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Abstract

Background—Variants in GBA are the most common genetic risk factor for Parkinson’s disease
(PD), and are especially prevalent in the Ashkenazi Jewish (AJ) population. However, most studies
on GBA in AJ genotype only seven selected Gaucher-associated pathogenic variants rather than
sequencing the whole gene, which may leave carriers of PD-associated GBA variants
undiscovered.
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Methods— GBA was fully sequenced using molecular inversion probes (MIPs) and Sanger
sequencing in 735 AJ PD patients and 662 AJ controls, from Israel and New York. Additional AJ
control data (n=3044) from the Inflammatory Bowel Disease Exome Portal was used.

Results—Full GBA sequencing increased the number of variants discovered by 17.4%,
compared to targeted genotyping. An additional 17 PD patients were identified with GBA-
associated PD. The p.E326K variant was found in 1.6% of AJ PD patients, making it the second
most common PD-associated GBA variant in AJ. GBA variants were found in 18% of PD patients
and 7.5% of controls (OR=2.7, 95%CI=1.9-3.8, p<0.0001).

Conclusion—Without full sequencing of GBA, or at minimum including p.E326K in the
genotyping panel, a significant proportion of variant carriers go undiscovered and may be
incorrectly assigned as non-carriers in studies or clinical trials.

INTRODUCTION

GBA variants are the most common genetic factors which lead to PD, and in different
populations they are found in 5-20% of PD patients.[1] The association between GBA
variants and PD was initially described in a study on brains of PD patients,[2] and later in
the Ashkenazi-Jewish (AJ) population,[3, 4] but they are important in numerous other
populations.[5] GBA pathogenic variants can be classified as severe or mild based on their
association with Gaucher’s disease (GD); severe variants are those that in homozygous
carriers lead to the severe forms of GD, type Il and type 111, while mild variants lead to the
mild type | GD.[1] Severe and mild GBA variants have different effects on risk for PD, age
at onset,[1] and disease progression.[6, 7] In the AJ population, the most common GBA
variant is p.N370S, but in other populations the p.E326K substitution is the most common
PD-associated variant.[1] Interestingly, the p.E326K variant does not cause GD in
homozygous carriers.[8]

Thus far, genetic and genotype-phenotype studies in the AJ population were based on
genotyping of specific GBA variants — p.N370S, p.L444P, p.V394L, p.R496H, IVS 2+1
G>A, dup84G and RecTL (also termed Rec370), all linked to GD.[1-4] Therefore, the
contribution of the p.E326K variant and other GBA variants to PD in the AJ population is
not known, and it is possible that by genotyping only specific variants, a substantial portion
of GBA variant carriers remains genetically undiagnosed. As GBA-specific PD therapies are
in development, it will be crucial to identify all PD patients with GBA variants. In addition,
full GBA sequencing will allow for more accurate genotype-phenotype studies, as it will
better discriminate between carriers and non-carriers.

In the current study, we sequenced the entire GBA gene in two cohorts of AJ patients and
controls, and examined the role of additional GBA variants in this population.

METHODS

Study population

A total of 735 PD patients and 662 controls, all unrelated and of full AJ ancestry, were
recruited in two centers, Sheba Medical Center in Tel-Hashomer, Israel and Columbia
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University Medical Center in New York, NY. The Sheba Medical Center cohort included
517 patients (62.1% men, average age at enrollment of 61.72 + 11.89 years) and 563 young
controls (57.1% men, 33.68 £ 7.92 years) that participated in routine genetic screening or
were counseled at the Genetic institute at the Sheba Medical Center for other purposes. The
NY cohort included 517 patients and 252 controls that were previously published,[9] of
which there were 218 patients (61.9% men, 68.94 + 10.49 years) and 99 controls (40.4%
men, 68.35 £ 8.77 years) of full AJ origin. In addition, to examine whether these control
populations are representative of the general AJ population, we extracted data from the
Inflammatory Bowel Disease (IBD) Exome Portal (http://ibd.broadinstitute.org),[10] which
includes whole-exome sequencing data for 3044 non-1BD samples of AJ origin. Patients
were diagnosed by movement disorder specialists according to the UK brain bank criteria
(without excluding patients with family history of PD). Informed consent was obtained from
all participants at enrollment, and the study protocol was approved by institutional ethics
review boards.

