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Abstract

Understanding regulation of α-synuclein has long been a central focus for Parkinson’s disease 

(PD) researchers. Accumulation of this protein in the Lewy body or neurites, mutations in the 

coding region of the gene and strong association of α-synuclein encoding gene multiplication 

(duplication/triplication) with familial form of PD have indicated the importance of this molecule 

in pathogenesis of the disease. Several years of research identified many potential faulty pathways 

associated with accumulation of α-synuclein inside dopaminergic neurons and its transmission to 

neighboring ones. Concurrently, an appreciable body of research is growing to understand the 

epigenetic and genetic deregulation of α-synuclein that might contribute to the disease pathology. 

Completion of the ENCODE (Encyclopedia of DNA Elements) project and recent advancement 

made in the epigenetic and trans factor mediated regulation of each gene, has tremendously 

accelerated the need to carefully understand the epigenetic structure of the gene (SNCA) encoding 

α-synuclein protein in order to decipher the regulation and contribution of α-synuclein to the 

pathogenesis of PD. We have also analyzed the detailed epigenetic structure of this gene with 

knowledge from ENCODE database, which may open new avenues in α-synuclein research. 

Interestingly, we have found that the gene contains several transcriptionally activate histone 

modifications and associated potential transcription factor binding sites in the non-coding areas 

that strongly suggest alternative regulatory pathways. Altogether this review will provide 

interesting insight of α-synuclein gene regulation from epigenetic, genetic and post-transcriptional 

perspectives and their potential implication in the PD pathogenesis.
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1. Introduction

Parkinson’s disease (PD) is a late-onset neurodegenerative disease that affects a significant 

portion of elderly populations worldwide (Beitz, 2014). Recent epidemiological data 

suggests this disease is increasing every year, with 50,000 to 60,000 new cases in the USA 

alone in addition to the 1 million patients already suffering (National Parkinson’s Disease 

Foundation; http://www.pdf.org/en/parkinson_statistics) (Beitz, 2014). The clinical features 

of the disease include cardinal motor dysfunctions, such as postural instability, resting 

tremor, bradykinesia, and rigidity (Beitz, 2014; Sherer et al., 2012; Thomas and Beal, 2011). 

In conjunction, several non-motor symptoms are also associated with the disease: anosmia, 

sleep disturbances, anxiety or depression, loss of bladder control, constipation, etc. (Beitz, 

2014; Sherer et al., 2012; Thomas and Beal, 2011). PD cases are generally classified under 

two categories based on its origin. The first type contains a known or inherited familial 

genetic abnormalities, called familial PD (autosomal dominant or recessive). This accounts 

for only 10% or less of the total cases. The second type is called sporadic PD cases without 

any known familial history and consists of around 90% or more of the cases,(Gasser, 2009). 

Generally, degeneration of around 70% dopaminergic (DA) neurons in the substantia nigra 
pars compacta (SNpc) of the midbrain region takes place before the clinical symptoms sets 

in (Heisters, 2011; Morrish et al., 1998; Postuma et al., 2010). Recently Kordower et al. in a 

report studied 28 post-mortem brain samples ranging from 1–27 years post diagnosis of PD 

and showed that 50% to 90% of tyrosine hydroxylase(TH)-positive DA neuronal death in the 

SNpc occurs within relatively early years after the disease diagnosis and negligible loss 

(<20%) thereafter. Interestingly, although a variable degree of loss (33%–80%) of nigral 

melanin-containing neurons was observed across the disease duration, there was higher 

number of melanin containing neurons remained as compared to TH-positive neurons at any 

point analysis (Kordower et al., 2013).

One of the most prominent pathophysiological hallmarks of this disease is the presence of 

intracytoplasmic inclusion bodies called Lewy bodies, or Lewy neurites (Spillantini et al., 
1997). These inclusion bodies are present in the neurons containing α-synuclein (α-SYN) 

aggregates (Spillantini et al., 1997). The dynamic process of α-SYN aggregation through the 

formation of different intermediate species mainly contributes to α-synucleinopathy in PD 

(Stefanis, 2012). The contribution of α-SYN in the disease pathogenesis is further 

highlighted by the discovery of the genetic components in PD, which first came into the 

picture through genetic abnormalities in the α-SYN coding gene called SNCA, when 

familial mutations and gene multiplications were discovered in that particular locus (Farrer 

et al., 2004; Ibanez et al., 2004; Kruger et al., 1998; Polymeropoulos et al., 1997; Singleton 

et al., 2003; Zarranz et al., 2004). Later on, numerous other genetic or environmental factors

—such as imbalances in genetic dosage, post-translational modifications, exposure to toxins 

and pesticides/herbicides, oxidative stress and more recently, epigenetic deregulation—have 

been implicated in dysregulation of α-SYN in PD (Basu et al., 2015; Cristovao et al., 2012; 

Guhathakurta et al., 2017; Mouradian, 2012; Tanner et al., 2011; Venda et al., 2010). These 

factors have been either implicated in increased α-SYN protein expression or in the 

generation of misfolded intermediates of the protein, which ultimately contribute to α-

synucleinopathy in PD. Altogether, it can be said that environmental factors and age-
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associated changes—along with some common genetic variants identified through candidate 

gene approach or whole genome association studies—play important roles in the 

pathogenesis of the sporadic form of the disease (Gasser et al., 2011).

A lot of effort has been made over the years to understand what factor(s) instigate α-SYN 

protein aggregation and how this event leads to neurodegeneration. However, significant 

progress has not been made in understanding the epigenetic or transcriptional regulation of 

α-SYN through considering its detailed genetic structure. Several single nucleotide 

polymorphisms (SNP) in the regulatory element of SNCA have been identified as genetic 

risk factors for PD, but their contribution to the aberrant regulation of α-SYN has only been 

investigated by using in vitro systems where implications from epigenetic underpinnings 

were largely overlooked (Basu et al., 2017). With the completion of the ENCODE project 

(Encyclopedia of DNA Elements), we can now understand the complex gene regulation 

pattern of eac h gene by considering all cis and trans elements associated with DNA 

(Consortium, 2012). In this review, the present understanding of genetic and epigenetic 

regulation of SNCA will be discussed and it will also highlight the importance of the 

enormous amount of ENCODE data in SNCA regulation. This will open a new avenue for 

research related to the regulation of α-SYN expression in dopaminergic neurons, helping 

researchers understand the behavior of this molecule under severe pathological conditions 

such as PD.

2. Regulation of α-synuclein expression and Parkinson’s disease

α-SYN is a synaptic protein consisting of 140 amino acids (Maroteaux et al., 1988). The 

gene coding for this protein resides on chromosome 4 in humans and spans around 114 kb 

region in the genome (Touchman et al., 2001). α-SYN belongs to a family of synuclein 

proteins where two other members, such as β and γ synuclein, are also present and the genes 

coding for them are well-conserved across the species (George, 2002). Expression of α-SYN 

can be regulated at various stages of its development like any other gene expression system. 

Interestingly, deregulation of this gene has long been associated with PD (Stefanis, 2012; 

Venda et al., 2010).

The first piece of evidence pointing to the fact that α-SYN gene deregulation is directly 

associated with PD came from familial PD cases where coding region mutation resulted in 

the 53rd amino acid substitution from alanine to Threonine in Italian and Greek families 

(Polymeropoulos et al., 1997). Subsequently, two other mutations at the 30th (Alanine to 

Proline) and the 46th (Glutamine to Lysine) were discovered in families of Greek and 

Spanish descent, which led to an autosomal dominant pattern of the disease inheritance 

along with early-onset (Kruger et al., 1998; Zarranz et al., 2004). These coding mutations 

altered amino acids in the N–terminal domain of the protein, which has a role in this protein

′s aggregation (Gallegos et al., 2015; Recchia et al., 2004). Involvement of α-SYN gene 

deregulation in pathogenesis of PD was further strengthened by the findings of SNCA locus 

multiplication. Both triplication and duplication of SNCA were strongly associated with 

severity and early onset in familial PD (Chartier-Harlin et al., 2004; Singleton et al., 2003). 

Gene multiplication was also shown to increase the level of α-SYN, which can be correlated 

with the higher expression (Miller et al., 2004). Moreover, contribution of this gene in the 
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pathogenesis of PD in a dose-dependent manner became even clearer when it was shown 

that gene triplication produces a more severe form of the disease than SNCA duplication 

(Fuchs et al., 2008). This evidence from familial PD cases clearly indicates that any faulty 

regulatory mechanism, which can lead to a higher amount of α-SYN production in the brain, 

can be strongly associated with PD pathogenesis.

Based on this, it is conceivable that epigenetic or transcriptional deregulation of this gene 

may lead to a deranged expression of α-SYN, which can ultimately produce α-SYN 

pathology as observed in PD and other neurodegenerative disorders. Based on this strong 

evidence from familial PD cases, several studies have been conducted on idiopathic PD 

cases investigating the impact of genetic and epigenetic factors that may regulate the α-SYN 

expression by compromising transcription and post-transcriptional RNA processing under 

this pathologic condition. Several SNPs identified throughout SNCA were found to interfere 

with the normal transcriptional regulation of the gene and the binding of micro RNA 

(miRNA). Some of the SNPs were found to be strongly associated with PD in spite of their 

functional role not being fully understood (Junn et al., 2009; Kabaria et al., 2015; 

Maraganore et al., 2006; Rhinn et al., 2012; Simon-Sanchez et al., 2009).

