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Parkinson’s disease (PD) is a neurodegenerative disorder with a complex etiology and increasing prevalence worldwide. As PD is influenced by a combination of genetic and environment/lifestyle factors in approximately 90% of cases, there is increasing interest in identification of the interindividual mechanisms underlying the development of PD as well as actionable lifestyle factors that can influence risk. This narrative review presents an outline of the genetic and environmental factors contributing to PD risk and explores the possible roles of cytosine methylation and hydroxymethylation in the etiology and/or as early-stage biomarkers of PD, with an emphasis on epigenome-wide association studies (EWAS) of PD conducted over the past decade. Specifically, we focused on variants in the SNCA gene, exposure to pesticides, and physical activity as key contributors to PD risk. Current research indicates that these factors individually impact the epigenome, particularly at the level of CpG methylation. There is also emerging evidence for interaction effects between genetic and environmental contributions to PD risk, possibly acting across multiple omics layers. We speculated that this may be one reason for the poor replicability of the results of EWAS for PD reported to date. Our goal is to provide direction for future epigenetics studies of PD to build upon existing foundations and leverage large datasets, new technologies, and relevant statistical approaches to further elucidate the etiology of this disease.
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1 INTRODUCTION
Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting an estimated 9.4 million individuals worldwide in 2020 (Maserejian et al., 2020). While approximately 5%–10% of PD cases are monogenically inherited, the remaining 90%–95% are considered “sporadic,” with genetics, environment, and gene–environment interactions contributing to varying risk profiles in affected individuals (Lesage and Brice, 2009; Dunn et al., 2019; Pang et al., 2019). One of the genes most closely involved with PD risk is SNCA, which encodes alpha-synuclein (α-Syn), a multifunctional protein that is localized at synaptic terminals (Villar-Piqué et al., 2016). Whole-gene multiplications of SNCA seen in familial PD and allelic variants in the SNCA promoter (REP1) can lead to increased expression of the protein and Lewy body aggregation in dopaminergic neurons (Chiba-Falek and Nussbaum, 2001; Maraganore et al., 2006). Conversely, SNCA point mutations can result in loss of function, with consequent impairment of neuronal health. These SNCA multiplications and point mutations occur in familial PD, while single nucleotide polymorphisms (SNPs) in SNCA can also contribute to risk of sporadic PD (Lesage and Brice, 2009).
Despite the high penetrance of familial PD-associated SNCA variants, the reasons underlying incomplete penetrance observed in certain individuals are not well understood. In addition, there is increasing interest in identification of PD biomarkers that could be used to detect disease before onset of symptoms and to prescribe lifestyle interventions to either prevent or slow progression of the disease. Epigenetic marks are attractive candidates for involvement in PD etiology due to their ability to mediate genetic and environmental effects on phenotype, which may partially explain the “missing heritability” in PD (Angelopoulou et al., 2022). The epigenome is comprised of a myriad of factors other than the DNA sequence that influence gene transcription, chromatin interactions, splicing, and other mechanisms. Epigenetic modifications are dynamically influenced by the complex interactions between genotype, environment, lifestyle, and developmental stage (Kumar et al., 2018). DNA methylation (DNAm), which typically involves the addition of a methyl group to the fifth carbon of the pyrimidine ring of cytosine in the CpG dinucleotide context, is one such epigenetic mark that has been extensively characterized in human populations. In addition to its plasticity with respect to genes and environment, DNAm also has potential as a biomarker due to concordance of DNAm patterns between the blood and brain at specific loci (Edgar et al., 2017).
Although epigenome-wide association studies (EWAS) have demonstrated altered DNAm patterns in individuals with PD in comparison to healthy subjects, the majority of findings were not replicable between studies (Masliah et al., 2013; Moore et al., 2014; Henderson-Smith et al., 2019; Li et al., 2020; Marshall et al., 2020; Vallerga et al., 2020; Henderson et al., 2021; Kia et al., 2021; Nabais et al., 2021; Kaut et al., 2022) (Supplementary Tables S1, S2). However, PD-related DNAm changes in particular genes, such as CYP2E1, have been reported in brain and blood across multiple studies (Kaut et al., 2012; Henderson-Smith et al., 2019; Kaut et al., 2022). Although few PD EWAS have assessed DNAm patterns in brain and blood from the same individuals, a study in five PD patients and six controls found 124 differentially methylated genes that showed concordant changes in brain and blood, representing 30% of the total annotated genes with differential methylation (Masliah et al., 2013). These observations suggest that blood DNAm in PD could be informative for specific loci in the brain. In addition, the extent to which DNAm patterns are associated with particular genetic backgrounds or environmental/lifestyle exposures in individuals with PD is an area of active research (Dunn et al., 2019; Angelopoulou et al., 2022). Although a number of SNPs associated with PD appear to affect DNAm and some studies have uncovered differential DNAm patterns in PD patients exposed to various drugs or pesticides, how these factors interact to influence risk in undiagnosed individuals remains unclear (International Parkinson’s Disease Genomics Consortium and Wellcome Trust Case Control Consortium, 2011; Nalls et al., 2014; Henderson-Smith et al., 2019; Go et al., 2020; Vallerga et al., 2020). Multi-omics studies including analysis of genotype, gene expression, and/or other epigenetic modifications alongside DNAm will also help to clarify the role of this epigenetic mark in the molecular etiology of PD (Kia et al., 2021).
Accumulating evidence also suggests that other cytosine modifications beyond DNAm have specific functions in the brain, including non-CpG methylation and DNA hydroxymethylation (DNAhm) (Kinde et al., 2015). Research on the role of DNAhm in PD is in its infancy, with initial studies reporting increased DNAhm in PD cerebellar white matter and increases in DNAhm and Ten-Eleven Translocation 2 (TET2) expression in purified neurons from PD patients (Kaut et al., 2019; Marshall et al., 2020). Taken together, these findings indicate that analysis of cytosine methylation has great potential for increasing our understanding of the etiologies underlying complex neurological disorders, such as Alzheimer’s disease and PD (Delgado-Morales and Esteller, 2017).
Here, we provide a comprehensive overview of cytosine modifications in PD in the context of SNCA genetic background and environmental inputs. We also discuss recent developments in PD biomarker discovery and integrated multi-omics strategies, along with future perspectives for PD epigenetics research.