GBA sequencing

DNA was extracted using a standard salting out protocol. For the Sheba Medical Center
cohort, targeted next generation sequencing was performed, complemented by Sanger
sequencing of exons 10 and 11. For the targeted sequencing, a total of 91 molecular
inversion probes (MIPs) were designed as previously described.[11] The probes used for
targeting GBA are detailed in supplementary table 1. The MIPs capture was performed as
described by O’Roak et al.;[12] briefly, MIPs were hybridized to 100 ng of genomic DNA,
circular DNA including the target regions was generated, linear DNA was degraded, and
captured DNA was amplified by PCR. Captures were then pooled and sequenced using the
Illumina HiSeq 2500 platform at the McGill University and Genome Quebec Innovation
Centre. The full protocol is available upon request. To account for the reduced coverage of
exons 10 and 11, these exons were amplified using Sanger sequencing as previously
described.[13] In the NY cohort, GBA was sequenced as previously described,[9] and also
went through the MIP sequencing for quality control purposes. Raw sequence data was
processed using the Burrows-Wheeler aligner, the Genome Analysis Toolkit (GATK, v.
2.6.4), and ANNOVAR (annotation variant software), as previously described.[11] Variants
from the targeted MIP sequencing were visualized using the Integrative Genomics Viewer
(http://software.broadinstitute.org/software/igv/).[14] The Sanger sequencing
chromatograms were analyzed using the Genalys 3.3b software.

Statistical analysis

As both cohorts consisted of individuals with 100% Ashkenazi Jewish origin, we pooled
them for all statistical analyses. Fisher’s exact test was used for comparison of carrier
frequencies, and odds ratios and 95% confidence intervals were calculated. All statistical
analyses were conducted in R.[15]
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Sequencing coverage and quality control

The average coverage of GBA was >400x across all samples of the Sheba Medical Center
cohort. Exons 10 and 11 had reduced coverage, so these exons were sequenced in all
samples using Sanger sequencing, with 100% success rate. The NY cohort, for which GBA
had been previously fully sequenced using Sanger sequencing,[9] also underwent the
targeted MIPs sequencing. All variants that were previously found using Sanger sequencing
on exons 1-9 were also identified using MIP sequencing, validating the method.

Increased yield of full GBA sequencing, and an important role for the p.E326K variant in
the AJ population

Table 1 details the GBA variants found in the current study, their location and their
nomenclature. Since in the mature glucocerebrosidase enzyme, encoded by GBA, a leader
peptide of 39 amino acid was removed, there are different ways in which the variants are
named in the literature. Table 1 details these names, and throughout the paper we use the
most conventionally used nomenclature, of the mature enzyme without the 39 amino acids
leader peptide.

Table 2 details the frequency of GBA variants found in patients (17.96%) and controls
(7.54%, OR=2.7, 95% CI=1.9-3.8, p<0.0001) from both cohorts. Full sequencing of GBA
increased the yield of detection of GBA variants by 17.4% (27 new variant carriers in PD
patients and controls) compared to genotyping using the targeted kit; in the Sheba Medical
Center cohort there were an additional 19 variant carriers on top of the 118 variant carriers
with variants that are being regularly screened for in AJ (yield increased by 16.1%), and in
the NY cohort, there were 8 additional variant carriers on top of 37 variant carriers (yield
increased by 21.6%). The p.E326K variant, which is not regularly screened for in AJ PD
patients, is the second most common GBA variant in the AJ PD patient population, found in
1.63% of patients. The p.E326K variant was found in 0.3% of our in-house controls (OR
5.5, 95%CI 1.2-24.6, p=0.01), and in about 0.9% of the IBD controls. Similar to previous
reports,[1] the OR for PD for mild variant carriers was 2.4 (95% Cl=1.6-3.5), compared to
an OR of 12.9 (95% CI=1.7-98.0) for severe variant carriers. Interestingly, we found a
surprisingly high frequency of the p.R44C variant in our control population (1.06%),
however, in the IBD Exomes Portal AJ population it was only 0.18%, lower than the 0.27%
in our PD cohort. Of the homozygous and compound heterozygous carriers of GBA variants,
only one patient, with the p.N370S/p.L444P genotype, was previously diagnosed with type |
GD.

