding these limitations, in our knowledge, this is the first study to explore the association 

between 5’-UTR DAT1 epigenetic modifications and PD. The findings of this study may be an 

additional step toward understanding the role of specific epigenetic modifications underlying PD 

pathogenesis. 
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Table 1. Demographic, clinical features and DNA methylation at cytosine-guanine (CpG) sites 

of the 5’-UTR of DAT1 gene of studied populations. 

 

 Patients (n=101) Controls (n=59) p value 

Age (yrs, mean±SD) 68.5±8.2 70.15±6.64 0.18 

Gender M/F 64% (65)/36% (36) 51% (30)/49% (29) 0.062 

Age at onset (yrs, mean±SD) 61.2±11   

UPDRS III score 15.05±6.9   

H&Y (mean±SD) 1.91±0.7   

LEDD at last visit  

(mg/die, mean±SD) 

500±368   

Clinical subtype NTD/TD 58% (59)/42% (42)   

5’-UTR DAT1 methylation % 

            CpG site 1 

                               

12.56±4.0                         

                               

13.02±3.7 

 

0.47 

            CpG site 2 11.89±4.9 11.78±2.9 0.85 

            CpG site 3 15.77±4.9 15.04±3.3 0.30 

            CpG site 5 30.06±12.4 26.58±7.6 0.052 

            CpG site 6 5.67±1.5 5.60±1.6 0.77 

            CpG site 7 11.86±4.5 11.99±3.1 0.85 

            Total CpGs 14.65±4.3 14.05±2.8 0.34 
Data are expressed as mean ± standard deviation (range). UPDRS III, Unified Parkinson's Disease Rating Scale part III; 

H&Y, Hohen &Yahr scale; LEDD, levodopa equivalent daily dose. NTD, non-tremor dominant; TD, Tremor dominant 

clinical subtypes. 

 

Table 2. A comparison between PD patients and controls in according to severity of disease  

 PD  Controls (n=59) p value 

 H&Ystage I 

(n=30) 

H&Ystage II 

(n=49) 

H&Ystage III 

(n=22) 

  

Age 

(yrs,mean±SD) 

 

64.27±8.5 

 

68.87±7.05 

 

73.68±7.2 

 

70.15±6.64 

 

0.001 

Gender M/F 21/9 31/18 13/9 30/29 0.3 

5’-UTR DAT1 

methylation%  

        CpG site 1 

                      

                   

12.71± 3.3                               

                                                                  

 

11.79±3.2 

                                       

 

   14.05±5.9 

 

 

13.02±3.7 

 

 

0.13        

        CpG site 2 11.39±3.9 11.21±3.9    14.08±7.1  11.78±2.9 0.055 

        CpG site 3 15.87±4.1 14.53±3.5    18.40±7.2  15.04±3.3 0.004 

        CpG site 5   32.80±16.8 27.53±8.8 31.98±11.5  26.58±7.6 0.029 

        CpG site 6      5.73±1.3   5.38±1.1 6.24±2.2    5.60±1.6 0.16       

        CpG site 7 11.97±4.5 11.59±4.7    12.31±4.4 11.99±3.1 0.91        

        Total CpGs 15.08±4.5 13.69±3.5    16.18±5.1 14.05±2.8 0.048 

p-Values for continuous variables are from one-way analysis of variance (ANOVA).  

 

 

  



Table 3 A multivariate regression model considering CpG 5 as dependent variable 

 

Model 

Not-standardized 

coefficients 

Standardized 

coefficients 

t Sign. B Standard error Beta 

1 (Costant) 5,644 6,839  0,825 0,411 

Age 0,090 0,104 0,063 0,870 0,386 

Gender -0,210 1,507 -0,009 -0,139 0,889 

H&Y -1,722 0,665 -0,178 -2,591 0,011 

CpG site 3 0,642 0,207 0,255 3,097 0,002 

CpG site 2 1,012 0,207 0,394 4,896 0,001 

 

Dependent variable: CpG site 5. The overall regression model has a R2 value of 

38%. 

 



Figure 1. Schematic representation of the CpG island at the 5’-UTR DAT1 region analyzed. Bold 

text indicates the CpG sites. 