Apart from SNPs, some transcription factors, gene-upstream regulatory elements, and 

epigenetic factors were all shown to contribute towards the enhanced expression of α-SYN 

(Chiba-Falek and Nussbaum, 2001; Jowaed et al., 2010; Scherzer et al., 2008). Interestingly, 

studies have shown that the specifically SNpc of sporadic post-mortem PD brains have 

considerably higher α-SYN transcript as compared to the control brains (Chiba-Falek et al., 
2006). Moreover, by using UV-assisted laser capture microdissection, Grundemann et al. 

confirmed that significantly higher levels of α-SYN mRNA were present in dopaminergic 

cells of PD brains at a single cell level (Grundemann et al., 2008). Ageing also plays a 

significant role in deregulated expression of α-SYN. In a study by Chu and Kordower, it was 

shown that α-SYN levels were significantly higher in the SN regions of aged control 

samples as compared to the younger ones and this increased levels of the protein correlated 

significantly with decreased levels of TH immunoreactivity in the DA neurons (Chu and 

Kordower, 2007). Therefore, it can then be said that these genetic and epigenetic regulatory 

elements have profound roles in controlling α-SYN expression in the neurons. 

Consequently, understanding the role of different epigenetic and transcription factors in the 

regulation of α-SYN in PD is extremely important to completely decipher the role of this 

molecule in pathophysiology of the disease.

2.1 Epigenetic regulation

Epigenetic regulation is considered the regulation system that can control a gene expression 

without modifying its DNA sequence in a heritable fashion (Egger et al., 2004). This 

regulating mechanism can be modified by its cellular environment, which in turn directly 

influences the gene expression. Ever since the concept of epigenetics was made by Conrad 

Waddington in the 1940s, the description of epigenetics has been under constant re-

construction, not only due to expansive discoveries of regulating elements which can control 

gene expression independent of cis-elements, but also because the understanding of complex 

gene regulation pattern keeps increasing (Jaenisch and Bird, 2003; Waddington, 2012). 
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Studying the regulation of gene expression by epigenetic elements is important since 

epigenetic architecture of a gene determines its transcriptional activity based on the cellular 

environment. With increasing knowledge of genomic complexity and thanks to the 

completion of ENCODE, we now have a better understanding of how these epigenetic 

elements regulate the gene expression (Consortium, 2012).

Epigenetic regulation of gene expression can be divided into three main categories: 

regulation by (i) DNA methylation; (ii) histone post-translational modifications; and (iii) 

non-coding RNAs, small RNA interferences (Egger et al., 2004). In the following section, 

we will discuss the effect of DNA methylation and histone modifications on α-SYN 

regulation in PD. Involvement of microRNA and the 3′-UTR in regulating α-SYN 

expression will be discussed in a separate section.

2.1.1 Contribution of DNA methylation in regulation of α-synuclein expression
—DNA methylation at the 5th carbon of cytosine (5mC) base is the first epigenetic 

modification that was considered as the heritable change that can repress the gene expression 

(Cheng and Blumenthal, 2011; McGhee and Ginder, 1979; Suzuki and Bird, 2008). Recent 

studies dealing with synaptic plasticity, activity-induced brain functions, learning, and 

memory proved that DNA methylation marks can be changed in adult neural tissues based 

on environmental cues (Guo et al., 2011; Lubin et al., 2008; Ma et al., 2009; Martinowich et 
al., 2003; Miller and Sweatt, 2007). Usually DNA methylation happens to the cytosines 

located adjacent to guanine residues, known as CpG methylation (Bird, 1980). And when 

such CpGs reside in a DNA segment with a higher C+G ratio than expected, they are called 

CpG islands or CGIs (Deaton and Bird, 2011; Illingworth and Bird, 2009). Mostly these 

islands are present in the gene-promoters and tend to be unmethylated (Deaton and Bird, 

2011). DNA methylation-mediated transcriptional repression of tumor suppressing genes has 

long been known in cancer epigenetics (Baylin, 2005). However, the role of DNA 

methylation in regulating neurodegenerative diseases like PD has not been explored in detail. 

Only a handful of reports are available except for the gene encoding for α-SYN (Coupland 

et al., 2014; Lu et al., 2013).

Control of α-SYN expression in PD is relatively well explored, as far as the transcriptional 

or epigenetic regulation of SNCA is concerned. Interestingly, the human α-SYN gene, 

SNCA, harbors one large CpG island of 591 bp at its 5′ end (Fig. 1). This CpG island 

covers the transcription start sites and the associated regulatory region of the gene. As shown 

in Figure 1A, these CpG residues are densely distributed within the CGI and also extend into 

the intron1 region of the gene. Moreover, the observed CpG distribution in the upstream 

exon 2 area containing intron1 and promoter (+1 to −2648 bp relative to ATG start codon) is 

significantly higher than what is expected from normal distribution of the DNA bases (Fig. 

1). However, the similar area of the gene in both mice and rats was not significantly enriched 

in CpGs as compared to that of a human, meaning these animals lack a CpG island within 

this area (Fig. 1B). Thus, it can be envisaged that the gene regulation by epigenetic factors 

might differ between the human and rodent α-SYN gene. This entire regulatory area in 

human SNCA harbors binding sites for several transcription factors, some of which also 

contain CpG sequence (Jowaed et al., 2010). Therefore, it can be seen that methylation of 

those CpGs can impede binding of several transcription factors, limiting the transcriptional 
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activity of the gene. However, less methylation or hypomethylation of CpG dinucleotides in 

the regulatory region of the gene may result in overproduction of the transcript and thus 

create more protein. This is particularly important because it has been seen that the α-SYN 

protein level is directly correlated with the gene dosage, i.e. higher expression (Fuchs et al., 
2008). As it is known that hypomethylation of a gene is positively associated with its higher 

expression, it is of immense importance to investigate whether SNCA expression is at all 

regulated by its DNA methylation of regulatory region and, if so, whether hypomethylation 

is associated with the disease. Aberrant methylation of CpGs is associated with a wide range 

of diseases (Jowaed et al., 2010).

These important scientific facts have led to investigations on the methylation status of SNCA 
regulatory regions. Jowaed et al. first studied the significance of the methylation status of 

these CGIs in the regulation of SNCA in PD cases (Jowaed et al., 2010). Interestingly, the 

group found that it was not the methylation status of the promoter CGI; rather it was the 

methylation structure of intron1 CGI that controls the gene expression. At the same time, 

they also found that the mean methylation level of this area is 10 fold lower in post-mortem 

human brains as opposed to that of SK-N-SH cells, a human neuroblastoma cell line. Most 

importantly, they noted significant hypomethylation of SNCA intron1 CpG islands in 

different regions of brain tissue belonging to PD patients as compared to the controls 

(Jowaed et al., 2010). Almost the same time, Matsumoto et al. also demonstrated that 

methylation status of the intron1 CGI of SNCA can regulate this gene’s expression with 

hypomethylation status being more actively transcribed (Matsumoto et al., 2010). They also 

showed that HEK-293 cells, an embryonic kidney cell line, express more α-SYN as 

compared to the known dopaminergic cell line called SH-SY5Y. HEK-293 cells showed a 

decrease of methylation with a correspondingly increased doses of dopamine, which 

correlated well with increased protein expression. However, they did not compare the 

methylation pattern of the same region between HEK-293 cells and SH-SY5Y, which 

expressed considerably low α-SYN protein at the basal level. Nor did the authors explain 

how such a high level of DNA methylation in the intron1 region of HEK-293 cells could 

support a comparatively higher basal levels of α-SYN production (Matsumoto et al., 2010). 

Importantly, they found significant hypomethylation of said region in the SNpc of PD 

patients as opposed to controls (0% in patients vs. 100% in controls) (Matsumoto et al., 
2010). At this juncture, it is interesting to compare the results of Matsumoto et al. with 

Wang et al. who also investigated methylation patterns of similar regions in the SNCA 
intron1 (Matsumoto et al., 2010; Wang et al., 2013). The former study found a relatively 

higher basal level of α-SYN protein in HEK-293 cells where CGI of intron1 was methylated 

around 94%. However, they found a relatively lower level of α-SYN in case of SH-SY5Y 

cells (Matsumoto et al., 2010). The study by Wang et al. reported that the region of SNCA 
has only 49% methylation in SH-SY5Y cells (Wang et al., 2013). Therefore, it can be said 

that HEK-293 cells express more α-SYN protein as compared to SH-SY5Y cells, despite 

having significantly higher methylation at the regulatory region. This might indicate that 

distinct regulation mechanisms exist in these two different cells.

Another report published by Desplats et al. showed a 2-fold decrease in global DNA 

methylation in the cortex of human post-mortem PD and DLB (Diffuse Lewy Body) samples 

with significant hypomethylation of the SNCA intron1 region (Desplats et al., 2011). 
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Interestingly, the authors found that the level of maintenance methyltransferase DNMT1 was 

significantly decreased in the cortex of both groups of patients, which might have resulted in 

the global hypomethylation in patient groups (Desplats et al., 2011). The next report which 

came in 2011 described the status of SNCA intron1 methylation in post-mortem Lewy Body 

Disease brains using the Next Generation Sequencing (NGS) platform (de Boni et al., 2011). 

The investigators had detailed information about the patients including Braak staging 

information for the disease. The overall methylation levels in these two CGIs in different 

brain regions were far lower, irrespective of sample cohort, and varied from 0.6% (promoter 

CGI) to 2.8% (in case of intron 1 CGI). Thus, the methylation levels did not vary between 

cases and controls. However, when comparison of the tissue-specific methylation between 

different LBD cases with the controls were made, they found relatively significant 

hypermethylation in the SNCA intron1 in putamen tissues belong to LBD limbic and LBD 

diffuse neocortical stages with no change in other brain areas. As for CGI in the SNCA 
promoter region, authors found a non-significant hypomethylation (de Boni et al., 2011). 

