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Parkinson’s disease is a neurodegenerative disorder with a heterogeneous genetic etiology. The advent of next-generation sequencing (NGS) technologies has aided novel gene discovery in several complex diseases, including PD. This Perspective article aimed to explore the use of NGS approaches to identify novel loci in familial PD, and to consider their current relevance. A total of 17 studies, spanning various populations (including Asian, Middle Eastern and European ancestry), were identified. All the studies used whole-exome sequencing (WES), with only one study incorporating both WES and whole-genome sequencing. It is worth noting how additional genetic analyses (including linkage analysis, haplotyping and homozygosity mapping) were incorporated to enhance the efficacy of some studies. Also, the use of consanguineous families and the specific search for de novo mutations appeared to facilitate the finding of causal mutations. Across the studies, similarities and differences in downstream analysis methods and the types of bioinformatic tools used, were observed. Although these studies serve as a practical guide for novel gene discovery in familial PD, these approaches have not significantly resolved the “missing heritability” of PD. We speculate that what is needed is the use of third-generation sequencing technologies to identify complex genomic rearrangements and new sequence variation, missed with existing methods. Additionally, the study of ancestrally diverse populations (in particular those of Black African ancestry), with the concomitant optimization and tailoring of sequencing and analytic workflows to these populations, are critical. Only then, will this pave the way for exciting new discoveries in the field.
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INTRODUCTION
Over the past almost 2 decades, next-generation sequencing (NGS) approaches, with their high-throughput and rapid output, have accelerated novel gene discovery for several human diseases. In this Perspective article, we summarize, analyze and highlight the studies that identified new loci for Parkinson’s disease (PD) using NGS strategies.
PD is a neurodegenerative disorder, typically presenting with bradykinesia, rigidity, resting tremor, postural instability, and various non-motor symptoms (Kalinderi et al., 2016). Approximately 90% of PD cases are considered sporadic; attributed to synergistic interactions between genetic, metabolic and environmental factors (Ball et al., 2019). The remaining 5–10% of cases are accounted for by familial PD, usually displaying a Mendelian mode of inheritance (Lesage and Brice, 2012; Hernandez et al., 2016). Positional cloning approaches have been used successfully to identify disease genes within large multi-incident PD kindreds (Hildebrandt and Omran, 1999). Linked regions of the genome that co-segregated with disease were then Sanger sequenced to identify the causal variant. PD genes identified using this approach have demonstrated autosomal dominant (AD-PD) (SNCA, LRRK2), autosomal recessive (AR-PD) (PRKN, PINK1, DJ1) and X-linked (RAB39B) inheritance patterns (Bras and Singleton., 2011; Gasser, 2013; Bandres-Ciga et al., 2020).
Later, development of high-throughput genotyping techniques allowed for the rapid screening of single-nucleotide variants (SNVs) - that occur with moderate to high allele frequencies - in large case/control cohorts (Shulskaya et al., 2018). This resulted in the rise of genome-wide association studies (GWAS), and adoption of the common-disease-common-variant hypothesis, which has been responsible for the discovery of many PD-susceptibility loci (Hemminki et al., 2008; Nalls et al., 2019). Yet, it has also been postulated that the gaping ‘missing heritability’ in complex disorders such as PD, may be attributed to larger penetrant effects of less common variants i.e., the rare-variant-common-disease hypothesis (Gasser et al., 2011; El-Fishawy, 2013; Germer et al., 2019).
Next-Generation Sequencing in PD
NGS, in the form of whole-exome sequencing (WES), captures only the coding region; while whole-genome sequencing (WGS) sequences the entire genome including all non-coding regions (Fernandez-Marmiesse et al., 2017). When considering NGS for the study of genetic disorders, WES presents as the more suitable choice as most pathogenic mutations (80–85%), found to date, are exonic (Ku et al., 2016). WES is also cheaper, and less computationally intensive than WGS (Bonnefond et al., 2010; Chakravorty and Hegde, 2017). However, WES can result in skewed coverage due to hybridization biases and incomplete target enrichment, making detection of copy number variation (CNV) challenging (Belkadi et al., 2015). Since CNVs encompassing complete exons (in PRKN, PINK1 and DJ-1) or spanning multiple gene copies (SNCA) are a significant cause of PD, this is a notable limitation of WES in PD studies. Together, these factors indicate that WGS may be more effective for identification of novel or rare genetic variants, particularly in complex diseases like PD.
Novel Gene Discovery in PD-Affected Families Using NGS
For our search, a comprehensive search string on NCBI’s PubMed Central database “((((((parkinson’s disease) AND NGS) AND familial) AND novel) AND candidate) AND gene)” was done on 13 May 2021. Abstracts were read to identify studies that specifically used NGS (either WES or WGS) approaches to identify potential novel genes in familial PD or parkinsonism. We did not exclude studies with a lack of evidence of pathogenicity, and this resulted in a total of 17 relevant studies. These studies and their approaches are summarized in Table 1 and are discussed in chronological order below.
TABLE 1 | List of published studies that identified novel Parkinson’s disease loci using next-generation sequencing approaches.
[image: Table 1]In 2011, Vilariño-Güell and others published their WES findings on two first degree cousins from an AD PD-affected Swiss family, announcing the discovery of the p.Asp620Asn mutation in VPS35 (Vilariño-Güell et al., 2011). In a back-to-back publication, that same mutation in VPS35 was also identified in an Austrian family (Zimprich et al., 2011). Their study made use of haplotyping and linkage analysis in conjunction with WES, allowing for the simultaneous identification of linkage regions and the subsequent filtering of variants based on their distance to the linkage regions. Thus, postulating a time-and cost-effective approach to exome sequencing for AD-PD (Bras and Singleton, 2011; Gialluisi et al., 2020). Furthermore, the same mutation was found in six unrelated PD individuals of varying ethnicity and observed in a sporadic PD case (Zimprich et al., 2011). With these findings in several independent PD families, VPS35 is now considered a significant gene associated with AD-PD, though with still unresolved pathology. The successes observed in these two early studies sparked hope for the discovery of rare monogenic causal factors using NGS in PD families and subsequently, several similar studies ensued.
In 2012, the discovery of DNAJC6, linked to AR-juvenile parkinsonism in a consanguineous Palestinian family, was published (Edvardson et al., 2012). They performed SNP genotyping and homozygosity mapping (HM) analysis in conjunction with WES (Edvardson et al., 2012; Vahidnezhad et al., 2018). This approach potentially facilitates more rapid detection of a disease gene after WES (Kim et al., 2013). HM analysis allows for the identification of large, shared regions of homozygosity (where variants associated with AR disease genes are likely to be located) between affected family members (Wakeling et al., 2019). Therefore, HM could be beneficial for the identification of pathogenic mutations in AR-PD (Bras and Singleton, 2011). The following year, the same approach on a consanguineous Iranian family affected with early-onset PD (EO-PD) led to the discovery of a homozygous mutation in SYNJ1 (Krebs et al., 2013). Also in 2013, the finding of a heterozygous p.Ser657Asn mutation in PLXNA4 within a large German family, was published (Schulte et al., 2013).