DISCUSSION

Our results demonstrate that by sequencing the entire GBA gene in AJs, there is a substantial
increase (17.4%) in the GBA variant detection rate. Most importantly, these results highlight
the role of the p.E326K substitution in PD in the AJ population. Lastly, we identified a
surprisingly high percentage of the p.R44C variant in our in-house controls, yet much lower
frequency in the IBD exomes portal.
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In recent years, numerous genotype-phenotype studies comparing PD patients with and
without GBA variants were performed. Our results demonstrate that in the AJ population, in
order to avoid a substantial proportion of GBA variant carriers erroneously classified as non-
carriers, the entire coding region of GBA should be sequenced. Based on both our control
population and the IBD Exomes Portal AJ population, up to 1.5% of the general AJ
population may carry GBA variants that affect the risk for PD and are not screened for in the
routinely used panels for GD. Without sequencing, these panels identify only about 80-85%
of variant carriers in AJ. As the first clinical trials aimed specifically at PD patients with
GBA variants are enrolling patients, full sequencing of GBA — or, at minimum, genotyping
for p.E326K — will be crucial for identification of those who can benefit from participating
in trials and from future treatment. This will be even more relevant in populations that are
less homogeneous than the AJ populations, where the yield increase by full sequencing is
expected to be even higher.

Of particular importance is the p.E326K substitution. This variant does not cause GD, but its
association with PD is very clear, and it has odds ratios of 1.60-3.34 in different studies.[16—
18] In these studies, the p.E326K variant was identified in 3-5% of PD patients,[16-18] and
in the largest genome-wide association study performed to date,[19] the tagging variant
rs35749011, which is in linkage disequilibrium with p.E326K, was found in about 4% of the
patients.[19] Our study demonstrates that one out of 111-331 individuals in the general AJ
population is a carrier of this variant, and that it is present in 1.6% of AJ PD patients. Thus,
it is crucial to include this variant in any study performed on PD in the AJ population. This
variant is important not only because of its high frequency in AJ PD patients, but also
because of the genotype-phenotype correlations already demonstrated between the p.E326K
substitution and disease progression, and its reduced enzymatic activity.[6, 7, 9, 17] It has
been demonstrated that carrying GBA p.E326K is associated with more rapid progression of
both motor and cognitive symptoms. Specifically, the p.E326K variant is associated with
faster progression of UPDRS |11 and PIGD (postural instability and gait difficulty) scores
over almost 3 years follow up, compared to non-carriers.[17] Despite having shorter disease
duration, more p.E326K carriers progressed to mild cognitive impairment or dementia as
compared to non-carriers.[17] Other studies also showed faster cognitive decline among
carriers of the p.E326K variant.[6, 7]

The p.R44C substitution is of particular interest, as in our in-house controls the frequency of
this variant was about 4 times higher than in PD patients, yet in the IBD exomes project AJ
controls it was lower than in PD patients. Given the much larger population in the IBD
exomes project, it is possible that the high frequency in our control population is due to
chance. Of note, the carriers of this variant among controls are from different countries of
origin and are not known to be related. Therefore, it will be important to examine the effect
of the p.R44C variant in additional populations of AJ and other ancestries.

Out of the seven carriers of homozygous or compound heterozygous carriers of GBA
variants, four PD patients had genotypes that may lead to type | GD — p.N370S/p.R496H
(two PD patients), p.N370S/p.N370S (one PD patient) and p.N370S/p.L444P (one PD
patient). Of those, only one patient, with the p.N370S/p.L444P genotype, was diagnosed
with type | GD. This is consistent with previous reports in which PD patients with
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homozygous or compound heterozygous GBA variants did not develop GD in most cases.
[1, 5] This may suggest that in order to develop GD in carriers of these variants, other
genetic or environmental modifiers are required.

Our study has several limitations; first, the control population from Sheba Medical Center is
significantly younger than the patient population. However, this control population was
selected to represent the general AJ population, and the purpose of the analysis was not to
validate the well-established differences between patients and controls in GBA variant
frequencies. Rather, the purpose of this study — for which this control population is adequate
— was to examine how full sequencing of GBA increases the yield of variant detection even
in a homogeneous population such as the AJ population. Another limitation is that the
frequency of GBA variants in our PD patients and controls seems slightly different (albeit
not significantly) than previously published. In our control population the carrier frequency
was 7.5%, compared to 6.4% in a previous, large study that included 3,805 AJ controls.[1]
This 1.1% difference can be entirely explained by the p.R44C substitution, which was not
tested in the previous study. Furthermore, it is possible that some of the controls (recruited at
early age without any clinical data), will develop PD in the future. In our patient population,
the frequency of GBA variants was 18% compared to 19.2% in the previous study, which is
not a statistically significant difference.[1] In part, this difference can be explained by not
detecting the RecTL (or Rec370) allele in the current study that was reported in the previous
study in 1% of PD patients.[1] The RecTL/Rec370 allele was suggested to be a recombinant
allele that is in cis with p.N370S, and include the pseudogene sequence starting in exon 9.
However, it was demonstrated that this specific allele is likely a false-positive read,[20]
possibly due to amplification of the pseudogene in specific carriers of the p.N370S variant.
Therefore, it is likely that the reported carriers of RecTL/Rec370 in previous studies carry
only the p.N370S variant or no variant at all, and this needs to be further examined in future
studies. Additional causes for this difference may be different structures of sub-populations
within the different studies, or chance.