This apparent difference between their findings and the two previous studies can be 

attributed to the limited availability of fresh frozen brain tissues in the previous studies, as 

well as different methodologies. In a continuation of their previous finding, a recent report 

was published in 2015 that demonstrated that SNCA intron1 methylation in brain tissue is 

slightly increased in aged populations as compared to fetal populations (de Boni et al., 
2015). However, no significant change was observed between adult samples of 19–60 years 

of age with that of seniors more than 60 years old. Most importantly, the authors showed a 

significant variation of methylation pattern in SNCA intron1 between neuronal and non-

neuronal cells of brain tissue (de Boni et al., 2015). At the same time, no sex bias was 

observed in methylation pattern (de Boni et al., 2015). Likewise, a recent report by our 

group investigating post-mortem PD and control brain samples found no association of 

SNCA-intron1 methylation and PD. Nor did we find any significant correlation between α-

synuclein protein levels and intron1 methylation in PD (Guhathakurta et al., 2017).

The next group of reports discussed the role of intron1 methylation in regulation of SNCA in 

leucocytes (peripheral blood mononuclear cell; PBMC) of PD patients. One report by Tan et 

al. found significant hypomethylation in SNCA intron1 in the patients (5.90%) as compared 

to healthy controls (7.69%) (Tan et al., 2014). Interestingly, the methylation level was even 

lower in early-onset PD (EOPD) than in late-onset PD (Tan et al., 2014). Another report by 

Ai et al. also demonstrated hypomethylation of intron1 CGI in PD patients (Ai et al., 2014). 

Pihlstrom et al. reported the same significant hypomethylation in SNCA intron1 in PBMC of 

PD patients as compared to controls (Pihlstrom et al., 2014). This significance was not 

observed, however, when they analyzed the cortex samples from 12 post-mortem PD 

patients and an equal number of controls. This discrepancy between two different sets of 

tissues and individuals was due to a relatively lower number of brain tissue samples 

(Pihlstrom et al., 2014). Along with this, they found a strong association (p = 5.9×10−5 in 

leucocyte and p=0.023 in brain tissue) of “G allele” of an SNP within the promoter 

irrespective of the tissue analyzed, which may serve as a Quantitative Trait Locus (QTL) for 

the disease (Pihlstrom et al., 2014).

Reports by Richter et al. and Song et al., though, failed to observe any difference in 

methylation in intron1 of SNCA from peripheral blood leucocytes of PD patients (Richter et 
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al., 2012; Song et al., 2014). This difference in studies might arise partly because different 

tissues might have different methylation patterns; also, different or additional cytosine 

residues in the intron1 region might have been considered (apart from those 23 CpGs as 

shown in Fig. 1). It is worth noting that the patient groups studied in each report might vary 

in their medication histories as well (Song et al., 2014). Especially since the treatment with 

L-DOPA (L-3,4-dihydroxyphenylalanine) in PD patients can alter the pool of S-adenosyl 

methionine (SAM) or S-adenosyl homocysteine (SAH), which can directly affect cytosine 

methylation in the genome (Obeid et al., 2009; Song et al., 2014).

Recently, two more reports examined the status of SNCA intron1 methylation from PBMC 

in patients with PD or DLB (Funahashi et al., 2017; Wei et al., 2016). In the first report, the 

authors examined a Chinese Han population of 91 PD patients and demonstrated a 

significant hypomethylation in the intron1 but with no difference in α-SYN mRNA 

expression. They also investigated four PD-implicated SNPs identified in GWAS studies in 

their sample cohort and observed that rs3756063 is correlated with hypomethylation in the 

patients (Wei et al., 2016). In another study conducted among Japanese DLB patients 

(n=20), the authors observed a significant decrease in overall methylation of SNCA intron1 

and site-specific hypomethylation. Just as in the previous group, they also failed to observe 

any increase in α-SYN mRNA levels in PBMC, which could be related to the 

hypomethylation in the patients (Funahashi et al., 2017). Although the hypomethylation of 

SNCA intron1 in the pathogenesis of PD remains controversial with both positive and 

negative outcomes, the DNA methylation of this region in regulation of α-SYN in PD 

pathogenesis provides some valuable insights into the complex deregulation of SNCA. It is 

also important to add since epigenetic mark like the DNA methylation status of a gene is 

considered as heritable and stable, effort has been made to consider using SNCA or some 

other PD-implicated gene’s methylation status in the peripheral tissues as a biomarker for 

PD (Jakubowski and Labrie, 2017). Although the hypothesis looks appealing but we must 

also acknowledge that DNA methylation pattern may vary across different tissues or cell 

types and that this association of SNCA intron1 methylation pattern with PD is not 

unanimous. Indeed, several groups found no significant correlation with this gene’s 

methylation and PD (de Boni et al., 2011; Guhathakurta et al., 2017; Richter et al., 2012; 

Song et al., 2014). However, contradictory findings might have arisen due to the different 

ethnicities in the samples of each study, an admixture of different cell types in the samples, 

limitation of sample size, etc. A recent study by Stoger et al. reported an elevated level of 5-

hydroxymethylcytosine in the cerebella of PD samples as opposed to the controls without 

any significant difference in the global methylation pattern (Stöger et al., 2017). Moreover, 

in a disease like PD where selective neurodegeneration happens in the SN region of brain, 

the oxidative stress and cellular environments for that matter are very different as compared 

to other cell types in the body. It might be possible that this typical cellular environment 

affect the epigenome of DA neurons altogether differently unlike any other tissues in 

pathologic conditions of PD. Therefore it is debatable whether peripheral epigenetic marker 

like DNA methylation can be used as biomarker for detection of PD. Findings related to 

differential methylation pattern of the same region across different cell types also became 

evident when we explored ENCODE data for methylation analysis (Fig. 2A). The Hela-S3 

cell shows significantly higher methylation, whereas K562 (chronic myelogenous cells), 
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GM12878 (lymphoblastoid cells), and H1-hESC (human embryonic stem cells) showed 

sparse methylation pattern.

This evidence indicates that apart from DNA methylation-mediated epigenetic regulation, 

other epigenetic and genetic mechanisms are also working together towards regulating this 

gene expression in different types of cells. And this varied status of DNA methylation in 

different cells of origin might correlate with the gene expression pattern of respective cell 

type. Thus, we must strictly adhere to the neuronal cells if we are to investigate neuronal 

SNCA expression. More comprehensive research is necessary to understand this complex 

epigenetic regulation of the gene and to shed light on synucleinopathy as observed in PD.

2.1.2 Role of Histone post-translational modifications in regulation of α-SYN—
Epigenetic regulation mediated by post-translational modification (PTM) of histone tails is 

one of the most important ways to regulate gene expression (Consortium, 2004; Koch et al., 
2007). The amino acid residues of four different histone tails of an octamer undergo several 

types of PTMs. For example, lysine residues can undergo acetylation, biotinylation, 

methylation, ubiquitination, SUMOylation; arginine residues can have methylation, 

citrullination; glutamic acid residues can undergo ADP-ribosylate; serine/threonine residues 

can undergo phosphorylation (Latham and Dent, 2007). All these modifications have a 

different impact on genome, e.g. histone acetylation mainly causes de-condensation of 

chromatin structure and allows transcriptional activation to have a similar type of polarity 

with the phosphate backbone of DNA (Harrison and Dexter, 2013). Histone H3-lysine 4 

trimethylation (H3K4me3) is also considered to be a transcriptionally favorable mark for 

any gene expression (Consortium, 2012). Despite being such a critical factor for gene 

expression regulation, it is still almost unexplored in the field of SNCA expression 

regulation by histone PTMs. However, it has been shown that neurodegeneration is generally 

associated with global histone deacetylation or hypoacetylation (Harrison and Dexter, 2013). 

Interestingly, Kontopoulos et al. showed that in the dopaminergic neurons of Drosophila, α-

SYN present in the nucleus and prevented histone acetylation, leading to neurotoxicity 

(Kontopoulos et al., 2006). Recently another study showing overexpression of α-SYN in 

flies as well as in neuronal cells such as SH-SY5Y can induce H3K9me1 and H3K9me2 

levels which in turn modulated H3K9me1/2 methyltransferase (EHMT2)-target gene 

expression and ultimately resulted in deregulated synaptic activity (Sugeno et al., 2016). In 

2013, a report was published which described how α-SYN accumulation in neuronal cell 

lines leads to the reduction of PKCδ by down regulating p300 protein, acetyltransferase 

activity, reducing p65 acetylation, and by blocking NF-κB. This pathway was described as a 

neuroprotective mechanism (Jin et al., 2011). With that, it can be understood that α-

synuclein can regulate neurodegeneration epigenetically but the role remains controversial. 

Liu et al. showed that the SN region of rats, when injected with MPTP (1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine), had significant increases in α-SYN, proteinase-activated 

receptor 2 (PAR2), and phosphorylation of p65 subunit of NF-κB (Liu et al., 2014). The 

activation of NF-κB then increased the histone H3 acetylation at the promoter of Snca gene, 

which led to increased transcription (Liu et al., 2014). The histone acetylation-mediated 

Snca activation was stopped by down regulating PAR2. It is well known that over-production 

of α-SYN protein in the neurons contributes to synucleinopathy in PD and other 
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neurodegenerative disorders (Grundemann et al., 2008; Miller et al., 2004). Therefore, it will 

be important to know how epigenetic factors could lead to deregulated transcription that 

facilitates an over-production of α-SYN.