Vilariño-Güell and others published their findings on identification of the p.Asn855Ser mutation in DNAJC13 in 2014 (Vilariño-Güell et al., 2014). WES was conducted on a large PD-affected Canadian-Mennonite family of Dutch German-Russian ancestry. The same mutation and disease-associated haplotype was found in two other families of Mennonite ancestry in the greater Canadian region (Vilariño-Güell et al., 2014). Remarkably, another group, studying the original Canadian-Mennonite family, published their findings in 2016, on a different genetic causal variant, p.Arg141Leu in TMEM230 (Deng et al., 2016). This difference in disease gene nominations in the same family may be due to differences in methodological approach, including the clinical phenotype used, genotyping approach and pathogenicity prediction scoring of mutations (Farrer, 2019). This highlights the importance of accurate clinical information, particularly in a disease like PD, where the phenotype may overlap with related neurological disorders.
Notably, in the discovery of CHCHD2 in 2015 in AD-PD, Funayama et al., performed both WES and WGS (Funayama et al., 2015). The authors state that WGS was done on one affected family member to correct for the regions that were inadequately covered during exome capture (Funayama et al., 2015). The use of WGS in combination with WES (particularly in the individual who has the variant of interest) is considered highly beneficial due to its increased coverage and enables screening for CNVs/SNVs in the regions of interest. However, WES continues to be the sequencing method of choice (and was the sole NGS approach used in 16/17 of the studies in Table 1), which could largely be attributed to the significant disparity in cost.
In 2016, Sudhaman and others nominated RIC3 (Sudhaman et al., 2016a) and PODXL (Sudhaman et al., 2016b) in South Indian and North Indian families, respectively. For RIC3, microsatellite markers were used, prior to WES, to rule out linkage to known AD-PD genes including SNCA, LRRK2 and VPS35 (Sudhaman et al., 2016a). A similar approach was used to discover PODXL. In 2017, a study using WES on a Spanish Basque family led to the discovery of CSMD1 as a potential disease-causing gene (Ruiz-Martínez et al., 2017). That same year, another study reported a homozygous loss-of-function mutation in DNAJC12, using a positional cloning approach in combination with WES (Straniero et al., 2017).
In 2018, two more novel PD genes were reported. In one study, SNP genotyping, linkage analysis, CNV analysis and WES was used in an Italian family to identify the Gly603Arg mutation in LRP10 (Quadri et al., 2018). In PD, de novo mutations may potentially account for several sporadic, EO-PD cases. In the second study, WES and subsequent analysis was performed on trios of Han Chinese ancestry with EO-PD and identified potential pathogenic de novo mutations in NUS1 (Guo et al., 2018). De novo mutations are typically rare, deleterious, and difficult to detect with traditional genotyping methods but were effectively identified using only WES in this study (Wang et al., 2019).
In 2019, the identification of UQCRC1 (a nuclear-encoded gene associated with mitochondrial metabolism) implicated in a Taiwanese PD family with parkinsonism and polyneuropathy, was published (Chen and Lin, 2020; Courtin et al., 2021). This study was the only one to make use of a comprehensive NGS gene panel to pre-screen ∼40 PD-associated genes (including SYNJ1, DNAJC13, DNAJC6, CHCHD2, VPS35) before performing WES. A study published in 2021 described the discovery of a novel PD gene (NRXN2) in a family from South Africa (Sebate et al., 2021). They analyzed WES data from 3 affected individuals from an Afrikaner family, an ethnic group consisting of Dutch, German and French ancestry that are native to South Africa. Most recently, a study examining six families from Australia used WES to narrow down two novel potential disease-causing genes in two families - SIPA1L1 and KCNJ15 (Bentley et al., 2021).
It should be noted that true monogenic PD is rare and establishing a familial PD candidate gene as pathogenic can have a degree of uncertainty due to the following factors: isolated findings in familial studies, presence of disease variants in healthy controls, erroneous gene-disease associations or possession of complex phenotypes that may skew towards other, diverse parkinsonisms (Day and Mullin., 2021). Of the candidate genes outlined in this article, VPS35, otherwise referred to as PARK 17, is firmly associated with classical PD. However, DNAJC6 (PARK 19), DNAJC13 (PARK 21), SYNJ1 (PARK 20), VPS13C (PARK 23), and CHCHD2 (PARK 22) are also considered pathogenic and viewed as rare genetic contributors to PD disease (Olgiati et al., 2016; Puschmann, 2017; Schormair et al., 2018; Correia Guedes et al., 2020; Day and Mullin., 2021; Li B et al., 2021). The remaining candidate genes require further study before being categorized as definite PD genes. “Proof of pathogenicity” of novel disease genes require that multiple mutations in the same gene co-segregate with disease in independent families, are absent in large collections of healthy controls or found to be significantly associated with sporadic PD cases (MaCarthur et al., 2014; Farrer, 2019). These criteria seem to necessitate a move away from small family studies and into population-based NGS studies for rare variant discovery - once again relying on large cohorts of individuals. This is also supported by the reasoning that many PD loci may be population-specific and therefore difficult to identify in small studies The (International Parkinson Disease Genomics Consortium, 2020). However, confirmation of these putative mutations through functional studies or by utilizing model organisms remains a challenge due to the novelty and the large number of variants being identified through NGS.
Consequently, it is clear that there is still a need for NGS studies on PD-affected families for its ability to nominate potentially pathogenic novel genes, even if not seen in other individuals, as this may provide mechanistic insight into PD pathobiology. As seen with the discovery of NUS1, where knockout RNAi experiments on Drosophila revealed PD phenotypes, lab-based functional analysis of candidate genes is useful to uncovering disease pathogenesis (Guo et al., 2018). However, many studies omit lab-based functional analysis due to the uncertainty as to whether the gene is disease-causing (Rodenburg, 2018). Alternatively, candidate genes can be further associated with a disease of interest through phenotypic associations, determining gene or protein interaction networks or establishing functional similarity with known PD genes using computational methods (Chen et al., 2021). Increasingly, a number of machine learning methods that incorporate information from known databases that provide functional annotations (e.g. Gene Ontology), tissue expression data (e.g., Human Protein Atlas) and metabolic/signaling pathways (e.g., Kyoto Encyclopaedia of Genes and Genomes) in order to determine protein or gene interactions between putative and established disease genes (Piro and Di Cunto, 2012). According to a recent study outlining a comprehensive PD gene database (GENE4PD), a functional correlation network was simulated between “high confidence” and “suggestive” PD-associated genes in PD pathways resulting in significant associations, including those seen with RIC3 and CHCHD2, with the latter significantly linked to SNCA, PINK1, LRRK2, PARK7, and VPS35 - a likely potential for expanding our knowledge on PD pathway architecture and future annotations (Li B et al., 2021). Furthermore, it is difficult to characterize a gene as being only PD-associated due to the inter-lapping of disease pathways across various parkinsonism disorders (Erratum, 2019; Li W et al., 2021).