To conclude, our study highlights the importance of fully sequencing GBA in future studies
of GBA in the AJ population, as well as the importance of the p.E326K variant in this
population, and highlights the p.R44C variant, which needs to be further studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank the patients and controls for their participation in the study. This work was financially supported by the
Michael J. Fox Foundation (MJFF) and by the Canadian Consortium on Neurodegeneration in Aging (CCNA). The
Columbia University cohort was supported by the Parkinson’s Foundation, the National Institutes of Health
[K02NS080915, and UL1TR000040, formerly the National Center for Research Resources, Grant Number
UL1RR024156] and the Brookdale Foundation. The authors would like to thank the Helmsley IBD Exomes
Program and the groups that provided exome variant data for comparison. A full list of contributing groups can be
found at http://ibd.broadinstitute.org/about. We thank Daniel Rochefort, Pascale Hince, Helene Catoire, and Vessela
Zaharieva for their assistance.

Eur J Med Genet. Author manuscript; available in PMC 2020 January 01.


http://ibd.broadinstitute.org/about

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ruskey et al.

References

1.

Page 7

Gan-Or Z, Amshalom I, Kilarski LL, Bar-Shira A, Gana-Weisz M, Mirelman A, Marder K,
Bressman S, Giladi N, Orr-Urtreger A. Differential effects of severe vs mild GBA mutations on
Parkinson disease. Neurology. 2015; 84:880—7. [PubMed: 25653295]

. Lwin A, Orvisky E, Goker-Alpan O, LaMarca ME, Sidransky E. Glucocerebrosidase mutations in

subjects with parkinsonism. Molecular Genetics and Metabolism. 2004; 81:70-3. [PubMed:
14728994]

. Aharon-Peretz J, Rosenbaum H, Gershoni-Baruch R. Mutations in the Glucocerebrosidase Gene and

Parkinson’s Disease in Ashkenazi Jews. New England Journal of Medicine. 2004; 351:1972-7.
[PubMed: 15525722]

. Gan-Or Z, Giladi N, Rozovski U, Shifrin C, Rosner S, Gurevich T, Bar-Shira A, Orr-Urtreger A.

Genotype-phenotype correlations between GBA mutations and Parkinson disease risk and onset.
Neurology. 2008; 70:2277-83. [PubMed: 18434642]

. Sidransky E, Nalls MA, Aasly JO, Aharon-Peretz J, Annesi G, Barbosa ER, Bar-Shira A, Berg D,

Bras J, Brice A, Chen C-M, Clark LN, Condroyer C, De Marco EV, Dirr A, Eblan MJ, Fahn S,
Farrer MJ, Fung H-C, Gan-Or Z, Gasser T, Gershoni-Baruch R, Giladi N, Griffith A, Gurevich T,
Januario C, Kropp P, Lang AE, Lee-Chen G-J, Lesage S, Marder K, Mata IF, Mirelman A, Mitsui J,
Mizuta I, Nicoletti G, Oliveira C, Ottman R, Orr-Urtreger A, Pereira LV, Quattrone A, Rogaeva E,
Rolfs A, Rosenbaum H, Rozenberg R, Samii A, Samaddar T, Schulte C, Sharma M, Singleton A,
Spitz M, Tan E-K, Tayebi N, Toda T, Troiano AR, Tsuji S, Wittstock M, Wolfsberg TG, Wu Y-R,
Zabetian CP, Zhao Y, Ziegler SG. Multicenter Analysis of Glucocerebrosidase Mutations in
Parkinson’s Disease. New England Journal of Medicine. 2009; 361:1651-61. [PubMed: 19846850]

. Cilia R, Tunesi S, Marotta G, Cereda E, Siri C, Tesei S, Zecchinelli AL, Canesi M, Mariani CB,

Meucci N, Sacilotto G, Zini M, Barichella M, Magnani C, Duga S, Asselta R, Solda G, Seresini A,
Seia M, Pezzoli G, Goldwurm S. Survival and dementia in GBA-associated Parkinson’s disease:
The mutation matters. Annals of Neurology. 2016; 80:662—73. [PubMed: 27632223]

. Liu G, Boot B, Locascio JJ, Jansen IE, Winder-Rhodes S, Eberly S, Elbaz A, Brice A, Ravina B, van