Since epigenetic tuning is one of the major players for gene regulations, further investigation 

is needed to understand how histone modifications of SNCA directly regulate the availability 

of transcription factors that can get access to the gene.

After the successful completion of the ENCODE project, it is clear that each gene can be 

regulated in many ways by the presence of different histone PTMs in the regulatory regions 

of a gene (Consortium, 2012). SNCA is one such gene whose high resolution epigenetic 

architecture is now available thanks to the completion of ENCODE. If we explore the 

ENCODE data related to histone modifications of SNCA, an array of complex and variant 

histone marks on the gene are readily available. It is interesting that different histone marks 

vary widely in different cell types in the same region of the SNCA. As shown in Figure 2B, 

the promoter area of SNCA is marked with the transcriptional repressive histone mark called 

H3K27me3 (histone H3 lysine 27 trimethylation) in IMR90, osteoblast, GM12878, NHLF, 

HSMM, and HSMM tube cells. Some other cell types—such as HMEC, HUVEC, K562, or 

NHEK—harbor the transcriptional permissive or initiation marks H3K4me3/2/1 and/or 

H3K9ac on the SNCA promoter region. This indicates that the gene is transcriptionally 

active in these cell types. On the other hand, cell types such as A549, H1ESC, CD14+ 

monocytes, and NHDF-AD pose both the repressive and permissive marks together, 

encompassing similar areas of SNCA regulatory regions and demonstrating a possibility for 

bivalent promoter which may either be poised for transcription or remain inactive. At the 

same time, Hela-S3 or HepG2 cells were not found to be enriched with any type of 

transcription-related histone marks at the promoter area of the gene, possibly reflecting a 

non-transcriptional SNCA in those cell types (Fig. 2B). Knowing the epigenetic architecture 

of a gene’s promoter is particularly important to understand the status of that gene’s 

transcription in different cell types of the body.

Based on this information, one can predict how a gene becomes transcriptionally active or 

inactive under disease or pathological conditions. As mentioned above, several studies have 

been carried out comparing promoter/intron1-methylation structure of SNCA in PD subjects 

and ethnically matched controls, which were mired controversy. However, comprehensive 

knowledge of histone structure and the methylation status of SNCA in the PD patients would 

likely lead to a fair understanding of the cause for the gene’s deregulated expression. By 

using the NIH roadmap epigenomics project website (http://www.roadmapepigenomics.org), 

one can access the extensive epigenetic data for any gene from various types of tissues 

belonging to adult or fetal samples. Likewise, the detail epigenetic information including 

enrichment of histone marks and DNA methylation data for SNCA from human mid brain 

SN tissues is readily accessible from this database. In order to understand the complete 

fidelity of a eukaryotic gene transcription from its initiation to the production of mature 

transcript, knowing the recruitment of RNA polymerase II (Pol II) and its phosphorylation 

state of heptapeptide repeat of the c-terminal domain (CTD) is equally important (Brookes 

and Pombo, 2009). For example, in a case of transcription of active genes, recruitment of Pol 

II with phosphorylated 5th serine residue within its CTD (S5P) in the transcription start site 
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(TSS) region along with the enrichment of S2P modified Pol II in the coding regions is 

required (Brookes and Pombo, 2009). This S2P modified Pol II in turn recruits H3K36me3 

(histone H3 lysine 36 trimethylation)-specific histone methyl transferase in the gene body to 

ensure elongation and the generation of a mature transcript (Brookes and Pombo, 2009). On 

the other hand, absence of Pol II modified at S2P in the gene body marks paused or poised 

state of transcription in any gene (Brookes and Pombo, 2009). Similarly, it was shown in 

cases of bivalent promoters marked by both H3K4me3 and H3K27me3 marks at the 

promoter, the gene is enriched in Pol II S5P while no or low S2P modifications were found 

as these genes yield in immature transcripts (Brookes and Pombo, 2009; Voigt et al., 2013). 

As discussed above, because different cell types show the presence of different histone 

marks at the promoter of SNCA, the transcriptional efficiency could be regulated differently 

depending on epigenetic marks and the presence of Pol II modifications. It would be 

encouraging to understand the epigenetic status of the SNCA promoter in the dopaminergic 

neurons that shows the deregulated expression of α-SYN in PD. We also explored the 

detailed histone structure of this gene extending from the promoter to the 3′UTR using the 

UCSC genome browser for ENCODE (https://genome.ucsc.edu/ENCODE/). In addition to 

finding the presence of peculiar epigenetic marks at the gene’s promoter region in different 

cell types, as mentioned above, we also noticed significant enriched modifications of 

H3K27ac (histone H3 lysine 27 acetylation) and H3K4me1 (histone H3 lysine 4 

monomehylation) towards the 3′ side of the gene (chromosome 4: 90,657,342–90,771,539; 

hg19), specifically in the intron4 region (Fig. 3). SNCA intron4 is the longest intron of the 

gene which spans around 93 kb region of the genome. Significantly, two distinct overlapping 

peaks of these two histone marks (H3Kme1 and H3K27ac) are present (Fig. 3). Both of 

these peaks in intron4 are partially overlapped by relatively weaker signals of H3K4me3. 

H3Kme1 occupancy is usually observed downstream of promoters, especially at the 

enhancers (Heintzman et al., 2007). Similarly, it has been seen that H3K27ac signals are 

often associated with active regulatory elements such as enhancers, whereas H3K4me3 is 

typically enriched at active promoters (Ernst et al., 2011; Heintzman et al., 2007). Co-

enrichment of both H3K4me1 and H3K27ac in the genomic regions, interestingly, has been 

used as a tool to identify the presence of potential enhancer elements (Ernst et al., 2011; 

Feng et al., 2015; Heintzman et al., 2009; Heintzman et al., 2007; Malik et al., 2014). 

Therefore, it can be understood from the enrichment of these two histone modifications that 

SNCA harbors enhancer elements in the intron4 region (Fig. 3). Out of 7 different cell lines 

studied in the ENCODE for this purpose, HUVEC and NHEK cell lines alone showed the 

co-presence of these two histone marks at intron4. Cells K562, GM12878, and H1ESC 

showed no presence of modification. The HSMM and NHLF cell lines, on the other hand, 

did show the presence of only the distal peak of H3K4me1/H3K27ac towards the 3′ end of 

the gene. To further confirm the presence of enhancer elements in the intron4, we looked for 

p300 binding. It has been shown that the binding of this transactivator protein at the genomic 

regions along with H3K27ac and H3K4me1 also marks enhancer sites (Feng et al., 2015; 

Heintzman et al., 2009). As expected, the presence of p300 at those two genomic areas of 

SNCA intron4 showed strong signals of H3K4me1 and H3K27ac. DNaseI hypersensitive 

regions were also noticed in those areas, fortifying this enhancer prediction. We also 

observed binding of Pol IIA to that region along with several transcription factors like 

GATA-2, AP-2c, c-FOS, and c-JUN in a cell-specific manner in in-silico analysis. However, 
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weak occupancy of Pol IIA at some enhancer regions as compared to its enrichment at the 5′ 
promoter sites has also been documented genome-wide (Heintzman et al., 2007). It is worth 

noting that enhancer elements are usually located far from the gene promoters in upstream 

or downstream locations and (mostly in the intergenic or intronic areas) control their target 

gene (Blackwood and Kadonaga, 1998; Heintzman et al., 2007). However, the possibility 

that these enhancers serve as part of the transcriptional machinery for the other downstream 

or upstream neighboring genes of SNCA cannot be ruled out. Therefore, it is important to 

investigate the regulation of SNCA by these enhancer elements under pathologic conditions 

like PD. In a recent study conducted by Soldner et al., it was shown that SNCA expression 

in neuronal cells is actually affected by the distal enhancer elements housed in the intron 4 

of the gene (Soldner et al., 2016). Moreover, this elegantly designed study using CRISPR/

cas9-based genome editing technique also demonstrated that the G allele of the PD 

associated SNP rs356168, which is located exactly within the intron 4 distal enhancer region 

(Fig. 3), can suppress binding of brain specific transcription factors, EMX2 and NKX6-1, at 

the enhancer site. These factors usually favor suppression of the enhancer activity upon 

binding to the DNA. The hindrance in the binding of these transcription factors due to risk 

associated G allele of rs356168 resulted in the generation of an active enhancer element 

which in turn promoted enhanced transcription of the gene (Soldner et al., 2016). This path 

breaking report not only pointed out the importance of non-coding variants in regulation of 

SNCA, it also highlighted how in-depth analysis of the gene’s histone modifications is 

important in identifying new regulatory elements for their expression.