Analysis of Bioinformatic Pipelines Used in PD Genomic Studies
Analysis of the tools used in the 17 studies, revealed several similarities and differences (Table 1; Figure 1).
[image: Figure 1]FIGURE 1 | Summary of tools used to analyze next-generation sequencing data in the 17 studies that identified novel Parkinson’s disease genes.
Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.net/), specifically the BWA-MEM algorithm, was the software of choice (11/17 studies) for the alignment of the NGS reads to the human reference genome [Figure 1]. The studies reviewed here made use of both the hg18/GRCh36 and hg19/GRCh37 reference genomes. According to one study, SNV detection in WGS data resulted in enhanced genome coverage and a higher number of SNV calls when using GRCh38, as opposed to GRCh37, thereby necessitating the use of the latest reference genome available for NGS analysis (Pan et al., 2019). They conclude that the selection of the aligner in NGS is not as important as the reference genome selection (Pan et al., 2019). The UnifiedGenotyper was used for variant calling in 7 of the 9 studies using the Genome Analysis Toolkit (GATk). This was until the more recent studies, including NUS1, NRXN2 and KCNJ15, made use of GATk’s HaplotypeCaller for variant calling (Guo et al., 2018). The HaplotypeCaller is now considered best practice for variant calling through GATk’s Best Practices Workflows (https://gatk.broadinstitute.org) as it allows for SNP/inDEL detection via de novo haplotype assembly (Odumpatta & Mohanapriya. 2020). However, a combination of variant callers may be the most efficient method to prioritize variants (Kumaran et al., 2019; Zhao et al., 2020).
Annovar (https://annovar.openbioinformatics.org/) and AnnTools (http://an-ntools.sourceforge.net/) were the annotation tools used most frequently in 7/17 and 2/17 studies, respectively (Figure 1). These tools are capable of annotating variants using either gene-based, region-based or filtering-based approaches. A typical exome will produce ∼20,000 variants with ∼10% of these being novel (Belkadi et al., 2015). Thus, the variant filtering tools and exclusion/inclusion criteria must be sufficiently sensitive to identify the most likely causal factors from the ‘background noise’ (Kalinderi et al., 2016). In these PD studies, variants were searched against specific databases to determine allele frequencies. As seen in Figure 1, the three most frequently used databases are dbSNP (14/17), the 1000-Genomes-Project (11/17) and the NHLBI - Exome Sequencing Project (7/17), which are currently still considered the most widely used databases for NGS analysis. It was noted that GnomAD, the largest open-source population database, was only mentioned in 4/17 studies and highlights the need to prioritize the use of the larger databases (including the newly released UK BioBank database (https://www.ukbiobank.ac.uk/) as it may affect minor allele frequency (MAF) scores used in downstream variant filtering. Several criteria exist to prioritize possible disease-causing variants (Karczewski et al., 2020). Variants are excluded if they are synonymous as they are typically considered to be evolutionary neutral and are likely to have no functional impact on the protein. Variants are also excluded if found to appear in public databases with a MAF >0.01 indicating that the alternate allele is present in more than 1% of the population and is therefore a polymorphism. However, for inclusion, variants must possess PhRED scores >30 (indicating a base call accuracy of 99.9%), be exonic (at present, variants of interest are localized to protein-coding regions as disease-causing variants are likely to impact protein function), have either heterozygous or homozygous genotypes specific to the Mendelian inheritance pattern observed in the family, and also be validated through Sanger sequencing (Vilariño-Güell et al., 2011).
Notably, several caveats need to be considered in the case of PD. Homozygous variants may be disease-causing but may commonly appear in databases such as dbSNP and the 1,000 Genomes Project in heterozygous form, and therefore may be filtered out before variant prioritization (Bras & Singleton., 2011). Furthermore, there are instances in which not all PD affected family members carry the same pathogenic mutation and present as phenocopies (whereby two affected PD individuals with matching phenotypes in a family have different genotypes possibly due to an environmental risk factor). This phenomenon can easily be confused with intrafamilial heterogeneity (where one affected individual has a different mutation to the family mutation but where this difference may be due to de novo mutations, epigenetic changes, or pleiotropy or, in another instance, where multiple rare variants contribute to individual disease risk as seen in oligogenic inheritance (Klein et al., 2011; Farlow et al., 2016; Bentley et al., 2021). True phenocopies in a family may also lead to incorrect conclusions regarding the inheritance pattern within the family (Klein et al., 2011). These confounding factors are relevant in PD, thus requiring adaptation of inclusion criteria in bioinformatic tools going forward.
Popular tools used in these studies to predict the pathogenicity of variants included SIFT (https://sift.bii.a-star.edu.sg/) (5/17) and PolyPhen-2 (http://genetics.bwh.har-vard.edu/pph-2/) (8/15) (Flanagan et al., 2010). SIFT determines the effect of amino acid substitution on the protein function whereas PolyPhen-2 predicts the structural and functional impact non-synonymous SNPs have on the protein based on phylogenetic analysis (Odumpatta and Mohanapriya. 2020). Furthermore, many of the other pathogenicity prediction tools in Figure 1 were aimed at identifying variants with splice site effects. Subsequent performance assessment of pathogenicity assessment tools identified other options that outperform PolyPhen-2 and SIFT (Niroula and Vihinen, 2019). Recently, it has been noted that deep neural network models, in conjunction with general pathogenicity predictors such as CADD, are capable of improved variant prioritization as opposed to using the tool alone (Rentzsch et al., 2021). This may open the door to novel machine learning approaches, tailored to the disease of interest, in identifying or confirming disease-causing genes. Many of these newer tools, including RENOVO (Favalli et al., 2021) and DeepPVP (Boudellioua et al., 2019), typically make use of phenotypes to identify gene-disease associations by employing the use of publically available databases including ClinVar.
