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INTRODUCTION

Gaucher disease (GD) is a rare autosomal recessive lysosomal storage disorder caused by pathologic variants in GBA1, the gene encoding the enzyme glucocerebrosidase. Deficiency of glucocerebrosidase leads to the accumulation of the substrates glucocerebroside and glucosylsphingosine in macrophages and neuronal cells. Variants in GBA1 are a significant genetic risk factor for Define- Parkinson disease (PD) (Sidransky et al., 2009). Both patients with GD and heterozygous carriers are at an increased risk of developing PD, although the exact mechanism of this association is not fully understood (Avenali et al., 2020). An estimated 5–20% of patients with PD carry a GBA1 mutation, although the frequency varies between populations (Gan-Or et al., 2015). The association of GBA1 variants with this common complex disorder has led to an increasing interest in analyzing GBA1 in larger cohorts using next-generation sequencing (NGS) methods (Nalls et al., 2014; Gorostidi et al., 2016; Blauwendraat et al., 2018; Stoker et al., 2020). Challenges arise in using NGS for GBA1 analysis, however, due to the downstream, highly homologous pseudogene.

GBA1 is located in a gene-rich region on chromosome 1q21 that encompasses seven genes and two pseudogenes within an 85-kb region (Winfield et al., 1997). GBA1 contains 11 exons and 10 introns over a length of 7.6 kb. Located 16 kb downstream is the shorter (5.7 kb), non-processed pseudogene, GBAP1 (Horowitz et al., 1989). In the coding regions, GBAP1 is 96% homologous to the functional gene, increasing to around 98% in the region between intron 8 and the 3′ UTR. However, GBAP1 lacks a 55-bp segment in exon 9, which is the major exonic difference between the two sequences (Walley and Harris, 1993; Beutler et al., 1995; Tayebi et al., 1996b). GBA1 has several Alu intronic insertions that are not present in GBAP1, indicating that evolutionarily, the gene duplication occurred prior to the integration of the Alu sequences (Horowitz et al., 1989). The closest downstream gene, located just beyond GBAP1 is metaxin (MTX1), encoding for part of the mitochondrial outer membrane import complex protein 1, which is transcribed convergently to GBA1 (Long et al., 1996). MTX1 also has a pseudogene located in the 16-kb region between GBA1 and GBAP1 (Figure 1A). Several hundred mutations have been identified in GBA1 including missense mutations, deletions, insertions, splice site mutations, and complex recombinant alleles (Hruska et al., 2008).
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FIGURE 1. (A) Scaled representation of GBA1, MTX1, and their highly homologous pseudogenes. MTXP lies in the 16 kb region between GBA1 and GBAP1. MTX1 and MTXP are transcribed in the direction opposite to that of GBA1 and GBAP1. (B) Example of a reciprocal crossover event, resulting in a (i) gene-pseudogene fusion allele and a (ii) duplicated allele. These recombinant alleles are difficult to detect using next-generation sequencing methods. Sequence reads containing the pseudogene-derived segment (red) of the recombinant alleles may align to the pseudogene instead. This can lead to false negatives and reduce the read depth of GBA1. In this example, reads containing the 55 bp deletion from the recombinant alleles may align preferentially to the pseudogene (Adapted in part from Tayebi et al., 2003).


The presence of these pseudogenes in this region increases the risk for recombination and the generation of complex alleles, particularly due to the close physical proximity and high homology between GBA1 and GBAP1 (Chen et al., 1997). Recombinant alleles can arise from both reciprocal and non-reciprocal recombination, resulting in gene fusions, duplications, and gene conversion alleles (Cormand et al., 2000; Tayebi et al., 2003). These genes can serve as a model to demonstrate the effect of unequal pairing and crossover resulting in recombinant alleles in the genome. Identifying complex alleles poses a significant challenge when relying on NGS analysis.



GBA1 GENOTYPING BY CONVENTIONAL MEANS

Previously, PCR-based screening techniques were often used targeting specific panels of 7–10 common GBA1 pathologic variants (Park et al., 2002). These variants were predicted to account for over 90% of mutant alleles among Ashkenazi Jews, a population with a carrier rate of ~1 in 14 (Do et al., 2019). However, relying on such panels can miss other mutant alleles, as demonstrated by a 2019 study that fully sequenced GBA1 in an Ashkenazi Jewish Parkinson disease patient cohort (Ruskey et al., 2019). Sanger sequencing substantially increased variant detection, even in this group, particularly for the common E326K (p.E365K) variant, known to be present in ~1% of the general population (Lau et al., 1999; Park et al., 2002). This highlights the benefit of sequencing the full GBA1 gene to detect variants that could be missed using targeted genotyping of selected pathogenic variants. When sequencing GBA1, specific primers are required to ensure that functional GBA1 is being amplified and sequenced rather than the pseudogene (Dandana et al., 2016). For example, primers targeted to the 55-bp pseudogene gap in exon 9 can erroneously misreport patients heteroallelic for a recombination in that region as homozygosity for the second allele (Tayebi et al., 1996b).