2.2 SNCA upstream promoter repeat length polymorphism and its association with PD

A promoter and its upstream enhancer-like regulatory regions are very important for 

controlling gene expression, as the proper coordination between these cis elements can 

regulate gene expression. Certain epigenetic or genetic changes can block or interfere with 

the transcriptional regulation of a gene (Jaenisch and Bird, 2003). Therefore, it is always 

important to know in detail how one gene expression is regulated by different genetic or 

epigenetic factors. Likewise, the regulatory region of SNCA is also functionally dissected 

and several important regulatory regions were found which can control its transcription 

(Chiba-Falek and Nussbaum, 2001). One such area is this gene’s intron1 region which has 

been shown to possess the capacity to regulate gene expression (Chiba-Falek and Nussbaum, 

2001; Jowaed et al., 2010; Matsumoto et al., 2010). As discussed earlier, the CpG 

methylation within this area remains critical in the regulation of this gene in different cell 

lines and post-mortem human tissues. Another region also shown to play a key role in 

SNCA regulation is a polymorphic dinucleotide repeat region located around 10 kb upstream 

of the translational start site of the gene (Touchman et al., 2001; Xia et al., 1996). This 

polymorphic locus is called NACP-Rep1 (D4S3481). It is composed of different numbers of 

dinucleotide repeats and is basically designated as (TC)x (TT)1 (TC)y (TA)z (CA)w, where 

letters x to z designate variable number of repeats (8 to 13) of corresponding dinucleotides 

(Chiba-Falek and Nussbaum, 2001; Chiba-Falek et al., 2003; Touchman et al., 2001; Xia et 
al., 1996). Based on the repeat numbers, five alleles were identified that vary in size by 

multiples of dinucleotides in different populations (Chiba-Falek and Nussbaum, 2001; 

Chiba-Falek et al., 2003; Farrer et al., 2001; Mellick et al., 2005). Based on the convention 

set by Xia et al., these alleles are designated as −1, 0, +1, +2, and +3 and they mainly differ 
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by the number of repeat variations in CA dinucleotides (Chiba-Falek et al., 2003; Xia et al., 
1996). However, later reports confirmed that this allelic variation can also arise from 

differences in other dinucleotide repeats present in the NACP-Rep1 locus such as “TC” or 

“TA” (Farrer et al., 2001). This polymorphic locus was later described as essentially tri-

allelic with 259 base pair (bp) being the short allele, 261 bp being the intermediate, and 263 

bp as the long allele (Lill et al., 2012; Maraganore et al., 2006). Interestingly, Chiba-Falek 

and Nussbaum found that this gene contained significantly different promoter activity and 

alleles of the NACP-Rep1 locus by using in vitro promoter assay in SH-SY5Y cells (Chiba-

Falek and Nussbaum, 2001). The promoter constructs with +1 or +3 allele with higher (11 or 

13) CA dinucleotide repeats showed 2.5 to 3 folds higher reporter activity as compared to 

the 0 allele (10 CA repeats) (Chiba-Falek and Nussbaum, 2001). This observation of repeat 

number-based increases in promoter activity in the neuronal cell lines is very important since 

the same effect may also be expected for endogenous transcription of SNCA in PD patients. 

Individuals with higher repeat alleles will have more α-SYN transcript as compared to 

people with lower repeat alleles, which may lead to the PD phenotype. As discussed earlier, 

SNCA gene dosage-based increases (duplication or triplication) in α-SYN protein and the 

severity of PD is well known in the familial form of PD (Chartier-Harlin et al., 2004; Farrer 

et al., 2004; Ibanez et al., 2004; Singleton et al., 2003). It is also shown that higher α-SYN 

transcription is associated with idiopathic PD (Chiba-Falek et al., 2006; Grundemann et al., 
2008).

Supporting this idea, several association studies were conducted on different ethnic 

populations across the globe, revealing positive associations with either +1 or +3 alleles of 

NACP-Rep1 locus and PD (Farrer et al., 2001; Kruger et al., 1999; Maraganore et al., 2006; 

Mellick et al., 2005; Mizuta et al., 2002; Tan et al., 2003). Along with the disease 

association, one study conducted on a Saskatchewan population found a positive association 

between higher repeat alleles of NACP-Rep1 locus and early-onset PD (Rajput et al., 2009). 

Interestingly, a study carried out on an Australian population showed that the 0 repeat allele 

of this locus suggests less transcription of the gene and therefore plays a protective role in 

the PD population (Mellick et al., 2005). Moreover, another study found significantly less α-

SYN transcripts in blood of the PD patients who had protective alleles as compared to other 

patients with different genotypes (Fuchs et al., 2008). But they did not find such an effect in 

brain tissue samples (Fuchs et al., 2008). However, Linnertz et al. used a larger cohort of 

control brain tissue samples and found the lower repeat allele or the protective allele is 

significantly correlated with lower expression of α-SYN in the regions of the brain that are 

known to be affected by PD (Linnertz et al., 2009). On the contrary, some studies failed to 

find any significant correlation between NACP-Rep1 polymorphism and PD in different 

populations (Izumi et al., 2001; Khan et al., 2001; Parsian et al., 1998; Soldner et al., 2016; 

Spadafora et al., 2003). It is important to note that a large multipoint study conducted by 

Maraganore et al. on different NACP-Rep1 association studies and freshly recruited subjects 

revealed a positive correlation between the higher repeat 263 bp allele and PD, whereas the 

lower repeat allele 259 bp was found when PD was spared (Maraganore et al., 2006). The 

reason behind this upstream promoter dinucleotide repeat length-based regulation of gene 

expression is not very clear, but Chiba-Falek et al. showed that Poly (ADP Ribose) 

Polymerase-1, PARP-1, might play a repressive role by binding nonspecifically to the 
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NACP-Rep1 area in regulating α-SYN transcription (Chiba-Falek et al., 2005). Chemical-

based inhibition of PARP-1 enzymatic activity led to increased promoter activity in full-

length NACP-Rep1 containing reporter construct but the PARP-1 inhibition led to decreased 

promoter activity in a construct lacking an NACP-Rep1 region (Chiba-Falek et al., 2005). 

This indicates secondary binding sites of PARP-1 in the SNCA upstream promoter/enhancer 

area or a cooperative function of the molecule with other transcription factors in α-SYN 

regulation. The regulation of SNCA transcription through NACP-Rep1 is quite intriguing 

given the complexity of the structure of the cis element. Luciferase assay with an NACP-

Rep1 region demonstrated a significant negative effect on transcription, but longer repeat 

alleles of the locus or construct including the immediate upstream or downstream region of 

NACP-Rep1 locus showed an additive increase in transcription (Chiba-Falek and Nussbaum, 

2001). Moreover, the increase in promoter/enhancer activity based on increments in 

dinucleotide numbers was also found to be non-linear since 11 repeat alleles could transcribe 

more than 12 or 13 repeat alleles (Chiba-Falek and Nussbaum, 2001). It is necessary to 

inspect if this increase in dinucleotide repeats can create binding sites for more transcription 

factors or if it can change the conformation of the cis-trans binding interface of that region, 

which may hamper transcriptional efficiency of SNCA.

2.3 Regulation of α-SYN transcription by trans factors

Regulation of transcription by trans factors is considered one of the most important 

molecular phenomena in terms of gene expression. However, transcription factor binding-

mediated regulation of SNCA is rather unappreciated. Very few studies are available that 

detail this process in the SNCA gene regulation. In 2005, a study was published which 

identified the CCAAT/enhancer-binding protein β (C/EBPβ) as the transcriptional regulator 

for α-SYN in the neuroblastoma cell line called SH-SY5Y (Gomez-Santos et al., 2005). It 

was already known that the SNCA promoter region encompasses binding sites for this 

family of transcription factors (Vaughan et al., 1998). The authors showed that C/EBPβ 
induces α-SYN under dose-dependent dopamine stress in SH-SY5Y cells (Gomez-Santos et 
al., 2005). Next significant study came out in 2008 and it showed that the GATA family of 

transcription factors can regulate SNCA transcription (Scherzer et al., 2008). In their 

detailed study, the authors identified 10 GATA binding motifs present throughout the 

regulatory region of mouse Snca. However, GATA-1 binds specifically to Snca intron1 

region but nowhere else on the promoter (Scherzer et al., 2008). Binding of GATA-1 caused 

a significantly higher expression of Snca in the erythroid precursor cell line. However, this 

transcription factor does not express itself in brain tissues. It was found that instead of 

GATA-1, another family member of GATA, i.e. GATA-2, is highly expressed in human SN, 

superior frontal cortex regions, and also in the dopaminergic neuronal cell line named SH-

SY5Y. Concurrently, GATA-2 occupies the same binding regions as GATA-1 in the Snca 
regulatory region. As expected, knocking down of GATA-2 reduced α-SYN expression 

significantly in the dopaminergic cell line which indicates that GATA-2 might play a positive 

role in human transcriptional regulation of SNCA in the dopaminergic neurons (Scherzer et 
al., 2008). Its interaction with SNCA intron1 in post-mortem PD brain samples, or a possible 

change in its expression with disease pathology—was not studied. A study by Clough et al. 

demonstrated a regulation of Snca gene expression by two transcription factors in the PC12 

cell line, which are structurally zinc finger proteins (Clough et al., 2009). Among the two 

Guhathakurta et al. Page 14

Prog Neurobiol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identified transcription factors in the study, ZSCAN 21 was found to act as a transcriptional 

activator by binding to the intron1 region. On the other hand, the other transcription factor, 

called ZNF219—which binds to the 5′ upstream region relative to intron1—showed a 

complex mode of function by activating or repressing Snca (Clough et al., 2009). It was 

shown that ZNF219 acts as a transcriptional activator in the promoter luciferase construct 

lacking the intron1 region, whereas the same factor acts in the opposite fashion in the 

presence of intron1 (Clough et al., 2009). Also, this transcription factor failed to activate 

transcription in conditions where either all three or only one of the binding sites of ZNF219 

were present in the luciferase construct. But this effect was reversed when only two binding 

sites were present, making the pattern of regulation yet to be fully interpreted.