2 PARKINSON’S DISEASE
Parkinson’s disease has an estimated prevalence of 4% among adults over 85 years old (Corti et al., 2011; Coppedè, 2012). The disease is caused by the degeneration of dopaminergic neurons in the substantia nigra, across other brain regions including the cortex, hippocampus, and brainstem, and in components of the central and peripheral nervous systems, leading to a range of motor and nonmotor phenotypes, including resting tremor, rigidity, bradykinesia, constipation, depression, and dementia (Lang and Lozano, 1998; Inzelberg et al., 2004). Although several monogenic forms of PD have been identified, up to 95% of PD cases are classified as sporadic, with no previous family history (Pang et al., 2019). These cases are thought to result from a combination of environmental factors and complex gene–environment interactions by mechanisms that are not yet comprehensively understood (Dunn et al., 2019). Epigenetic factors, such as DNAm, represent one such molecular mechanism that could mediate the genetic and environmental underpinnings of the etiology of PD.
3 GENETIC AND ENVIRONMENTAL UNDERPINNINGS OF PARKINSON’S DISEASE
3.1 Genetic predisposition to Parkinson’s disease and the role of SNCA
The first genetic studies of PD in the late 1990s identified hereditary mutations in the 4q21–q23 region and the SNCA gene linked to the disease in specific families (Polymeropoulos et al., 1996, 1997). However, further studies showed no associations between these mutations and PD, suggesting that the genetic etiology of PD was more complex than initially thought (Muñoz et al., 1997; Scott et al., 1997, 1999; Farrer et al., 1998). Eventually, variants in 28 chromosomal regions formerly known as the PARK loci were shown to be associated with PD. Of these, six were confirmed to cause monogenic PD: SNCA, LRRK2, Parkin, PINK1, DJ-1, and ATP13A2 (Klein and Westenberger, 2012). Additional risk genes have been uncovered by genotyping and whole-exome sequencing, including GBA and VPS35 (Lin and Farrer, 2014). However, SNCA mutations are of particular interest, as they often lead to autosomal dominant, early-onset disease that presents with dementia (Klein and Westenberger, 2012).
The SNCA gene encodes α-Syn, a protein localized to synaptic terminals with roles in vesicle transport and dopamine release (Villar-Piqué et al., 2016). SNCA overexpression or mutation results in production of abnormal α-Syn aggregates known as Lewy bodies. Excessive Lewy body accumulation is thought to be toxic to dopaminergic neurons and is a major hallmark of PD pathology. In addition, α-Syn inclusions typically contain a high proportion of the protein phosphorylated at serine 129, which influences the impact of α-Syn on gene expression and DNA damage, and could therefore be relevant to the pathogenesis of the disease (Zhou et al., 2011; Pinho et al., 2019).
3.1.1 SNCA and familial Parkinson’s disease
Multiple forms of SNCA variation have been linked to familial and sporadic PD. Inherited SNCA duplications and triplications alter dosage and can lead to early-onset PD, with severity correlated to the degree of SNCA overexpression (Lesage and Brice, 2009; Klein and Westenberger, 2012). Rare inherited SNCA point mutations, including A53T, E46K, and A30P, are also associated with severe disease. The biochemical characteristics of these SNCA variants have been primarily studied in cell culture and animal models. SNCA multiplications are often replicated by overexpressing human α-Syn anywhere from two-to fivefold, producing excess protein, which is also seen in human multiplication carriers (Oliveira et al., 2015; Paiva et al., 2017; Wassouf et al., 2018). SNCA point mutations can also be studied by expressing mutant human α-Syn constructs in cell lines or animal models (Jo et al., 2002; Kontopoulos et al., 2006; Freichel et al., 2007; Paiva et al., 2017, 2018).
3.1.2 SNCA and sporadic Parkinson’s disease
SNCA can influence susceptibility to not only familial PD, but also to sporadic PD. The contributions of SNCA and other genes to the sporadic form of the disease have primarily been assessed using linkage or genome-wide association studies (GWAS) in human populations. Minor variants in a large number of genes discovered in these populations, including UCHL1, MAPT, and APOE, have been shown to influence penetrance, age of onset, severity, and progression of PD (Lesage and Brice, 2009; Klein and Westenberger, 2012). The total contribution of common genetic variants to sporadic PD risk was estimated to be 22% (Nalls et al., 2019). GWAS have implicated up to 90 loci in sporadic PD, including several SNPs at different positions in SNCA (International Parkinson’s Disease Genomics Consortium and Wellcome Trust Case Control Consortium, 2011; Escott-Price et al., 2015; Nalls et al., 2014, 2019; Chang et al., 2017; Goldman et al., 2019; Blauwendraat et al., 2020; Ihle et al., 2020). Variations in the length of the REP1 allele, a dinucleotide repeat found in the SNCA promoter, have also been shown to influence PD susceptibility (Chiba-Falek and Nussbaum, 2001; Maraganore et al., 2006).
3.2 Environmental factors influencing Parkinson’s disease risk
Several lines of evidence from human and animal studies indicate that lifestyle-related factors are associated with PD risk. In human epidemiological studies, smoking, coffee consumption, and exercise have been shown to reduce the risk of developing PD, while pesticide exposure, dairy consumption, and brain injury have been shown to increase risk of PD (Ascherio and Schwarzschild, 2016). The influence of the environment on PD risk may be partially mediated through alterations to the epigenome (Ho et al., 2012; Angelopoulou et al., 2022). This review focuses on the epigenomic impacts of pesticide exposure, one of the best-validated risk factors for PD, and physical activity, one of the best-validated protective factors against PD.
3.2.1 Pesticide exposure
The influence of pesticide exposure on PD risk was first discovered in observational studies (Supplementary Table S3). In 1983, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a compound found in heroin that has properties similar to the herbicide paraquat, was found to cause parkinsonism in drug users (Langston et al., 1983; Pang et al., 2019). Elevated PD incidence rates have also been reported in communities with pesticide-contaminated well water as the main source of drinking water (Rajput et al., 1987; Logroscino, 2005). Subsequently, epidemiological studies linked pesticide exposure to increased risk of sporadic PD in larger populations (Elbaz et al., 2009; Tanner et al., 2011; Pouchieu et al., 2018) (Supplementary Table S3). These pesticides and other environmental neurotoxins have been suggested to enter the body through the olfactory system or digestive tract, inducing inflammation, oxidative stress, and/or mitochondrial toxicity, and may initiate α-Syn neuropathology (Tanner et al., 2011; Chen and Ritz, 2018). Exposure to these chemicals was shown to induce parkinsonian molecular and behavioral phenotypes in cell culture and animal models, lending experimental support to studies performed in human populations (Marey-Semper et al., 1995; Betarbet et al., 2000; Przedborski et al., 2001; McCormack et al., 2002; Peng et al., 2004) (Supplementary Table S3).