Also, there is a push to validate the functionality of these novel genes with wet-laboratory-based methods. However, the development of bioinformatic tools to aid the functional analysis of candidate variants may be useful in the interim. VS-CNV (Fortier et al., 2018), dudeML (Hill and Unckless, 2019), CNV-MEANN (Huang et al., 2021) are examples of newer computational software developed to detect and call CNVs in NGS data (including both exome and gene panel data) with CNVnator (Abyzov et al., 2011), Control-FREEC (Boeva et al., 2012) and LUMPY (Layer et al., 2014)) still widely used to replace standard multiplex ligation-dependent probe amplification (MLPA), fluorescence in situ hybridization (FISH) or microarray CNV detection (Zhang et al., 2019). In the discovery of NRXN2, computational protein modelling was performed using the Swissmodel webserver to simulate the potentially disruptive effect of the mutation on protein structure (Sebate et al., 2021).
NGS Approaches to Study PD Genetics in Sub-saharan Africa
As observed for LRRK2 p.G2019S, some PD-causing mutations may be population-specific (Correia Guedes et al., 2010). Therefore, given the significant differences in ancestral origins, it is likely that the genetic etiology of sub-Saharan populations may be different to that of European and Asian populations (Bope et al., 2019). Mutation screening of Sub-Saharan African individuals with PD has revealed a low frequency in the known PD-causing genes, thus fueling this hypothesis (Williams et al., 2018; Dekker et al., 2020). Additionally, a recent study, using commercial MLPA kits to detect CNVs in individuals with PD from South Africa and Nigeria, observed false-positive deletions due to the presence of SNPs, highlighting the need for data from diverse populations when designing genomic assays for detecting PD mutations (Müller-Nedebock et al., 2021).
The current human reference genome build (GRCh38) is derived from a small sample size, with ∼70% of the build derived from a single donor of European ancestry, thereby lacking genetic diversity and therefore inadequate in the context of genetic research in Africa (Wong et al., 2020). Attempts to bridge this fundamental gap in African genomics are currently underway. An example is the South African Human Genome Project initiative to develop a local reference genome based on 24 African ancestry individuals (https://sahgp.sanbi.ac.za/). Another initiative is the H3Africa Consortium which aims to develop a pan-African bioinformatics network (H3ABionet) and infrastructure to enhance African genomics research on the continent (Mulder et al., 2017). Additionally, South African researchers have developed a secondary data analysis pipeline to overcome the lack of African allele frequency data in population databases (Schoonen et al., 2019). Their software incorporates Ensembls Variant Effect Predictor (https://www.ensembl.org/info/docs/tools/vep) to annotate variants and GEnome MINIng (GEMINI v0.20) (https://gemini.readthedocs.io/) to effectively filter variants according to African allele frequencies, resulting in higher quality output (Schoonen et al., 2019). Furthermore, international efforts in PD are underway to bring underrepresented populations to the fore, through standardized NGS data storage and analysis, as seen with the Global Parkinson’s Genetics Program (Global Parkinson’s Genetics Program., 2021) that aims to sequence and analyze PD-affected, at-risk and control individuals from diverse populations to bridge the gap in the ‘missing heritability’ witnessed in PD.
Recently, the exponential increase in large genomic datasets has necessitated the use of cloud-based systems for the ease of storage, analysis and data-sharing (Navale and Bourne, 2018). However, cloud-based systems can be expensive and require careful consideration of the data use policies to adhere to security in the cloud. Another glaring issue in computational biology is inconsistencies regarding the reproducibility of genomic data analysis and reuseability of open-source analytic software (Russell et al., 2018). A review examining the state of Github repositories of popular bioinformatic tools found that nearly half (46%) of all public repositories had no opensource license and nearly 12% had no version control (Russell et al., 2018). They suggested that software need to be vetted for consistent maintenance by a developer team. Thus, it is important to check the credibility of analysis software before use in a research or clinical setting, and a need for journals to insist on providing datasets and code to reproduce analyses.
Future Directions and Conclusions
The initial studies that discovered VPS35, created excitement about the subsequent elucidation of the genetic etiology of PD. However, that initial hope has not been realized with most of the genes identified through NGS, only being found in a single family. This may be due to the complexity of PD etiology, with either, each family having its own rare genetic cause, or that the more common genetic causes underlying PD have not yet been identified. This leads us to question the future direction of NGS approaches in PD.
Third-Generation Sequencing or long-read sequencing are newly-developed approaches that aim to overcome the limitations of existing NGS methods. They produce long-reads that are far more expansive, reducing the complexity of detecting read overlaps—thus increasing the quality of the sequencing data and improving CNV detection (Giani et al., 2019). Approximately 15% of the genome is assumed to be inaccessible due to atypical GC content and repeat elements including trinucleotide repeat expansions which are disease-causing in several neurological disorders, including PD (Keogh and Chinnery., 2013). These mutable regions may harbor pathogenic mutations, particularly compound heterozygous mutations that may only be discovered with long-read sequencing (Mantere et al., 2019). Another limitation of short-read lengths produced by traditional NGS, is potential misalignment of GBA (a common genetic risk factor for PD) to its pseudogene which is ∼96% identical, resulting in false-positive mutations (Bras and Singleton., 2011). Furthermore, a study that explored the use of targeted-capture long-read sequencing of SNCA transcripts, detected previously-undiscovered isoforms capable of translating novel proteins (Tseng et al., 2019). Therefore, in the near future, long-read sequencing may be viewed as the more favorable sequencing alternative for disorders such as PD.
In conclusion, determining the complex genetic architecture underlying PD, particularly in underrepresented populations, is critical to provide insight into PD molecular mechanisms, detection of PD biomarkers, and elucidation of novel drug targets. Thus, this knowledge will change the course of future clinical diagnoses and therapeutic modalities for this currently incurable disorder. The aim of this article was to explore the use of NGS approaches to identify novel candidate genes in familial PD to consider not only their current relevance in research, but also their future potential in unraveling PD genetics. From our analysis, we recommend the use of third-generation sequencing technologies to identify complex genomic rearrangements and new sequence variation, in combination with current sequencing techniques, to propel future PD genetics research. Furthermore, we recommend that NGS researchers optimize and adjust their sequencing and analytic workflows according to the genetic background of their study participants with PD, and the constant evolution of bioinformatic tools. NGS approaches have revolutionized novel disease gene discovery, however, best practice guidelines need to be developed; taking into account diverse populations and ancestral origins, since it is apparent that a “one-size-fits-all” approach will have significant limitations.
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candicate vaiants