Recently, Brenner et al. studied the three transcription factors C/EBPβ, GATA-2, and 

ZSCAN21 in PD patients and post-mortem brain samples (Brenner et al., 2015). They 

showed that ZSCAN21 binds to intron1 of SNCA as expected, but also that GATA-2 

specifically binds to the intron2 region while C/EBPβ doesn’t demonstrate a significant 

binding at any of its four putative binding sites in the SNCA promoter in any different brain 

regions studied (Brenner et al., 2015). The expression of ZSCAN21 in different brain 

regions was found to be very low as compared to two other transcription factors. The 

binding sites for ZSCAN21 and GATA-2 were also screened for any PD-related SNPs, but 

no significant variant that can alter the binding of these factors to SNCA in PD conditions 

were found. At the same time, it is important to mention that the binding sites of GATA-2 on 

the SNCA regulatory region can be regulated by cytosine methylation which has been shown 

to vary between PD and age-matched control subjects (Jowaed et al., 2010). These apparent 

discrepancies in binding and expression might have arisen due to the study of different 

cellular systems. However, these consecutive studies proved again the importance of the 

intronic region in regulating gene expression (Brenner et al., 2015; Clough et al., 2009; 

Scherzer et al., 2008). Recently, a new study demonstrated p53 mediated transcriptional 

activation of α-SYN (Duplan et al., 2016). They demonstrated a strong binding of p53 to the 

SNCA promoter and its activity was modulated expression of the protein. α-SYN transcript 

level was induced by p53 overexpression and as expected, the level lowered by knocking 

down the p53 level (Duplan et al., 2016). All these studies pointed out the importance of cis-

trans regulation of α-SYN in the pathogenesis of PD. Comprehensive studies investigating 

complex interactions between epigenetic and transcription factors in the pathology of PD 

would help to understand its complex biology.

2.4 Post-transcriptional regulation of α-SYN expression by micro RNAs and alternative 
splicing

In addition to the several layers of regulations described above—such as epigenetic 

mechanisms, transcriptional regulations, and promoter polymorphism-mediated regulations, 

SNCA expression is fine-tuned by post-transcriptional regulatory mechanisms as well. 

Generally, the 3′-UTR (3′-untranslated region) of a gene transcript plays a major role in 

generating different lengths of mRNA transcripts tissue-specifically by using alternative 

polyadenylation signals (Licatalosi and Darnell, 2010). Usually gene harbors cis sequences 

for several micro RNA (miRNA) binding sites and RNA binding proteins (Licatalosi and 

Darnell, 2010; Wang and Yi, 2014). Consequently, naturally occurring SNPs within those 
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recognition sequences can alter the binding of miRNAs to the target mRNAs, which can 

ultimately jeopardize the stability and expression of the RNAs. Recently, careful 

reconsideration of the global RNA sequencing data by Miura et al. revealed neuron-specific 

bias in long 3′-UTR-containing transcripts. This indicates a complex post-transcriptional 

regulation of gene expression in the brain (Miura et al., 2013). α-SYN mRNA has a long 3′-

UTR region of around 2529 nucleotide (nt) which is significantly longer than its coding 

sequence (Fig. 3) (Rhinn et al., 2012; Sotiriou et al., 2009). Bioinformatics analysis of the 

3′-UTR of α-SYN sequence using Poly A signal Miner (http://dnafsminer.bic.nus.edu.sg/

PolyA.html) revealed the presence of 8 alternative Poly A signals (Fig. 3) as found by others 

as well (Sotiriou et al., 2009). By using these alternative Poly A signals, an array of short 

(290–560 nt) to moderate (1070 nt), to long (~2520 nt) 3′-UTR containing α-SYN mRNAs 

are generated in different tissues (Rhinn et al., 2012; Sotiriou et al., 2009). It is important to 

note that most of the tissues harbor α-SYN transcripts containing smaller 3′-UTR (574 nt) 

(95%) and that part of the 3′-UTR is evolutionarily conserved across the species (Sotiriou et 
al., 2009). Recently, it has been shown that the existence of α-SYN transcripts contain 

longer 3′-UTR (≥560 to 2520 nt) in the cerebral cortex of PD patients as compared to age-

matched controls (Rhinn et al., 2012). Moreover, it has also been found that the α-SYN 

transcripts containing long 3′-UTR tend to localize away from the nerve terminals and more 

towards the mitochondria, indicating possible mitochondria-mediated selective regulation 

for this transcript as well (Rhinn et al., 2012). Discovery of these short and long 3′-UTR-

length α-SYN transcripts in different tissues and PD brain samples respectively, paves the 

way to identify the common or disease-specific miRNA or SNP-mediated regulation of α-

SYN.

The most explored mechanism for post-transcriptional gene regulation is microRNA-

mediated gene repression. The miRNAs are the small non-coding RNA molecules that are 

being transcribed from non-protein coding sequences of a gene (Doxakis, 2013). These RNA 

molecules are relatively small (around 17 to 24 nucleotide long) and exert their repressive 

function by binding to the complementary sequence on the 3′-UTR of target mRNA 

sequence (Doxakis, 2010). So far, 1,881 miRNAs from human are reported in the database 

(http://www.mirbase.org) and each of these has more than one target mRNA. miRNA-

mediated gene regulation has long been implicated in PD and the presence of several 

different miRNAs has been shown in different tissues of PD patients (Cardo et al., 2013; 

Kim et al., 2007; Ma et al., 2013; Maciotta et al., 2013; Margis et al., 2011). Among 

different genes which are associated with PD, SNCA remains one such gene whose post-

transcriptional regulation is mediated by miRNA (Doxakis, 2010; Junn et al., 2009; Ma et 
al., 2013; Maciotta et al., 2013). Two microRNAs which received maximum attention 

regarding modulation of α-SYN expression are miR-7 and miR-153 (Doxakis, 2010; Junn et 
al., 2009). Both of these miRNAs and their common target gene SNCA are expressed at high 

levels in neurons of different regions of the midbrain (Doxakis, 2010; Junn et al., 2009; 

Mouradian, 2012). The binding sites for these two miRNAs on the 3′-UTR of α-SYN 

mRNA are only 335 bases apart and both of these sites are evolutionarily conserved among 

vertebrate species (Mouradian, 2012). Interestingly, it was shown that miR-7 and miR-153 

together repressed SNCA expression by 47% in a co-transfection experiment in HEK-293 

cells and that a point mutation on the binding region of these miRNAs significantly reduced 
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this repression (Doxakis, 2010). Similarly, Junn et al. showed that inhibiting miR-7 binding 

by chemically modified anti-miR mRNA inhibitor increased the α-SYN mRNA level in SH-

SY5Y cells (Junn et al., 2009). Interestingly, in a recent study done by Kim et al. who 

sequenced the miR-7 and miR-153 binding sites on SNCA among 262 PD patients, it was 

found that a single patient harbored a C to A SNP (designated as SNCA 3′-UTR 464 C>A) 

within the miR-153 binding site (Kim et al., 2013). The SNP was predicted to change the 

binding kinetics of miR-153 to α-SYN mRNA and compensate for the repressive effect of 

this microRNA on α-SYN expression. The patient who harbored this mutation developed 

PD at an early age without any familial history of the disease (Kim et al., 2013). However, 

any direct correlation between this rare variant and the disease pathogenesis couldn’t be 

made (Kim et al., 2013). More studies need to be done on the implications of these two 

miRNA (miRNA-7 and miRNA-153) mediated α-SYN expressions regarding PD 

pathogenesis. Since these two miRNA binding sites fall within the part of a conserved 3′-

UTR sequence of SNCA, it would be quite interesting to investigate the miR-7 and miR-153 

binding profiles in PD patients. Apart from these two miRNA sites, two more miRNAs, 

miR-34b and miR-34c binding sites are present in the longer transcripts of SNCA that have 

also been shown to modulate α-SYN expression by direct interaction with the gene’s 3′UTR 

(Kabaria et al., 2015; Rhinn et al., 2012). Moreover, these two miRNAs were found to have 

been downregulated in PD conditions (Minones-Moyano et al., 2011).

In a well-organized study by Rhinn et al., it was demonstrated that single nucleotide changes 

made by two SNPs, rs356165 and rs78991202, in the binding sites of miR-34b could reverse 

the effect of this miRNA on α-SYN gene expression under dopamine treatment in SH-SY5Y 

cells (Rhinn et al., 2012). It is noteworthy to mention that SNP rs356165 has been 

consistently shown to be associated with PD in independent studies and in large scale meta-

analyses alike (Cardo et al., 2012; Nalls et al., 2014). Interestingly, the study by Sotiriou et 

al. discovered a minor presence (5%) of α-SYN transcript containing a longer 3′-UTR 

(more than 574 nt long) in different human tissues (Sotiriou et al., 2009). Therefore, they 

concluded that this SNP (rs356165)—which is located within the longer 3′-UTR of α-SYN 

transcript—only reflects a very low percentage of association between it and PD (Sotiriou et 
al., 2009). Thus, it is understood that SNCA expression can be downregulated by miRNA 

binding under different experimental models and that these miRNAs are enriched in the 

brain (Doxakis, 2010; Junn et al., 2009; Kabaria et al., 2015). It would be interesting to 

sequence those particular miRNA binding sites of SNCA-3′-UTR in PD patients who have 

higher transcripts of α-SYN. This might help in discovering functional SNPs/novel 

mutations that might interfere with the binding of miRNAs, which could result in higher α-

SYN expression.