Several lines of evidence also suggest that pesticide exposure interacts with the genome and epigenome to influence PD risk (Supplementary Table S4). For example, the LRRK2 G2019S mutation increases the inflammatory response to paraquat in mice; DAT variants and herbicide exposure can jointly influence PD risk; and CYP2D6 variants are associated with altered DNAm and PD risk (Elbaz et al., 2004; Ritz et al., 2009; Tiili et al., 2015; Rudyk et al., 2019). Taken together, these observations suggest that pesticides may impact PD etiology through direct and/or indirect mechanisms. Further research regarding the interactions of such exposures with the genome and epigenome are required to identify specific pathways that lead to PD and to facilitate the targeting of these pathways in personalized medicine strategies.
3.2.2 Physical activity and enriched environment
In addition to the impact of toxin exposures on PD risk, the role of lifestyle-related factors in PD prevention has also been investigated. Exercise has been highlighted as having a protective effect against neurodegeneration, and was shown to be associated with reduced risk of PD in prospective cohort studies (Sasco et al., 1992; Chen et al., 2005; Crotty and Schwarzschild, 2020) (Supplementary Table S5). In addition, randomized controlled trials suggested that exercise may also improve motor symptoms of PD (Fisher et al., 2008; Rawson et al., 2019; Sujkowski et al., 2022). Exercise has been shown to ameliorate the effects of aging and neurodegeneration by a number of mechanisms, including increases in brain-derived neurotrophic factor (BDNF) and dopamine release, increased synaptic plasticity, and stabilization of antioxidant responses (Wassouf and Schulze-Hentrich, 2019; Crotty and Schwarzschild, 2020). In rodents, the neuroprotective effects of exercise, increased cognitive stimulation, and increased social stimulation can be modeled with an “enriched environment” (EE) paradigm, consisting of housing more mice per cage with increased access to toys and exercise wheels (Wassouf and Schulze-Hentrich, 2019). Housing mice in an EE has been shown to reduce aging and inflammatory phenotypes, and to remodel gene expression, DNA modifications, and histone modifications (Irier et al., 2014; Wassouf et al., 2018; Zhang et al., 2018; Espeso-Gil et al., 2021; Zocher et al., 2021) (Supplementary Table S5). Exercise is also associated with reduced α-Syn levels in the mouse brain (Zhou et al., 2017). Taken together, the results of human and rodent studies provide good support for the neuroprotective effects of exercise against PD and suggest several potential underlying mechanisms. Future studies should continue to build upon this work by assessing the interactions of exercise with PD genetic risk, environmental exposures, and the epigenome.
4 EPIGENETIC EMBEDDING OF GENETIC AND ENVIRONMENTAL INFLUENCES
4.1 Epigenetics, DNA methylation, and DNA hydroxymethylation
Waddington introduced the concept of the “epigenetic landscape” in 1957, referring to the effects of gene regulation on phenotype during cellular differentiation and development (Waddington, 1957). Riggs later defined “epigenetics” as mitotically heritable factors other than the DNA sequence that can shape cellular phenotype (Russo et al., 1996). A number of adjustments to this definition have since been proposed, which take into account chromosomal structure, cellular reprogramming, and cellular tissue composition (Bird, 2007; Lappalainen and Greally, 2017).
Modern definitions of “epigenetics” typically encompass protein and DNA modifications that can affect transcription, such as DNAm and histone posttranslational modifications. Epigenetic factors play crucial roles in cellular/tissue differentiation, development, and aging. For example, DNAm helps to guide neurogenesis, and widespread DNAhm changes are observed at genes involved in synaptic function, dendrite morphogenesis, and axon guidance in the developing fetal brain (Spiers et al., 2017; Stricker and Götz, 2018). Aging is also associated with widespread changes to DNAm at genes involved in DNA repair, apoptosis, cellular metabolism, and other key pathways (Jones et al., 2015; Slieker et al., 2016; Horvath and Raj, 2018).
4.1.1 CpG methylation
DNA methylation is one of the most extensively characterized epigenetic marks in human population studies, and is involved in all of the above processes from differentiation to development, aging, and disease (Cutfield et al., 2007; Levine et al., 2018; Stricker and Götz, 2018). Both cytosine and adenine bases can be methylated, with 5-methylcytosine (5mC) representing the most commonly methylated DNA base in the human genome (Kumar et al., 2018). 5mC has a methyl group attached to the fifth carbon of the pyrimidine ring of cytosine and can occur in the CpG, CHG, or CHH context (with CHG and CHH being examples of non-CpG methylation, referred to as CpH methylation where H represents either A, C, or T). Approximately 4% of the cytosines in the human genome are methylated, including 80% of CpG dinucleotides and 2%–6% of CpH sites (Lister et al., 2013; Kumar et al., 2018). Cytosine methylation is catalyzed by the DNA methyltransferase (DNMT) family of enzymes, including DNMT1, which maintains DNAm patterns during cell division, and DNMT3A and DNMT3B, which deposit de novo DNAm (Kumar et al., 2018) (Figure 1A).
[image: Figure 1]FIGURE 1 | Measurement of DNA methylation and hydroxymethylation. (A) DNA demethylation cycle and reaction intermediates. (B) Bisulfite, oxidative bisulfite, and TET-assisted bisulfite conversion of cytosine. (C) Bisulfite, oxidative bisulfite, and TET-assisted bisulfite conversion of 5mC. (D) Bisulfite, oxidative bisulfite, and TET-assisted bisulfite conversion of 5hmC. 5caC, 5-carboxylcytosine; 5fC, 5-fluorocytosine; 5hmC, 5-hydroxymethylcytosine; 5mC, 5-methylcytosine; BER, base excision repair; BS, bisulfite; C, cytosine; DNMT, DNA methyltransferase; gmC, β-glucosyl-5-hydroxymethylcytosine; oxBS, oxidative bisulfite; PCR, polymerase chain reaction; T, thymine; TAB, TET-assisted bisulfite; TDG, thymine DNA glycosylase; TET, Ten-Eleven Translocation; U, uracil.