(KORA-AGE conort usng

MALDITOF
masspectrometry on the
‘SequenomH platiorm
Likage anayss on 6
famiy memers using
olgonuciotde SNP
amays 500 K

humina)

MERUN (Lnkage
anayss)

Outch-Goman-
Russian Mennorie)

dapancsefamiy  Genome-wide inkage
anaysisonaflcted and
Sunaftectedinchicuas of
ha famiy Genomo-Wide
Humen SNP Avray 60,
Aymetrs)

‘SNPHLink & MERLIN

(inkage anaysi)

South Indan famdy  None

Noth indan famiy  None

Canadan- None

Memonite fsame

famiy a5 DNAJCTS)

Spanish Basave  None

famly

‘Canacian and aian  Positonal coring (on

famly AmpiSeq™ Exome Kt
and the fon Proton™
‘System, Thermo Fisher
‘Scentic)

aen famy ‘Genome-ide SNP aray

‘genotyping and nkage:
anayss inten afectod
Ralives
(HumanCNVS70 bead
ohip, humina)

‘Copy number anayss
Nexus Copy Number,
BioDiscoveny)

MERUN fnkage anayss)

Han Chinesa famy  Nono

Taiwanese Famy  Custom-designed NGS.
Gens Pand! (ncuding 40
‘gonos associted with

parkisonism) screening

Atkanor amiy
(South Afica)