NEXT-GENERATION SEQUENCING OF GBA1

Next-generation sequencing is able to generate vast amounts of sequence data and has been applied to identify variants in GBA1. The use of whole-exome and whole-genome sequencing has increased the discovery rate of these variants. For example, a recent large-scale NGS strategy identified 18 novel GBA1 variants, as well as a rarely reported complex allele likely to be a Dutch founder allele (Zampieri et al., 2017; den Heijer et al., 2020). One Gaucher diagnostics laboratory relying on NGS run by Centogene (Rostock, Germany) provides an on-line list of their identified GBA1 variants (CentoLSD™), which now includes over 600 different GBA1 variants with differing predicted clinical significance (https://www.centogene.com/centolsd.html). Many NGS protocols have utilized short-read sequencing, which can provide data at a relatively low cost and high accuracy but may be less reliable in cases where there are structural variants and repetitive or highly homologous regions (Mandelker et al., 2016; Mantere et al., 2019). If the functional gene is not specifically amplified during library preparation, reads generated by the pseudogene could align with the functional gene, leading to false-positive results, while reads belonging to the functional gene might align to the pseudogene, reducing read depth and mapping quality (Claes and De Leeneer, 2014). Long range-PCR (LR-PCR) can help to selectively amplify the functional gene (Tayebi et al., 1996a; Jeong et al., 2011). Even after selectively amplifying the functional gene, challenges still remain in the alignment phase, particularly when recombinant alleles contain regions identical to the pseudogene. In an Illumina short-read NGS method for sequencing GBA1, Zampieri et al. initially aligned reads to the whole genome, but missed almost all recombinant alleles, which had aligned preferentially to GBAP1 (Zampieri et al., 2017). After aligning to GBA1 rather than the whole genome, they were able to identify recombinant variants that had initially been false negatives, except for the 55-bp deletion mutation. Alignment against the whole genome did not significantly affect the mapping quality and coverage of missense mutations unrelated to recombination. Care should therefore be taken not only in the library preparation, but also in data analysis steps of NGS pipelines to sequence GBA1.

The introduction of long-read sequencing technology in recent years addressed some limitations of short-read sequencing (Goodwin et al., 2016). The ability to read longer sequences can help to differentiate highly homologous regions. One such technology is the Oxford Nanopore system, which analyzes a single DNA molecule as it passes through a pore (Logsdon et al., 2020). Resulting disruptions to the current are analyzed in real-time to determine the sequence. This strategy has been applied for the detection of GBA1 variants using the Oxford Nanopore MinION (Leija-Salazar et al., 2019). The authors were able to detect the 55-bp exonic deletion, but not the more common recombinant allele RecNciI. Another study aimed to expand upon this protocol by refining and applying it to the discovery of GBA1 variants in a PD longitudinal cohort from New Zealand (Graham et al., 2020). They validated the protocol of Leija-Salazar et al. for genotyping GBA1 and updated the software pipeline, improving accuracy and reducing the computational workload, but were unable to detect any recombinant gene conversion alleles or deletions of >50 bp.



CHALLENGES IN DETECTING RECOMBINANT ALLELES

Accurate and comprehensive NGS analysis of GBA1 is complicated by complex gene-pseudogene rearrangements and recombination. Recombinant alleles make up a significant proportion of GBA1 mutations and sites of recombination events have been identified between intron 2 to exon 11 (Hruska et al., 2008). With the high exonic homology between GBA1 and its pseudogene, there is an increased likelihood of both reciprocal and non-reciprocal recombination (Tayebi et al., 2003). These can result in alleles with multiple exonic point mismatches, such as in RecNciI. In this allele, the site of crossover of chromosomal mispairing between gene and pseudogene occurs within intron 9 and continues to the 3'-UTR of the gene, introducing three exon 10 nucleotide mismatches (Latham et al., 1990). Another frequently described reciprocal recombinant allele, RecTL, covers the pseudogene sequence from intron 8 or the beginning of exon 9 [Figure 1B(i)] (Zimran and Horowitz, 1994). Reciprocal crossover can also result in a partial duplication of the gene and pseudogene sequence [Figure 1B(ii)]. The non-reciprocal exchange of homologous sequence, also known as gene conversion, may also occur. One example is an allele that includes only the 55-bp deletion in exon 9. This is a small, converted gene sequence that resembles the pseudogene. Some polymorphic sequences in GBAP1 (Martinez-Arias et al., 2001) also been observed. Mostly, homologous recombination events occur in regions of high sequence homology between the gene and pseudogene, such as in introns 8 and 9. Several instances of recombination have occurred as a result of crossover between MTX and its pseudogene as well (Tayebi et al., 2003). Quantitative real-time PCR and Southern blot analysis have been used to identify fusions and duplications in patients with recombinant GBA1 alleles (Velayati et al., 2011).