CpG sites are found in varying densities across the genome, with the highest concentration in evolutionarily conserved CpG island promoters. DNAm at regions flanking CpG islands, referred to as CpG shores, plays an important role in establishing differences between tissues during development (Irizarry et al., 2009; Lokk et al., 2014). The roles of CpG methylation in other areas of the genome are complex and highly dependent on context, varying according to tissue, CpG density, and other factors, including developmental stage and age. Deposition of DNAm at CpG island promoters can silence gene expression through steric hindrance of transcription initiation complex binding or recruitment of additional repressive protein complexes through methyl-binding domains (Deaton and Bird, 2011). Conversely, CpG methylation in gene bodies is often associated with active transcription and may play a role in splicing regulation (Jones, 2012). Finally, DNAm may be laid down at some promoters and enhancers following gene silencing to maintain a transcriptionally repressive state (Jones, 2012).
4.1.2 CpG hydroxymethylation
The Ten-Eleven Translocation (TET) family of methylcytosine dioxygenases actively removes DNAm from CpG sites, producing 5-hydroxymethylcytosine (5hmC) as the first intermediate in a multistep oxidation process (Wu and Zhang, 2011) (Figure 1A). While DNAhm was initially hypothesized to function only as a reaction intermediate, further studies supported an independent function for DNAhm, particularly in the brain (Szulwach et al., 2011; Wen and Tang, 2014; Kinde et al., 2015). DNAhm is highly enriched in human brain tissue, accounting for 17%–30% of all modified cytosines in the adult frontal cortex (Lister et al., 2013; Wen et al., 2014). DNAhm patterns change in response to neuronal activity, development, and aging, and may be key components of normal brain function (Szulwach et al., 2011). This epigenetic mark is also found at lower levels across a variety of human tissues, and may be involved in regulation of tissue-specific gene expression (He et al., 2021). However, the role of 5hmC in human gene regulation has not been fully elucidated, and its relevance to neurological health and disease is currently an area of active research.
4.1.3 Non-CpG methylation
In contrast to CpG methylation, CpH methylation occurs primarily in embryonic stem (ES) cells and neurons, and is estimated to represent half of the methylated cytosines in adult human and mouse neurons (Kinde et al., 2015). CpH methylation has been suggested to be a transcriptionally repressive mark due to its depletion in upstream, downstream, and body regions of actively transcribed genes (Lister et al., 2013; Guo et al., 2014; Kinde et al., 2015). The abundance of such CpH methylation in the brain and its alterations in disease suggest that this is an important epigenetic mark in the context of brain health and development (Blanch et al., 2016; Fuso et al., 2016; Nicolia et al., 2017). However, further research is needed to determine whether and to what degree CpH methylation is sensitive to environmental and lifestyle-related factors.
4.2 Factors influencing DNA methylation and DNA hydroxymethylation
DNA methylation can be influenced by a myriad of genetic and environmental factors, from SNPs and copy number variation (CNV) to exposures and lifestyle-related factors, such as diet, pollution, and stress. The impacts of these factors on CpG methylation have been well characterized, while their impacts on DNAhm and CpH methylation are less well understood. This section first addresses the influences of genetics and environment on CpG methylation patterns.
4.2.1 Influences of genetics and environment on CpG methylation
4.2.1.1 Methylation quantitative trait loci
Although DNAm has frequently been proposed as a mediator of environmental and lifestyle impacts on health and disease susceptibility, it has recently become clear that genetic variants have a significant influence on CpG methylation, in some cases to a larger degree than environmental exposures. Genetic influences account for approximately 20%–80% of overall variation in DNAm, with a mean genome-wide CpG methylation heritability of 0.19 in twins (Gertz et al., 2011; Cheung et al., 2017; Husquin et al., 2018; Villicaña and Bell, 2021). Genetically driven CpG methylation is often considered in the context of methylation quantitative trait loci (mQTLs), which refer to SNPs where genotype impacts DNAm level (Banovich et al., 2014). It has been reported that 93% of mQTLs influence CpG methylation in cis, within 1 Mb of the affected CpG site (Gaunt et al., 2016). Approximately half of all mQTLs are located in introns, and they are also more likely to be represented in microRNA binding sites than expected by chance (Smith et al., 2014). Many mQTLs discovered in blood are consistent across tissues, developmental stages, and ethnicities. For example, two studies found that 18.5%–31.6% of blood mQTLs were also present in brain; 34%–73% of blood mQTLs overlapped between blood, brain, and saliva; 44.1%–50.7% overlapped between umbilical cord blood and adult peripheral blood; and 21.3%–69.5% of umbilical cord blood mQTLs overlapped between African and Caucasian infants (Smith et al., 2014; Liu et al., 2019). mQTL status is also highly consistent throughout life from birth to middle age (Gaunt et al., 2016).
Identification of relevant mQTLs can aid in understanding the mechanisms underlying complex diseases with varied genetic and environmental etiologies. For example, loci shown in GWAS to be associated with neurological and psychiatric disorders, cholesterol level, bone density, and blood pressure are enriched in mQTLs, suggesting that genetically driven CpG methylation patterns may be important in the context of health and disease (Gaunt et al., 2016; Liu et al., 2019). Several PD-associated SNPs have been reported or predicted to affect DNAm based on publicly available datasets, and PD GWAS data have been used to predict DNAm levels at thousands of CpGs, suggesting a key role of genetic variation in determining PD-associated DNAm patterns (International Parkinson’s Disease Genomics Consortium and Wellcome Trust Case Control Consortium, 2011; Nalls et al., 2014; Rawlik et al., 2016; Kia et al., 2021). It will be necessary to determine the degrees to which genetic variants affect CpG methylation as well as the directions of these effects to understand complex disorders, and it may be possible to apply such approaches to peripheral tissues to obtain informative results (Islam et al., 2019).
4.2.1.2 Other genetic influences on CpG methylation
It is also important to consider the influences of non-SNP genetic factors on CpG methylation in the context of gene regulation, health, and disease. For example, allele-specific DNAm occurs at imprinted regions and as a consequence of X chromosome inactivation, a phenomenon in which one of the X chromosomes in females is epigenetically silenced; defects in these mechanisms can lead to developmental disorders (Horsthemke, 2014; Wang H. et al., 2019a). Deletions, duplications, or rearrangements of gene regions, entire genes, or larger genomic segments, such as CNV, can also affect CpG methylation through direct or indirect mechanisms. Some CNV regions may physically interact with CpG sequences, and disruption of these interactions affects the ability of DNMTs to access these sequences and catalyze CpG methylation. Other CNV contain transcription factor binding sites, which may alter gene expression and transcription-associated DNAm changes. Alternatively, dosage changes in cell signaling proteins and messengers can affect physiological signaling cascades that ultimately influence gene transcription and DNAm (Shi et al., 2020). In the context of familial PD, whole-gene multiplications of the SNCA locus may impact the epigenome through some of these mechanisms. For example, increased dosage of α-Syn in dopaminergic neurons impacts genome-wide DNAm and DNAhm patterns (Schaffner et al., 2022). However, the molecular epigenetic effects of SNCA CNV in human PD patients have not been fully elucidated.