Nore

Austratan Fariios
tamiy 4002
and 4433

Proands were scroened
forknown PD causes
ncluding SNV and
expansions of epetive
regions in ATXNZ, ATXNG
and TBP, and copy
number varatons n
SNCA and PARK2

Study
Participants
Seroencd
(Soquoncing
platform used)

WES ona PD-
aftcted pairof 15t
egres cousis

WES on two PD-
aftected second
cousns (Genome
Anayzer i
system (Hmina)

WES ona singe
ndex patent
(@A, thmina)

WES on two PD-
affcted sbings
(HiSeq 2000,
umina)

WES on 2 PD-
aftcted socond
cousns. (Genome,
Anayze
system (Humina)

WES on thvee PD.
afectod
members (Agient
Sureselct 38 M>
Human Al Exon
i, lurmina
Genome Anaizer)

WES on tree.
pations 8 WGS
on one patient
(HiSeq 2000,
omina)

WES ona sage
incex patent
(e 2000,
umina)

WES on two
affcted sbings
(HiSeq 2000,
umina)

WES on one
wnatected
ncividualand 4
istanty reated
aftected cousins)
5202500,
umina)

WES on ndex
patien (HSeq
2000, Humina)

WES on ndex
patient (HSeq
2000, Buming)

WES on index PD.
pation (HSeq
2000, Humina)

WES 0n 39 EOPD
patents
{probands), the
parents, and 20
wnafected
sibings (4Seq
2000, Buming)

Wes on treo
aftcted

inchviduals (on
Tomrent T™ Next-
Generaton

Sequencing Exon
V2 kit and

WES on threo
aftctod
inciiduals (HSoq
2000, Bumina)

4433 SPAILY)

WES onrvea PD-
aftcted sbings
lon AmpiSsq
capture kit and
sequenced using
the on Toment
(Themo Fisher
Scenie,
Watram,

MA, USK)

#002 KCNU1S)

WESon2PD-
affcted stinge
and 2 PD-dected
counsandan
wnatocted cousn
lumina HiSea,
Thumina MSeq
and lon Tonent)

QC and Read
Alignment
Tools

Variant Caling
Tools

SoAPaigner
(1000 aigpment
‘o the human
Reforences.
genoma - H 1,
ouid 36.1)

S0APsnp (SNP.
caing)

Burous-
Winesier Algner
(BWAverson
058) fead
aigument to
Puman
Reforences.
genome - Hg19)

SaMtoois v
0.1.7)~(SNVs and
nDel cating)

Burows-
Vinesier Algner
@
ssquence reads
were aigned to
Puman
Reforences.
genoma - hg18
(GRoas)
Picard (masking
o PR
aupicates)

Gonome Analsis
Tookit (GATK)
varant caling)

Burous-
‘Wneslr Algner
B ool
(agoment of aw.
sequence reads
1o the human
Reforences.
genome - NCBI
GAchan

GATK Unfisd
Ganotyper ool
(SNPISMVnDe!
caing)

Genome
Anaysis Tookit
(GATK V1,516
5824501 oase-
quaity re-
calbration and
oca
reaignement)

Burous-
Wheolr Algner
BWA0SE)

(read aigament)

SAMooSs fversion
0.1.7) (SNVInDel
caing)

Bowte 1270
and Burous.
‘Wheslr Algner
(BWA059)
(read aigament
o human
Referonces.
genome - NGB!
Bug37.1)
Gonome
nalysis Tookit
(GAT ocal
reaigormont
around inserions.
and doletions)

SAMool fariant
caing)

Burows-
‘Wheslr Aigner
EWANEM
verson 05.9)
(rea0 aigament
o Relerences.
Puaman genome -
UcSC byt

SAMtoois version
01,16 (SNVIDel
caing)

FasiXTookt
ore-

aigeement C0)
Burous-
Vinesier Algner
(BWA) fead
aigomen)

SAMTooks and GATK
variant caling)

SAMTo08 (Post
aignment 0Q.
BEDTooks
(assoss targel
coverage and
depn

FasiXTookt
(ore

aigrement CC)
Burows-
Winesler Algnr
(BWA) (read
aigamen)

SAMTooks and GATK
varant caling)

SAMTook (Post:
aigrment 00)
BEDTooks
(assess taget
coverage and

Genome
Anaysis Tool Kt
(GATKL1) read
aignment to
Puman
References
genoma - Hgt9)

Unifed Genoyper
from the Genome
Ansiyss Tool Kt
(SNVINDEL caling
and performing
varant qualtyscore
OS) and Prved-
keinood scores)

Burows-
Vineser
AigrerTod B
(rmdaigmert to
o human
Rdaercss
gerome - NCBI
GRONA7.p1)

GATK Unfied
Genotyper tool [SNP
INDEL caling)

poaiysis

Tookt (GATK
V56
5824501 pase-
quaity re-
calbration and
ocal
reaignemont)

Torent Sute
Sofware

Torrent Variant Caler
(tvo 42:18)arant
caing)

Burous-
Winasler Algnr
BWANEM
verson 059
(1020 algpment
to human
Referonces.
genome - UCSC.
ngt9)

Genoms-Anaisis-
TookKit GATK) V0
vasant caling)

Burous- HapiotypeCaler in
Wheer Algner  GATK (SNVIDe!
BWAwrson  calng)
05916)

(aigament to the

Puman

Reforonces.

genome - hg19)

Picard (marking

o PR

cupicates)

GATK (D!
reaignment
recaibeaton of
the base qualty
soores)