Another important molecular event which influences RNA processing and its expression is 

alternative splicing (Keren et al., 2010; Mazin et al., 2013; Xu et al., 2002). This splicing 

mechanism has gained a great deal of interest as it has been shown to generate a variety of 

proteins from a single pre-mature transcript (Wang et al., 2015). Significant amounts of 

mammalian genes undergo alternative splicing, which ultimately generates a huge array of 

proteins that outnumbers the total number of genes that are present in the body (International 

Human Genome Sequencing, 2004; Mazin et al., 2013; McLean et al., 2012; Wang et al., 
2015; Xu et al., 2002). α-SYN gene is no exception, as it also undergoes alternative splicing 
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(Beyer and Ariza, 2013; McLean et al., 2012). The fascinating part of this is that some 

differentially spliced α-SYN transcripts are shown to be associated with oxidative stress, 

PD, and other neurodegenerative diseases (Beyer et al., 2004; Kalivendi et al., 2010; 

McLean et al., 2012). As shown in Figure 1, SNCA contains mainly 6 exons with some 

alternative non-coding exons in the 5′-UTR. Four different alternatively spliced mRNAs are 

generated as follows: (i) SNCA-140 where all six exons are present; (ii) SNCA-126 where 

exon3 is missing; (iii) SNCA-112 where exon5 is spliced out; and (iv) SNCA-98 where both 

exon3 and exon5 are missing (Beyer et al., 2008; Campion et al., 1995; Ueda et al., 1994). 

The importance of these alternatively spliced transcripts of SNCA could be huge, as these 

partially-truncated transcripts generate a range of α-SYN protein specie which are prone to 

aggregate depending on which part of the protein domain is missing due to an alternative 

splicing event (Beyer and Ariza, 2013). A study by Beyer et al. showed an increase in 

SNCA-112 isoform in the frontal cortex of patients with Dementia with Lewy body disease 

(Beyer et al., 2004). The study also showed that SNCA-98 is a brain-specific isoform of α-

SYN as opposed to the other three alternatively spliced transcripts (Beyer et al., 2008). 

Moreover, this transcript level was significantly higher in the frontal cortices of PD post-
mortem brains and Lewy body disease (Beyer et al., 2008). A later study, however, found 

significantly higher expressions of SNCA-140 and SNCA-126 in the SN region of PD brains 

as compared to matched controls (McLean et al., 2012). At the same time, they failed to 

identify any over-representation of SNCA-98 in the frontal cortex of PD patients but they 

found this transcript to be significantly higher in the SN region as opposed to the cortex of 

the PD samples (McLean et al., 2012). Another important study conducted by Kalivendi et 

al. showed that SNCA-112 transcript becomes increasingly prevalent in the SN region of 

MPTP mice models after 7 and 14 days of treatment (Kalivendi et al., 2010). The same 

study also demonstrates that SNCA-112 isoform got dose-dependently upregulated in the 

SH-SY5Y cell line following treatment with oxidative stress-inducing chemicals such as 

MPP+, rotenone, and 6-hydroxydopamine (6-OHDA) (Kalivendi et al., 2010). These 

investigations all indicate that alternative splicing of SNCA is a tissue-specific phenomenon 

and is strongly correlated with oxidative stress and neurodegenerative diseases. It will be of 

interesting to investigate this further in order to see the underlying molecular mechanism and 

learn how oxidative stress or pathogenic conditions like PD in the dopaminergic neurons can 

aggravate production of specific transcript of SNCA, which ultimately cause the 

degenerative changes.

2.5 Regulation of SNCA transcription by single nucleotide polymorphisms (SNPs) and its 
impact on PD

The role of SNPs in the pathogenesis of PD has been shown to be unequivocal; these natural 

genetic variants play an important role as a disease marker if they are overrepresented in 

concerned disease populations (Satake et al., 2009; Simon-Sanchez et al., 2009). Several 

genes have been shown to be associated with PD based on their functional characteristics 

which were found to be compromised in PD patients. This genetic malfunctioning could also 

be due to the presence of fewer single nucleotide mutations in coding regions of the gene, as 

seen in the case of α-SYN and its association with familial forms of PD (Appel-Cresswell et 
al., 2013; Kruger et al., 1998; Lesage et al., 2013; Pasanen et al., 2014; Polymeropoulos et 
al., 1997; Proukakis et al., 2013; Zarranz et al., 2004). However, in cases of idiopathic PD—
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which are significantly more prevalent than familial forms—there are multiple SNPs that 

have been studied irrespective of their position or functionality on the gene. These SNPs 

were compared between PD patients and healthy individuals of a homogenous population to 

discover if any allele of these variants was significantly overrepresented in the patients. If we 

look in the NCBI database for SNPs on SNCA, around 32,334 SNPs can be found that are 

located at different positions of the gene. Of this enormous number of SNPs, not all are 

associated with (or predicted to be associated with) PD. However, a significant number of 

them were found to have an association with PD in different populations (Nalls et al., 2014). 

To date, several genome-wide association studies (GWAS) have been performed with PD 

patient populations, which revealed significant associations of some SNPs located towards 

the 3′ end of SNCA with PD (Fung et al., 2006; International Parkinson Disease Genomics 

et al., 2011; Satake et al., 2009; Simon-Sanchez et al., 2009). A recently performed 

systematic meta-analysis summed up the significance of the SNPs found to be associated 

with PD in different studies (pdgene.org) (Nalls et al., 2014). However, the role of most of 

these associated SNPs in the SNCA regulation is yet to be explored. Two significant linkage 

disequilibrium (LD) blocks (one encompassing intron4 to downstream of the 3′-UTR area 

and another one at the promoter encompassing region at the 5′ side of gene) were found to 

have been significantly associated with PD (Mueller et al., 2005). SNPs located within this 

3′ LD block area were shown to play a role in gene processing (Mueller et al., 2005). 

Linnertz et al. showed that protective genotypic combinations of the two SNPs within this 3′ 
LD block, namely rs356219 and rs356165, were strongly correlated with lower mRNA 

levels of SNCA in the temporal cortex and midbrain region that encompassed the SN 

(Linnertz et al., 2009). Interestingly, it was also shown that SNPs in the non-protein coding 

region of the gene, such as the intronic region (rs2736990) or the 3′-UTR (rs356165), even 

SNPs located further downstream of the 3′-UTR (rs356219; ~7.65 kb down of stop codon) 

are strongly associated with enrichment of one splicing variant of SNCA called SNCA-112 

in the frontal cortex (Beyer, 2006; McCarthy et al., 2011). Likewise, it was shown using a 

luciferase construct containing the minor allele of SNP (rs17016074)—which is located 

between the two frequently used Poly A sites in the 3′-UTR—that there was an upregulated 

expression of α-SYN in SH-SY5Y cells (Sotiriou et al., 2009). It can be interpreted that 

people genotyped for minor allele of rs17016074 might express more α-SYN. Interestingly, 

the study by Rhinn et al. showed that the risk allele of another intron4 variant (rs356168) is 

strongly associated with the longer 3′-UTR containing mRNA of SNCA in human cortical 

tissues (Rhinn et al., 2012). The authors also found this intronic variant to be in tight LD 

with a 3′-UTR SNP rs356165 located 892 bp after the stop codon. At the same time, another 

study demonstrated functional significance of an SNP (rs3756063) located within the 5′ LD 

block of the gene, showing the strong association between the G allele of the SNP and the 

hypomethylation in PD patients (Pihlstrom et al., 2014).

It was also predicted that this SNP might alter the binding of GATA-1 on the intron1 of 

SNCA due to its vicinity to the GATA-1 binding site; however, no experiment has been 

performed to prove this concept. It is conceivable that SNPs located within the promoter/

regulatory region of the gene may alter the epigenetic environments that could interfere with 

transcription factor binding. But SNPs located within the middle or end of large introns of 

SNCA—like intron4 (rs2736990, rs3857059, rs894278) and also further downstream of the 
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3′-UTR of the gene (rs11931074, rs356219)—have consistently been found to be associated 

with idiopathic PD (International Parkinson Disease Genomics et al., 2011; Satake et al., 
2009; Simon-Sanchez et al., 2009). It was predicted that these SNPs might play a role in 

RNA stability, miRNA binding, or even in alternative splicing (Satake et al., 2009; Simon-

Sanchez et al., 2009). However, exact functionality of these SNPs in the SNCA regulation in 

PD has yet to be determined. It is will be fascinating to learn how these intronic or intergenic 

SNPs contribute to expression of SNCA, which can lead to PD. To our surprise, we found 

that the two neighboring SNPs, rs356168 and rs3857059 (only 807 bp apart), which were 

significantly associated with PD, are positioned within the putative enhancer region of 

intron4 (Fig. 3). It is quite possible that the polymorphic alleles of these two SNPs might 

alter the binding of important trans factors at that area which in turn can influence the 

overall transcriptional activity of the gene under pathologic conditions such as PD. As 

mentioned earlier, a recent study by Soldner et al. indeed found that the SNP rs356168 can 

alter enhancer activity of this gene (Soldner et al., 2016). This again indicates the 

importance of studying the functional aspects of intronic polymorphic variants in relation to 

transcriptional activity of the gene. Additionally, we also observed that two 3′-UTR variants

—such as rs17016074 (located within the core 3′-UTR region of 600 bp) and rs356165 

(located in the longer 3′-UTR region)—are also located within the H3K27ac/H3K4me1 

signal spanning area of the 3′-UTR of SNCA. It is quite possible that the risk allelic 

combinations of these SNPs which were found to be strongly associated with PD might 

contribute towards SNCA transcription by modulating regulatory factor binding to this 

secondary transcriptionally active area of the gene.