4.2.1.3 Environmental influences on CpG methylation
While genetic factors are known to influence DNAm patterns, there is also a large body of evidence for the plasticity of CpG methylation in response to the environment (Feinberg, 2007; Aguilera et al., 2010; Ho et al., 2012; Cavalli and Heard, 2019; Angelopoulou et al., 2022). A number of factors, including smoking, nutrition, and early life stress, are associated with altered DNAm in humans (Lim and Song, 2012; Lee and Pausova, 2013; Matosin et al., 2017). These environmental and lifestyle-related factors also influence PD risk, which may be partially mediated by impacts on the epigenome (Chen and Ritz, 2018; Angelopoulou et al., 2022). Therefore, it is crucial to understand the environmental influences on CpG methylation to investigate the role of DNAm in PD etiology, for the design of epigenetic studies of PD, for selecting appropriate statistical approaches to minimize confounding, and to explore whether lifestyle interventions for PD act through epigenetic mechanisms.
Environment-induced DNAm changes can also be partly influenced by genetic background, which will be a key consideration in the design of future epigenetic studies of PD. For example, in neonatal umbilical cord blood, the interaction of genotype and in utero environment was found to explain 75% of DNAm variation across variably methylated regions (Teh et al., 2014). A similar analysis in neonates showed that additive and interaction effects of genotype and environment explained 29.41% and 40.58% of DNAm variance, respectively, while environment alone explained only 0.03% (Czamara et al., 2019). Environment-driven variation in the epigenome has been proposed to act as a “second hit” on top of genotype, possibly triggering onset of disorders to which an individual is genetically predisposed, such as CNV-associated neuropsychiatric conditions (Girirajan et al., 2010). The influence of environmental and lifestyle-related factors on DNAm may also partially ameliorate disease risk. For example, exercise is associated with DNAm changes in skeletal muscle, and bariatric surgery has been shown to partially reverse diet-induced DNAm changes in glucose uptake genes (Barrès et al., 2012; Multhaup et al., 2015). The impact of environment on the DNA methylome is particularly crucial during critical periods of early development, and DNAm has been proposed to be one of the mediators of developmental origins of health and disease (Barker, 1990; Cutfield et al., 2007). There is currently a great deal of active research regarding the possibility of disease prevention strategies targeting the epigenome, as well as epigenetic therapies that could be applied later in life.
4.2.2 Influence of genetics and environment on CpG hydroxymethylation
Similar to CpG methylation, it is also important to understand the impacts of genetics and environment on CpG hydroxymethylation and non-CpG methylation for epigenetics studies of PD. As these two marks are enriched in the brain, have the potential to influence gene transcription, and may also be affected by PD genetic and environmental risk factors, it may be prudent to incorporate analysis of DNAhm and/or CpH methylation into studies of PD etiology.
The degree to which DNAhm is susceptible to genetic and environmental influence is still under investigation. However, a small number of hydroxymethylation quantitative trait loci (hmQTLs) have been identified in the fetal brain, and human tissue-specific differentially hydroxymethylated regions have been shown to contain SNPs linked to tissue-specific diseases and phenotypes (Spiers et al., 2017; He et al., 2021). Changes in 5hmC have also been reported to be associated with exposure to stress, environmental enrichment, toxins, and diet (Irier et al., 2014; Hack et al., 2016; Kochmanski and Bernstein, 2020). Finally, several studies have implicated DNAhm in neuronal activity-regulated gene expression, learning and memory, and neuroplasticity, all of which are likely to involve external environmental changes and experience (Kaas et al., 2013; Li et al., 2014). However, some of these studies measured 5hmC on a global level. A shift toward base-pair-resolution 5hmC analysis is needed to develop a comprehensive understanding of the genes and pathways affected by environmental alterations in this epigenetic mark and its significance for disease development and prevention (Kochmanski and Bernstein, 2020).
4.2.3 Influence of genetics and environment on non-CpG methylation
Little is known about the impacts of genetics and environment on CpH methylation patterns. Some allele-specific CpH methylation has been observed in the context of schizophrenia, with lower levels of CpH methylation surrounding SNPs that correspond to schizophrenia risk haplotypes (Alfimova et al., 2020). CpH methylation changes have also been reported at 750 cytosines, primarily occurring in introns, in the hippocampi of mice housed in EE (Zocher et al., 2021). While DNAm at introns has the potential to influence transcription, differential CpH methylation was also shown to be depleted at promoters, CpG islands, and CpG shores in this study, making it difficult to draw any definitive conclusions about potential gene regulatory impacts (Zocher et al., 2021). Neuronal CpH methylation has been suggested to be more sensitive to environmental stimuli than neuronal CpG methylation due to its sparsity and replication independence (Fuso and Lucarelli, 2019). Further research is needed to determine whether this holds true, and to elucidate the full extent of genetic and environmental effects on CpH methylation.
4.3 Methods for measuring DNA modifications
Both when evaluating existing PD EWAS and when designing new experiments, it is valuable to consider the method used to profile genome-wide DNAm to understand its limits and biases. For example, studies in brain tissue may be biased by high levels of DNAhm, which are picked up in one compound signal when bisulfite conversion of DNA is applied (Darst et al., 2010). If bisulfite conversion is paired with oxidative or TET-assisted bisulfite conversion, 5mC and 5hmC levels can be estimated simultaneously (Booth et al., 2013; Yu et al., 2018) (Figure 1). The platform used for DNAm profiling will also influence the results. Illumina microarrays are often used for population-level studies and provide good coverage of regulatory elements, but overall sparse coverage of the genome (Bibikova et al., 2009; Pidsley et al., 2016). In contrast, next-generation sequencing approaches are often used with fewer samples, but may cover the genome at greater depth (Gu et al., 2011; Kernaleguen et al., 2018). There are also a multitude of statistical considerations for quality control and normalization of microarray and sequencing data, simultaneous 5mC/5hmC estimation in paired samples, and deconvolution of cell types in heterogeneous tissues (Krueger and Andrews, 2012; Guintivano et al., 2013; Pidsley et al., 2013; Liu and Siegmund, 2016; Lunnon et al., 2016; Xu et al., 2016; Kaushal et al., 2017; Zhang Y. et al., 2022a). Robust DNA modification studies should take all of the above into account to reduce bias and increase inferential capability. Further considerations for DNA modification profiling are reviewed in Laird, 2010 and Skvortsova et al., 2017.