Burows-
‘Wheslr Aigner
(BWANEM
(aigament to the
Puman
Reforonces.
genome.
GRONTg19)
Picard (marking
and removing
cuplcates)

GATK (vriant caling)

Burows-
Wheokr Algner
(BWANEM)
(algament to the
Puman
Reforences
genome
~GRONa7IMg19)
SaMToos.
(mpieup) (read
corerage
siatsis)

GATK (variant caling)

Torent Sute
40) was used
foron Toment
data aigament
o the human
Reforences
genome)
SamTook and
bediook2
(aigament to the
Puman
Reforonces.
genome)

HapiotypeCaler from
the Genomesnalyss
TookKit (3.5 or the.
MiSeq data ariant
caing

Torrent Sute (v4.0)
was used for lon
Torrent data (ariant
caing)

SamTook and
bediooks? arant
caing)

Variant Annotation
and In Silco

Pathogenicity
Prediction Tools

Variant Inclusion/Exclusion
Griteria

Database of Genomic  Variants viere excuded f

Varants v6

(Geterminaton of - on he X chvomosome.

stuctura varants

aganst ONVS) - homozygous (autosomak dominant
inhertance of dsease was assumed)
- ron-coding
- syonymous.
- varants present in dbSNP v.130
Variants were subsequenty

genotyped ina mult-thvic case-
control series (4,326 patets and
3309 controk)

Confimaton via Sanger sequencing

PoyPhen2, SNAP and Vaants were exciuded i

ST~ fpathogenity

precicton) - prosent n the 72 control exomes of
non £ patents
- presnt in GBSNP1G1 and 1000-
Genomes Proect
- had an average heterczygosty of
more than 0.02
Variants were incuded
- hetorozygous
- non-syonymous.
ANNOVAR arant Varants wero excioded i
amoaion)
SeattSoq Anolaion - present in dbSNP132, 1000-
(GERP score) Genomes Project and inhouse
databases
Polyphen, SFTand  Variants were ncuded f
Mutation taster
fpathogenici precction)
NHLBI Exome - non-syonymous.

Sequencing Prject
webste reease Version:
009 (mutaton
frequency in etnically
matched controls)
- consenvation sccre GERP >3
Contimation v Sanger sequencing
AnriToos (arant Varants were exciuded i
amolation)
MuPres, SNPS4GO,
Mutalzer, HomoloGene
(NCB) and Clustai2)
pathogericity preccton)

- presant in GBSNP1GT, 1,000
Genomes Prcject and Exome Variant
Servr of the Nationa Heart, Lung,
and Blood Instule (NHLB) Bxome

Sequencing Project detabases.

Variants were inciced #

- located n exons o spice sies

Contimaton v Sanger soquencing

SFTPROVEAN,
PoyPren and
MuationTaster

(pethogerici predoton)

Variants were exchuded f: bsened in
n-house oxome dalabase,
BSNP135, 1000-Genomes Proect
anc NHLBI-ESP (EA on daiabases
wih a minor alle frequency >1%
Varasts were included

- ron-synonymous.

- exoniclooding
- missense, nonsense, stoposs,
spice e or fameshit varants
Contimaton via Sanger sequencng
SFT fpathogenicty Variants were exciuded
precicion)

- Prved quaty score <20

- equenty cbserved i popuiaon
dataases (minor alele

requency >1%)

Confimaton via Sanger sequencng

PoyPren2 8 Variants were exciuded
MuationTaster

pathogenicity preciction)

- pesantin e 1,000 Geromes,
GOSNP138 tro Human Gerptc Vakdon
datatao, andithoNatora Hoar Lurg,
andBbod rstie (NHLB) Bome
Sequmchg Project(E5P)ctibase
Varianis were inuced #

~located in exons or spice sies

- heterorygous siate
~non-synonymousor caused aberant
splcing

~located i regions ith positve ogof
odds greater than 1

- ol noted in unaffcted Jspanese.
contros.

Confimaton by Sanger sequencing

WANNOVAR (variant
amotaton)

Varants wero excioded i

KGGSea varintiteing) - present n databases (dOSNP 135,
137 and 138, 1,000 genomes and
Natonal Hear, Lung, and Blood
Insitte (NHLB) 6500 exomes and
BXAC) with a MAF 5001

Variants were incudd

- heteronygous

Confimaton via Sanger sequencng
WANNOVAR (varient  Varints were excluded

amolation)

KGGSeq variantiteing) - present n catabases (GGSNP 135,
137 and 138, 1,000 genomes and
Natonal Hear, Lung, and Biood
Insitte (NHLB) 6500 exomes and
EXAC) with a MAF 5001

Varians were incluced #

- homozygous (Autosomal recessive
inhertance assumed)

- exonic varanis
- shared between the two afiected
ndivickals

Confimaton via POR.Sanger
sequencing

ANNOVAR arant Varasts were excludod

‘amolation)

PolPren2 - prosent in mufiplo databases

pathogericity predicton)  inchuing the dbSNP (v130), Haphap
and 1,000 Genome databases wih a
MAF 5001

Splcoiew, NNspics, - VOSLOD < -3

‘and ESEfnder (spicing

effct precicton)
- atemate Prved-scaled ikeihood
scores <99
Variants were incuded f
- the average read por targeted base.
was >B5X with the Prved cualty score

o230
Conlimaton via Sange sequencing
and co-segregaton anaysis

AnriToos ki (rant  Variants were excluded #

amolaton)

PICARD (Bxome. - tragenic, inronic, and non-coding

statists) exonc

MuPreg, SNPsgGo, - presont i tho GbSNP149 buld,

MuationTaster, and 1,000 Genormos.