3. Conclusion

Regulation of α-SYN has long been a major focus for PD researchers. Since the discovery 

of the genetic component of familial PD—that is, SNCA multiplication, the presence of 

genetic mutations in familial PD, and also the presence of α-SYN protein in the Lewy 

bodies—a constant effort has been made to decipher the abnormal regulation of this gene in 

pathological conditions (Kruger et al., 1998; Lesage et al., 2013; Pasanen et al., 2014; 

Polymeropoulos et al., 1997; Proukakis et al., 2013; Singleton et al., 2003; Spillantini et al., 
1997; Zarranz et al., 2004). However, relatively little research has been made towards the 

epigenetic or transcriptional or post-transcriptional regulation of α-SYN as compared to 

post-translational modifications of this protein to understand its aggregation pattern. In this 

review, we have discussed the potential importance of histone post-translational 

modifications in the regulation of SNCA, which has never been discussed in the literature in 

detail.

After the discovery of the location-based histone modifications throughout the genome, it 

has become vital that we revisit our research with all of the epigenetic, cis and trans 
elements related to SNCA in order to get a comprehensive picture of this gene regulation. 

We have seen that epigenetic structures such as DNA methylation and histone modifications 

of the same genetic region vary significantly across different cell types. It is now becoming 

evident that local chromatin structure of a gene plays a crucial role in its regulation. In order 

to study the gene regulation from SNpc dopaminergic neurons, it is highly recommended to 

isolate these neurons using precise laser capture microscopic techniques from the SN tissues 
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without introducing confounding errors from neighboring cell types. We have seen that 

several active regulatory histone marks are present in the non-protein coding regions of 

SNCA; as such, it is of paramount importance to study the contribution of these non-

traditional transcriptionally active areas in gene regulation under diseased conditions such as 

PD. Moreover, it is also vital to fully characterize the areas of the gene where H3K27ac and 

H3K4me1 signals have overlapped. It is already found that SNPs, which are strongly 

associated with PD, are mostly located in the intronic or UTR sequences or even further 

away from the gene. Armed with a true understanding of the epigenetic structure of SNCA, 

we could interpret the importance of these variants in disease pathogenesis. Simultaneously, 

it is also becoming increasingly necessary to study the transcriptional regulation of a gene 

via endogenous gene modification techniques like CRISPR/Cas9 that will preserve the 

gene’s epigenetic integrity and not reporter gene assays, where contributions of epigenetic 

modifications in gene regulation are largely ignored.
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Abbreviations

α-SYN α-synuclein

CGI CpG island

CTD c-terminal domain

DA dopaminergic neurons

DLB Diffuse Lewy Body

ENCODE Encyclopedia of DNA Elements

EOPD early onset Parkinson’s disease

GWAS genome-wide association studies

H3K4me1 Histone H3-lysine 4 monomethylation

H3K4me3 Histone H3-lysine 4 trimethylation

H3K27me3 histone H3 lysine 27 trimethylation

H3K9ac hitone lysine 9 acetylation

H3K27ac histone lysine 27 acetylation

H3K36me3 histone H3 lysine 36 trimethylation

L-DOPA L-3,4-dihydroxyphenylalanine
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LD linkage disequilibrium

miRNA micro RNA

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

PD Parkinson’s disease

PARP-1 Poly (ADP Ribose) Polymerase-1

PTM post translational modification

QTL Quantitative Trait Locus

SAM S-adenosyl methionine

SAH S-adenosyl homocysteine

SNCA [synuclein, alpha (non A4 component of amyloid precursor)]

SNpc substantia nigra pars compacta

SNP single nucleotide polymorphisms

UTR untranslated region
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Highlights

1. Epigenetic regulation of α-synuclein plays important role in Parkinson’s 

disease

2. Completion of ENCODE has revolutionized the present concept of SNCA 
regulation

3. Histone modifications at SNCA regulatory regions define cell-specific 

expression

4. Presence of intronic enhancer elements regulate SNCA expression

5. Non-coding SNCA variants alter gene expression by interfering epigenetic 

structure
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Fig. 1. CpG distribution in the SNCA 5′ regulatory region
Human SNCA gene has 6 exons with two alternative non-coding exon 1s. The translation 

start codon is located in exon 2. The vertical bars represent each exon. The sequence from 

+121 to −2,648 with respect to ATG (+1) (marked in green), encompassing both non-coding 

exons, intron1 and exon 2, shows very high density of CG bases as highlighted in orange. 

The presence of the CpG island was predicted using the CpGPLOT program (http://

www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/) with default parameter; the predicted island 

of 591 base pairs is highlighted in grey. The black dashed marked box represents the region 
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in intron1 whose CpG methylation status has been analyzed by most of the studies (A). 

Comparative CpG density between human, mouse and rat α-SYN gene (−2,648 to +1) was 

done using the same program as mentioned above. Analysis revealed a significant difference 

in CpG base distribution between human and other species when the same region of the gene 

was tested. Only human showed the presence of a CpG island >200 bp, and the ratio 

between the observed CpG distribution over expected region ranged mostly in between 1.0 

to 1.5. The ratio went down to 0.8 when the other two species were analyzed for CpG 

distribution for the same region (B). The cut-off for the ratio was set at 0.6.
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Fig. 2. Differential epigenetic landscape of SNCA promoter in different cell lines
SNCA promoter and upstream region was analyzed for methylation status of its CpG rich 

area and occupancy of different transcription related histone marks. The entire analyses is 

based on the data from ENCODE using UCSC genome browser. ENCODE data showed the 

presence of a CpG island of around 861 bp with the starting base slightly upstream when 

compared to that of our analysis using CpGPLOT program as shown in Figure 1 (−2052 to 

−1191 bp in case of ENCODE analysis Vs −1777 to −1187 bp using CpGPLOT program; all 

positions are designated considering ATG as +1) (A). Twenty-two CpG sites distributed over 
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the SNCA promoter/intron1 area were analyzed using 450K methylation bead array in the 

ENCODE database. The relative position of those 22 CpG sites within exon 1a to exon 2 is 

shown by downward vertical bars with round head. The methylation statuses of all 22 CpGs 

for 6 different cell lines are summarized in the figure: The blue ball represents unmethylated 

cytosines, pink represents methylated cytosines, and purple shows partially methylated 

cytosines. The ENCODE database showed that GM12878, H1ESC, HUVEC and K562 

remains majorly unmethylated for respective CpGs, HeLa-S3 exhibits a heavily methylated 

pattern, and HepG2 cells demonstrates partial methylation across the 22 CpG sites. Different 

histone PTMs associated with transcriptional activity were also assessed from ENCODE 

database for similar areas of SNCA across different cell lines, as demonstrated by the matrix 

representation (B). H3K4me1/2/3, H3K9ac, H3K27ac represent active state of chromatin 

where as H3K27me3 and absence of any histone PTMs (designated as “None”) are 

associated with inactive state of chromatin. Each cell type shows possession of one or more 

different types of histone PTMs in similar or slightly different areas in the promoter, and 

their presence is designated by +. A549, human adenocarcinomic alveolar basal epithelial 

cell line; DND-41, human T cell leukemic cell line; GM12878, human lymphoblastoid cell 

line; H1ESC, human embryonic cell line; HMEC, human mammary epithelial cell line; 

HSMC, human skeletal muscle and myoblast; HSMMtube, skeletal muscle myotubes 

differentiated from HSMM cell line; HUVEC, human umbilical vein endothelial cells; 

HeLa-S3, clonal derivative from HeLa cells; HepG2, human liver hepatocellular cells; 

IMR90, human fetal lung cell line; K562, chronic myelogenous leukemia cell line; NH-A, 

normal human astrocyte cells; NHDF-AD, normal human dermal fibroblast cells; NHEK, 

normal human epidermal keratinocytes; NHLF, normal human fibroblast cells.
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Figure 3. SNCA gene regulation depends on its non-coding region
SNCA gene is around 114 kb long which encompasses 6 exons and one very long intron4/5 

of around 93 kb. A polymorphic repeat-based enhancer element is present at around 10 kb 

upstream of ATG known as NACP-Rep1. The intron 4/5 area harbors two distinct regions 

where transcriptionally active marks H3K27ac (red peaks) and H3K4me1 (green peaks) 

signals are present. Several transcription factors along with polymerase IIA (Pol IIA) bind to 

those areas cell type specifically, some of which are shown in the figure. The entire gene 

harbors thousands of SNPs; of which some significantly demonstrate a repeated association 

with PD are shown in the figure with their respective IDs and relative position. Two SNPs 

which were significantly associated with the disease (rs11931074, rs356219) are located 

around 5.7 and 7.6 kb downstream of the stop codon respectively. The 3′-UTR region of 

SNCA is approximately 2,529 nucleotides and harbors several motifs and microRNA (miR) 

binding sites. Features of the long 3′-UTR of SNCA and its regulatory elements are shown: 

regions in red depict alternative poly (A) signals; arrows labeled a through e are indicative of 

micro-RNA binding sites (miR-7, miR-34b, miR-34b, miR-153 and miR-34C respectively). 

Asterisks illustrate miR-7 and miR-153 binding sites that result in significant repression of 

SNCA. The double-sided arrow represents the LINE region of the SNCA-3′-UTR and dark-

blue areas represent the conserved regions of 3′-UTR across the species. Locations of the 

two SNPs in the UTR that are implicated in PD are shown by the triangles labeled with their 

respective IDs. The 3′-UTR motifs and conserved sequences are depicted according to 
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Sotiriou et al. (2009). The binding sites of all the microRNAs shown here are adopted from 

references as discussed in the text (Doxakis, 2010; Kim et al., 2013; Choi et al., 2014; 

Kabaria et al., 2015). The locations of the H3K27ac/H3K4me1 peaks are adopted from 

ENCODE. The peak heights, distribution and area under the peaks are not in exact scale.
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