5 EPIGENETIC CONTRIBUTION TO PARKINSON’S DISEASE
DNAm and DNAhm are particularly attractive as candidates to identify and characterize gene–environment interactions in PD because of the large proportion of sporadic cases, and as potential modifiers of familial disease (Figure 2). Local and genome-wide DNAm alterations and impacts on the DNAm machinery have been reported to be associated with genetic and environmental risk factors for PD, suggesting that DNAm and/or DNAhm could be involved in the etiology of the disease (Dunn et al., 2019; Angelopoulou et al., 2022). Some of these DNAm changes are correlated with changes in gene expression, and may therefore represent functionally relevant molecular profiles involved in the development of PD. For example, decreased DNAm at SNCA intron one is associated with increased SNCA mRNA expression in PD patients (Jowaed et al., 2010). Differentially methylated genes in PD patients are enriched for cell–cell communication and apoptotic pathways, also suggestive of a potential etiological role of this epigenetic modification (Kaut et al., 2012; Masliah et al., 2013).
[image: Figure 2]FIGURE 2 | Genetic, environmental, and epigenetic underpinnings of Parkinson’s disease. Individual genetic background, environmental exposures (e.g., pesticides), and lifestyle-related factors (e.g., exercise, smoking, head trauma) influence PD risk. These factors may act directly or indirectly through modification of DNA methylation and/or DNA hydroxymethylation patterns, which in turn can influence the regulation of genes involved in neurodegenerative pathways. Head injury icon created by George E. Thomposon (thenounproject.com).
In addition to its usefulness in understanding the etiology of PD, DNAm may represent a suitable early-stage biomarker for the disease. DNAm has characteristics that make it an ideal biomarker due to its relative stability and detectability in peripheral tissues, such as blood and saliva (Edgar et al., 2017; Islam et al., 2019). One study in matched brain and blood samples showed that CpG methylation patterns associated with PD were approximately 30% concordant across these tissues, suggesting that certain loci may be able to act as biomarkers in blood (Masliah et al., 2013).
5.1 Influence of SNCA and other Parkinson’s disease risk genes on DNA methylation
Studies using animal and cell culture models showed that the protein product of the PD risk gene SNCA, α-Syn, is localized to the nucleus and has several potential avenues for impacting epigenetic regulation (Figure 3). First, nuclear α-Syn can reduce p300 histone acetyltransferase activity and inhibit histone H3 acetylation (Kontopoulos et al., 2006; Jin et al., 2011; Paiva et al., 2017). Second, α-Syn can bind to DNA, regulating the transcription of genes responsive to retinoic acid signaling and relevant for PD (Martins et al., 2011; Davidi et al., 2020). Third, α-Syn was shown to sequester the maintenance DNA methylation enzyme DNA methyltransferase 1 (Dnmt1) from the nucleus to the cytoplasm in mice, potentially reducing the capacity for maintenance of CpG methylation (Desplats et al., 2011). In addition to these mechanisms, the presence of excess wild type or mutant α-Syn protein throughout the cell may impact epigenetic modifications indirectly as a consequence of altered signaling cascades resulting in epigenetic and transcriptional alterations, changes to cellular metabolism, and/or DNA damage resulting from α-Syn toxicity (Emamzadeh, 2016; Paiva et al., 2017). While these studies provided strong evidence that α-Syn can alter the epigenome, the impacts of expressing α-Syn and its variants on the DNAm level have not been fully characterized. Some experiments have addressed the locus-specific CpG methylation status of mutant α-Syn in lymphoblastoid cells, or investigated the epigenome-wide impacts of other PD-associated mutations, such as LRRK2 G2019S, in PD patient-derived induced pluripotent stem cells (iPSCs) (Voutsinas et al., 2010; Fernández-Santiago et al., 2015, 2019). Recently, wild-type and A30P mutant α-Syn were shown to alter CpG methylation at thousands of loci in dopaminergic neurons, with correlations to expression of glutamate signaling genes (Schaffner et al., 2022). Studies such as these to characterize the effects of α-Syn on the DNA methylome will increase our understanding of the mechanisms underlying genetically driven PD, and whether the epigenetic consequences of SNCA variants can be reversed by lifestyle interventions or targeted therapies, such as epigenome editing (Kantor et al., 2018).
[image: Figure 3]FIGURE 3 | Potential mechanisms by which nuclear α-Syn protein can impact the epigenome. α-Syn can (1) inhibit activity of histone acetyltransferase p300 (Kontopoulos et al., 2006; Jin et al., 2011; Paiva et al., 2017); (2) directly bind DNA (Martins et al., 2011; Davidi et al., 2020); and (3) sequester DNMT1 from the nucleus to the cytosol (Desplats et al., 2011).
To date, few population-level studies of sporadic PD have addressed the contribution of genetic variants to DNAm patterns. DNA methylation levels of PD-associated SNPs discovered by GWAS have been assessed, and other studies have used public datasets to associate SNP genotypes with DNAm levels of PD-associated CpGs (International Parkinson’s Disease Genomics Consortium and Wellcome Trust Case Control Consortium, 2011; Nalls et al., 2014; Vallerga et al., 2020; Kia et al., 2021). The incorporation of mQTL analysis with matched samples and/or REP1 genotyping into further human cohort studies may be informative, and help to explain why some associations of DNAm with PD can be replicated, while others cannot.
5.2 Influence of Parkinson’s disease-associated environmental and lifestyle-related factors on DNA methylation patterns
5.2.1 Pesticide exposure and DNA methylation
There have been only a few studies regarding the epigenetic impacts of PD-associated environmental and lifestyle-related factors, such as neurotoxin exposure and exercise. In the context of neurotoxins, one group investigated DNAm patterns in PD patients with and without pesticide exposure, and other studies have examined the impacts of pesticide exposure in healthy individuals; however, there have been no studies involving the assessment of PD patients and controls simultaneously (van der Plaat et al., 2018; Go et al., 2020) (Figure 4A). Global DNAm loss has been reported in organochlorine-exposed hippocampal cell culture, and site-specific DNAm changes at the first intron of SNCA were observed in an MPTP-induced mouse model of PD (Wnuk et al., 2016; Zhao et al., 2019) (Figure 4A). Pesticide exposure may also alter histone acetylation in PD, as MPTP-treated cells and mice showed reduced histone deacetylase (HDAC) expression (Park et al., 2016) (Figure 4A). This pathway may be a viable target for intervention, as a recent study showed that naturally occurring short-chain fatty acids produced by gut microbes influence HDAC activity and can protect against rotenone-induced toxicity in rat dopaminergic neurons (Zhang Z. et al., 2022b). Additional human population studies to assess the associations between pesticide exposure and DNAm in PD and experimental studies in model systems to investigate whether it is mechanistically involved in the pathogenesis of PD would help to further elucidate the potential role of the epigenome in mediating the effects of pesticide exposure on disease risk.