The complexity of GBA1 gene rearrangements cannot be sufficiently captured using most current NGS methods. Several recent studies using NGS technology without Sanger sequencing validation have not reported the presence of recombinant alleles, including a recent study performed on more than 3,000 PD cases (den Heijer et al., 2020). Thus, it is likely that the results presented may be an underestimation (Zampieri et al., 2017).



NON-CONVENTIONAL INHERITANCE

Gaucher disease is an autosomal recessive disorder that usually results from the inheritance of a mutant allele from each parent. Increasing evidence suggests this may not always be the case, and that there are important exceptions to the traditional Mendelian pattern of inheritance, such as new mutations or uniparental disomy (Nakka et al., 2019). There have been several reported cases of unrelated patients with type 2 GD with de novo or germline mutations on the maternal allele (Saranjam et al., 2013; Hagege et al., 2017). Uniparental disomy of chromosome 1 was reported in a proband with concurrent type 3 GD and Charcot-Marie-Tooth disease, who was homozygous for both L444P (p.L483P) in GBA1 and S78L in MPZ (Benko et al., 2008). There have also been cases of patients with all types of GD carrying more than one GBA1 mutation on the same allele (Hassan et al., 2018). For example, a common mutant allele in Greece and the Balkans includes both H255Q (p.H255Q) and D409H (p.D448H) together in cis (Vithayathil et al., 2009). These examples of non-conventional inheritance underscore the importance of careful and comprehensive examination of entire coding regions for accurate genotyping. This has important implications for diagnostics and establishing genotype-phenotype correlations. Current NGS technology, however, does not always accurately identify all nucleotide changes and recombinant alleles. As a result, NGS is currently limited in its clinical diagnostic capacity for comprehensive GBA1 screening, and for now, Sanger sequencing should be used for the most accurate genotyping.



DISCUSSION

Next-generation sequencing allows for unbiased simultaneous analysis of many genes. In addition, it makes it more feasible to analyze specific genes in larger cohorts for the study of common diseases like Parkinson disease. With the inclusion of GBA1 in many Parkinson disease NGS analyses, it is important to consider the effects of the nearby homologous pseudogene. Recombinant alleles in GBA1 have been identified in patients with GD and with PD that might be missed when relying on NGS analysis alone without Sanger sequencing validation.

Challenges exist in short-read NGS methods for sequencing highly homologous regions. The shorter reads cannot be mapped uniquely to the reference genome, especially in cases where there are recombinant alleles aligning to the homologous region. A computational custom scaffold-based approach was recently introduced to improve the detection and phasing of targeted complex variants using short reads (Zeng et al., 2020). This method was able to detect a 55-bp deletion in GBA1 confirmed by Sanger sequencing. In addition, there is evidence to suggest that the choice of polymerase used could be a factor in the accuracy of NGS variant identification. A recent study performed a large-scale screening of GBA1 based on an NGS protocol and found a significant number of false negatives due to a polymerase-dependent allelic imbalance (den Heijer et al., 2021). After performing a structured assessment of varied PCR conditions, they found that changing the polymerase used led to the resolution of these false negatives. Allele frequency was unaffected by a change in the other conditions. This raises the possibility that current estimates of variant frequency in populations could be underestimates, due to polymerase-dependent false negatives as well.

Long-read NGS has many advantages, one of which is an improved ability to discriminate functional genes such as GBA1 from their pseudogenes. An additional advantage is the ability to phase mutations and assign haplotypes. It can also detect intronic SNPs. There are still some limitations, including high costs, low throughput, and high per-base error rates. Long-read NGS also has a limited ability to accurately resolve homopolymers and to detect small insertions and deletions. Importantly, it is still unable to consistently detect recombinant alleles.

The most accurate method for detecting all GBA1 variants and recombination remains Sanger sequencing. Without validation by Sanger sequencing, the frequencies of GBA1 variants based on NGS analysis may be underestimated, particularly for complex recombinant alleles. Real-time PCR can also be used to identify recombinant alleles (Velayati et al., 2011). NGS pipelines should be carefully designed in order to capture variants should from the functional gene rather than the pseudogene and attempt to include complex alleles. While long-read sequencing shows promise for increased accuracy of GBA1 NGS analysis, it is still currently limited in its capacity to recognize recombinant alleles. The shortcomings identified will likely also be pertinent for the analysis of other genes with highly homologous pseudogenes. As sequencing technology continues to rapidly progress, we will likely continue to see improved detection of GBA1 variants. This has exciting potential for clinical diagnostics and studies of large patient cohorts.
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