(CADD (pathogericty

predicton)

HomoloGene database  Project phase 3, the Exome Variant

(orotein consenvation  Server of the Natonal Hear, Lung,

across speces) and Blood Instule (NHLB) Exome
Sequencing and the Exome
‘Aggregaton Consortum databases.

wih a MAF 5005
Human Gene Mutaton  Variants were incuded f
database (HGMD) &

NoB!

GinVar datebase
(genotype-phenatype
comsaton)

- mapping qualty (430 or higher)

- depth of coverage (410 or higher

ANNOVAR (arant Confimaton, segregation anays's

amotaton) and screening v Sanger sequencing
Cartagenia Boch Lab  Vaiants were exciuded

NGS v50.1 (vrant

fiering)

SpiceSteFnder-ike, - present in dbSNP, Exome Varint
MaxEntSoan, Server NHLBI GO Exorme Sequencing
NNSPLICE, GoneSpicar,  Projct (ESP), 1000 Genormes,

‘and Hurran Spicing
Fiderintegrated n
Aamut Visua version 42
(splcingafectpreciction)

Genome of the Netherands (GoNL),
Exome Aggregaton Consortium
(E440) and the Genome aggregation
database (GromAD) databases with a
MAF 5001

Variants were ncuded if

- heteronygous

- eonic

- non-synomymous.

~within 50p from a spco st

- predicted 1o be pathogenic with 25

in'sico tooks

Confimaton by Sanger sequencing
PoyPren2 Varasts were excludd
pathogericity preciction)

DAPPLE (dsease
Assosiaton Protein-
Protein Lk Evalaton)
consinction of prfoin
protein neraction

- present 1 GOSNP1GT, the Han
(Chinese of 1,000 Genomes Projec,or
bl of the two ofsprng i quads.

networks)

GEO2R (determine - s were in known siructure

dferentil geno vasation regions

‘oxression n proten

networks)

Gene Ontokogy (GO)  Variants viee included f

(gens amnotaton)

KEGG pathuay - Prved qualty scores >30

database (unctiond

ervichmen)

PUNK singo varant - thare was ey ore tpeof abrrutie

‘assocations) ate
~thereadcoweragpof abmaiealdesin
theoffpig was > thand.
- more than 30% and less than 5% of
tho covered reads wero the alenative
alee for the ofspring and parents
~fortheotorng:PL(00R30,PLO =
0,200 PL (11230 PL Phvecscaled
Tikahoods or a ghen genotype)
- for both parents PL(010) =0, PL (0
11230, and PL (111230
- twoacpcent SNV e oated atlest
105pawy.
onfimaton of varants via Senger
sequencing

ANNOVAR arant Varants were excioded i

amotaton)

CADD, PolfPhen:2 and  -present doSNP144, 1,000 Genomes:

SFT fpathogeniciy Project, EXAC, gnomAD and the
predicton) Taiwan Bicbank wih a MAF >001
Human Spicng Finder  Varants were ncluded f
(splcingaectprecction)
- eonic
Contimaton of co-seggegaton va
Sanger Sequencing
Aovovar (ariant Varants were exciuded
amnotaton)
SFT, PoyPhen2, - prosent i the EXAC database,
MuationTaster, CADD,  gnomAD, the 1,000 Genomes Proet
GERP+ pathogenicy  and dbSNP databases
predicton)

‘Alen Brain Atas, Human
Protai Atas, KEGG
databese, PANTHER
(pathway and exprosson

Variants were induded f

anayss)
- minimum Phved qualty score 530
Conlimaton via Sanger Sequencing
ANNOVAR arant Varants wero excioded
amolation)

-seenin >30% of he MSeq n-house.
datasets (2n = 48) or 50.5% of the
AnnEx Annotted Exomes browser
2n = 5,902, hitps:/annex.can ubc.
ca, acoessed on 4 Decomber 2020)
for lon Torent data

Variants were incuded f

- present i afoctod members of o
famiy whi taking into consideraion
incompete penetrance

- were excnic or in a splcing regon
(RefSeq 161)

- missense alde
- minor alde flequency o <001 nthe
gnomAD database.

Sarivinalin ik nier Sutaacig

Mutations
Identifiod
(Chromosome)

Homozygous.
18586 > A

- pASpE208Sn
(16112

Heterozygous
18586 > A

- pASE20AS
(16a112)

Homozygaus.
801245 G
(1931.9)

Homozygous.
07736 > A

- p. Arg258G
@1ez2:11)

Heterozygous
19700 > T

- pSe6s7AS
(7629

Homozygaus
25614 > G

- pASBS5Ser
@a221)

Heterozygous
1826>T

-pTtle
o11.2)

Homozygous.
1690 > A

pPSTT
(1p15.4)

Homozygaus
89,90
InsGTCGO0CC
- p.Gn32ts
(a2

Hoterozygous
422G > T

“pAgidiLe
(@op13-p123)

Heterozygous
58856 > A

pAg1062HS

g c89596A-
P.GY2087Ag)

(@0232)

Homozygaus.
18785 T
-pKEs
(100219
3679245 G
- pN2TWIS 14
(100213

Homozygaus.

- p.Giyo03rg
(4q112)

Hoterozygous
6913dupA
(6a221)

Hoterozygous
c941A>C

- pTyd14Ser
@213

Heterozygous
G840 C> T

(a1

SPAtLI-
Heterozygous
pR20BQ
(14a242)

Kowts
Heterozygous.

pR2SC

@1022:19)
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