[image: Figure 4]FIGURE 4 | Impacts of pesticide exposure and physical activity on the epigenome. Up and down arrows (↑/↓) indicate conflicting results; i.e., both increases and decreases reported across different studies of the same mechanism. (A) Human (top: van der Plaat et al., 2018; Go et al., 2020; Furlong et al., 2020) and tissue culture/animal (bottom: Park et al., 2016; Wnuk et al., 2016; Zhao et al., 2019) studies of pesticide exposure and epigenetic alterations. (B) Human (top: Rönn et al., 2013; Lindholm et al., 2014; Światowy et al., 2021; Ngwa et al., 2022) and animal (bottom: Gomez-Pinilla et al., 2011; Elsner et al., 2013; Irier et al., 2014; Jessop and Toledo-Rodriguez, 2018; Wassouf et al., 2018; Zhang et al., 2018; Zocher et al., 2021; Espeso-Gil et al., 2021) studies of physical activity or enriched environment and epigenetic alterations. DNAhm, DNA hydroxymethylation; DNAm, DNA methylation; HDAC, histone deacetylase; MCI, mild cognitive impairment; PTMs, posttranslational modifications.
5.2.2 Physical activity, enriched environment, and DNA methylation
The impacts of PD-associated behavioral and lifestyle-related factors on DNAm have also been assessed to some extent. The effects of physical activity on DNAm in humans have been widely studied, primarily in skeletal muscle, adipose tissue, and blood (Figure 4B). However, conflicting results have been reported regarding whether and in what direction exercise impacts global DNAm patterns, most likely due to inconsistencies in the age of subjects and the type and duration of exercise applied in these investigations (Światowy et al., 2021). Interestingly, 6 months of exercise was shown to alter DNAm at genes related to amyloid biology, protein trafficking, and lipoprotein regulation in the blood of adults with mild cognitive impairment, suggesting possible impacts on neurologically relevant gene regulation (Ngwa et al., 2022). Most of our knowledge regarding the impacts of exercise on the brain epigenome has come from studies in rodent models (Figure 4B). Physical activity has been shown to increase Tet1 and Tet2 mRNA expression and DNAhm levels in the mouse hippocampus, and to decrease Dnmt1 and Dnmt3b protein levels in the rat hippocampus (Elsner et al., 2013; Jessop and Toledo-Rodriguez, 2018). Exercise was also shown to elevate the levels of phosphorylated MeCP2 in the rat hippocampus, which is associated with reduced DNAm at the Bdnf promoter and increased levels of Bdnf mRNA and protein expression (Gomez-Pinilla et al., 2011). These studies point to DNAm as one mechanism mediating BDNF upregulation and neuroprotection associated with physical activity.
The effects of exercise and increased cognitive and social stimulation on the epigenome have also been studied in rodents using EE paradigms (Figure 4B). These studies showed that environmental enrichment can alter hippocampal DNAm and DNAhm, and prevent some SNCA-induced alterations in gene expression (Irier et al., 2014; Wassouf et al., 2018; Zhang et al., 2018; Zocher et al., 2021). Intriguingly, EE was shown to reduce age-related epigenetic drift at the level of DNAm in the hippocampus, and to alter histone modifications, chromatin accessibility, DNAm, and gene expression in the cortex in mice (Espeso-Gil et al., 2021; Zocher et al., 2021). These studies support a potential role of DNAm as a mediator of the impacts of behavior and lifestyle-related factors on PD risk.
5.3 CpG methylation alterations in individuals with Parkinson’s disease
Global, gene-specific, and genome-wide DNAm alterations have been identified in PD patients. Lower levels of global DNAm have been reported in the brains of PD patients compared to controls (Kaut et al., 2012). This may be related to α-Syn-mediated sequestration of DNMT1 from the nucleus to the cytoplasm and/or targeting of DNMT1 by microRNA(s), perturbing neuronal DNAm patterns (Desplats et al., 2011; Zhang et al., 2021). Alterations to DNAm have also been demonstrated at specific loci in PD across several tissues, including the postmortem brain, PD patient-derived neurons, blood, and saliva (Supplementary Tables S1, S2). Increased DNAm has been reported at intron one of the SNCA gene in PD, but a correlation with α-Syn expression is controversial (Jowaed et al., 2010; de Boni et al., 2015). In addition to SNCA, several EWAS have reported site-specific changes in CpG methylation across a number of genes in individuals with PD, including CYP2E1, MIR886, MAPT, LARS2, and SLC7A11 (Masliah et al., 2013; Rawlik et al., 2016; Chuang et al., 2017; Henderson-Smith et al., 2019; Vallerga et al., 2020; Kaut et al., 2022) (Supplementary Tables S1, S2). Attempts to replicate the results of these EWAS have often failed due to factors such as cell type heterogeneity, small sample sizes, and differences in study design and data collection/processing. Larger populations and more robust methods of accounting for tissue differences, disease heterogeneity, and mixed ethnicity of study populations are required to produce reliable and replicable EWAS results for PD.
Aside from such studies focusing on DNAm patterns associated with PD diagnosis, some groups have begun to investigate how medications and pesticide exposures can affect DNAm patterns in PD (Schmitt et al., 2015; Furlong et al., 2020). However, it is unclear whether environmental and lifestyle-related factors, such as pesticide exposure, coffee consumption, and diet, can influence or mediate DNAm changes associated with PD risk in undiagnosed individuals (Angelopoulou et al., 2022).
5.4 CpG hydroxymethylation alterations in individuals with Parkinson’s disease
The study of DNAhm patterns in PD is also in its infancy. Recent work has shown that 5hmC is enriched globally in the white matter of PD patients as well as at enhancers in the neurons of PD patients (Kaut et al., 2019; Marshall et al., 2020). One of these groups also determined that PD patients exhibit upregulation of TET2, and that TET2 depletion can prevent dopaminergic neuron loss in mouse and cell culture models of PD (Marshall et al., 2020). These observations represent promising early evidence that DNAhm may be involved in the pathogenesis of PD, and therefore DNAhm changes in PD warrant further characterization.
5.5 Non-CpG methylation in individuals with Parkinson’s disease
CpH methylation may also play a role in neurodegeneration, and has been shown to be enriched at genes involved in immune, neuroinflammation, and neurodegeneration-related pathways (Lee et al., 2020). CpH methylation changes have been reported in mitochondrial DNA from the substantia nigra of PD patients (Blanch et al., 2016). However, the majority of research in the context of PD disease etiology and biomarker potential to date has focused on CpG methylation. Future studies should continue to assess disease-associated cytosine modifications, including CpH methylation and DNAhm, to determine whether they have causal relationships with PD phenotypes.
6 MULTI-OMICS INTEGRATION APPROACHES IN NEUROEPIGENETICS RESEARCH
Although both DNAm and DNAhm are interesting facets of the epigenome that may explain some of the variation observed in PD, the relationships of DNAm and DNAhm with gene expression are highly complex, making it difficult to draw functional conclusions from studies of the DNA methylome alone. Multi-omics profiling and data integration approaches can help to prioritize functionally relevant epigenetic loci, develop better predictive biomarkers, and in certain cases aid in determining causality (e.g., when genetic data are included and/or when data are sampled across multiple time points). This is particularly useful for understanding the etiology and progression of complex diseases and for developing personalized medicine strategies (Peterlin and Maver, 2012; Cazaly et al., 2019; Li et al., 2021).
Multi-omics integration can be accomplished using a wide range of approaches that vary in terms of their data inputs, assumptions, and qualitative versus quantitative nature, with no universally accepted “gold standard” (Richardson et al., 2016; Cazaly et al., 2019; Li et al., 2021). On the quantitative end, linear regression can be used to model one data type as the dependent variable and another as the independent variable (Stingo et al., 2011; Kim and Xing, 2012; Marttinen et al., 2014; Zhang et al., 2019). However, when both datasets are high dimensional, such as genome-wide DNAm, DNAhm, and gene expression profiles, it may be necessary to run thousands of models in a time- and computationally intensive manner, and multiple test correction can heavily penalize the results. Hierarchical clustering can also be used to find related features among such datasets (Curtis et al., 2012; Lock and Dunson, 2013; Singh et al., 2019). More qualitative approaches seek to identify common pathways, functions, and/or networks of genes profiled by multi-omics approaches, including gene ontology (GO) enrichment analysis, chromatin state prediction, and coexpression network analysis, among others (Ernst and Kellis, 2012; Wijetunga et al., 2017; Reimand et al., 2019). Finally, machine learning approaches can be applied to multiple omics layers in a supervised or unsupervised manner, selecting features that correlate with phenotype (Singh et al., 2019; Li et al., 2021).
While many different omics approaches have been applied in PD, only a few studies to date have combined multiple data types (Redenšek et al., 2018; Wang C. et al., 2019b; Henderson et al., 2021; Kia et al., 2021; Caldi Gomes et al., 2022). One group integrated genomics, transcriptomics, and proteomics using a position-based method, and discovered 29 dynamically regulated genes associated with PD (Maver and Peterlin, 2011). Another group compared the results of separate RNA-sequencing and proteomics analyses, and found that only 10/3,558 genes with differential mRNA expression in PD also had altered protein levels (Dumitriu et al., 2015). Importantly, this suggests that assumptions about downstream gene expression and function cannot be extrapolated from the results obtained using a single omics approach. More recently, two separate studies integrated gene expression and DNAm profiles in blood of PD patients. One study used linear regression to construct a biomarker panel of 85 genes with decreased expression and increased DNAm in PD, while the other applied a network-based approach and found six PD-related regulatory modules with altered expression and DNAm (Wang C. et al., 2019b; Henderson et al., 2021). A similar network approach was applied to discover modules of differentially expressed genes at the levels of mRNA, microRNA, and/or protein in PD (Caldi Gomes et al., 2022). Finally, multiple large-scale, publicly available omics datasets have been used to test hypotheses about how genetic variants influence gene expression, splicing, and DNAm in the brains of PD patients (Kia et al., 2021). These studies provide excellent examples of how multi-omics approaches combined with analyses of DNAm can be used to understand the impacts of genetic variants on the epigenome and transcriptome as well as to classify disease risk.
In addition to combining multiple types of omics data, several studies also explored single-omics network integration approaches in PD, using PD-associated candidate genes found in the literature or gene coexpression profiles to identify regulatory hubs (Liu et al., 2012; Chatterjee et al., 2017). Finally, global DNAm and DNAhm patterns in PD have been compared in the same individuals; however, it is still unclear how these two cytosine modifications interact at the site-specific level (Kaut et al., 2019). While the application of integrated multi-omics approaches toward understanding the pathogenesis of PD is still in its infancy, these recent studies provided promising evidence that leveraging multiple datasets can provide further insight regarding disease etiology than relying on one omics approach at a time.
7 CONCLUSION AND FUTURE PERSPECTIVES
Some of the greatest challenges in PD epigenetics research include complex interindividual etiology, disease heterogeneity, gradual progression, and the inaccessibility of human brain tissue to study the disease in real time. In addition, tissue culture and animal model studies cannot completely recapitulate human PD. However, the future of PD research is promising with the availability of a wide range of tools and resources to continue examining the etiological underpinnings and identify early-stage biomarkers of the disease. For example, analyses of patient cohorts in combination with model systems in the same study will facilitate the identification of loci associated with PD in humans, as well as providing a highly controlled setting in which to test the functionality of these variants and identify disease mechanisms. To address the issue of heterogeneity, experimental designs may also target associations with PD endophenotypes rather than taking a case–control approach. These two strategies have been successfully applied in a study of Alzheimer’s disease, where GWAS was used to identify variants associated with cerebrospinal fluid triggering receptor expressed on myeloid cells 2 (TREM2) levels, and tissue culture experiments were conducted to examine the functional implications of these variants (Deming et al., 2019). Secondary data analysis is also now possible due to the availability of large genomic databases, such as the UK Biobank, a prospective longitudinal study with detailed phenotyping that is estimated to include 14,000 individuals who will develop PD (Sudlow et al., 2015). The availability of large, well-phenotyped cohorts allows researchers to ask new questions regarding the etiology of PD as the field evolves. In addition, the breadth of integrated multi-omics methods and causal inference tools, such as Mendelian randomization, will aid in pinpointing gene regulatory networks related to disease. Overall, research in PD epigenomics will soon be limited only by the ability to ask pertinent research questions and apply creative analysis methods to uncover the “missing heritability” of this disorder.
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