Hilten JJ, Cormier-Dequaire F, Corvol JC, Barker RA, Heutink P, Marinus J, Williams-Gray CH,
Scherzer CR, International Genetics of Parkinson Disease Progression (IGPP) Consortium.
Specifically neuropathic Gaucher’s mutations accelerate cognitive decline in Parkinson’s. Annals of
Neurology. 2016; 80:674-85. [PubMed: 27717005]

. Duran R, Mencacci NE, Angeli AV, Shoai M, Deas E, Houlden H, Mehta A, Hughes D, Cox TM,

Deegan P, Schapira AH, Lees AJ, Limousin P, Jarman PR, Bhatia KP, Wood NW, Hardy J, Foltynie
T. The glucocerobrosidase E326K variant predisposes to Parkinson’s disease, but does not cause
Gaucher’s disease. Movement Disorders. 2013; 28:232—6. [PubMed: 23225227]

. Alcalay RN, Levy OA, Waters CC, Fahn S, Ford B, Kuo SH, Mazzoni P, Pauciulo MW, Nichols

WC, Gan-Or Z, Rouleau GA, Chung WK, Wolf P, Oliva P, Keutzer J, Marder K, Zhang X.
Glucocerebrosidase activity in Parkinson’s disease with and without GBA mutations. Brain. 2015;
138:2648-58. [PubMed: 26117366]

10. IBD Exomes Portal. Cambridge, MA: http://ibd.broadinstitute.org (accessed 2 Feb2018)
11. Ross JP, Dupre N, Dauvilliers Y, Strong S, Ambalavanan A, Spiegelman D, Dionne-Laporte A,

Pourcher E, Langlois M, Boivin M, Leblond CS, Dion PA, Rouleau GA, Gan-Or Z. Analysis of
DNAJC13 mutations in French-Canadian/French cohort of Parkinson’s disease. Neurobiology of
Aging. 2016; 45:212.

12. O’Roak BJ, Vives L, Fu W, Egertson JD, Stanaway 1B, Phelps IG, Carvill G, Kumar A, Lee C,

Ankenman K, Munson J, Hiatt JB, Turner EH, Levy R, Day DRO, Krumm N, Coe BP, Martin BK,
Borenstein E, Nickerson DA, Mefford HC, Doherty D, Akey JM, Bernier R, Eichler EE, Shendure
J. Multiplex Targeted Sequencing Identifies Recurrently Mutated Genes in Autism Spectrum
Disorders — Supplementary Materials. Science. 2012; 338:1619-22. [PubMed: 23160955]

13. Gan-Or Z, Mirelman A, Postuma RB, Arnulf |, Bar-Shira A, Dauvilliers Y, Desautels A, Gagnon J-

F, Leblond CS, Frauscher B, Alcalay RN, Saunders-Pullman R, Bressman SB, Marder K, Monaca
C, Hogl B, Orr-Urtreger A, Dion PA, Montplaisir JY, Giladi N, Rouleau GA. GBA mutations are
associated with Rapid Eye Movement Sleep Behavior Disorder. Annals of Clinical and
Translational Neurology. 2015; 2:941-5. [PubMed: 26401515]

Eur J Med Genet. Author manuscript; available in PMC 2020 January 01.


http://ibd.broadinstitute.org

1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ruskey et al.

14.
15.
16.

17.

18.

19.

20.

Page 8

IGV (Integrative Genomic Viewer). Integrative Genomics Viewer. Broad Institute. 2013; 29:24-6.
R Core Team. R: A Language and Environment for Statistical Computing. 2017

Ran C, Brodin L, Forsgren L, Westerlund M, Ramezani M, Gellhaar S, Xiang F, Fardell C,
Nissbrandt H, Séderkvist P, Puschmann A, Ygland E, Olson L, Willows T, Johansson A, Sydow O,
Wirdefeldt K, Galter D, Svenningsson P, Belin AC. Strong association between glucocerebrosidase
mutations and Parkinson’s disease in Sweden. Neurobiology of Aging. 2016; 45:212.

Davis MY, Johnson CO, Leverenz JB, Weintraub D, Trojanowski JQ, Chen-Plotkin A, Van Deerlin
VM, Quinn JF, Chung KA, Peterson-Hiller AL, Rosenthal LS, Dawson TM, Albert MS, Goldman
JG, Stebbins GT, Bernard B, Wszolek ZK, Ross OA, Dickson DW, Eidelberg D, Mattis PJ,
Niethammer M, Yearout D, Hu SC, Cholerton BA, Smith M, Mata IF, Montine TJ, Edwards KL,
Zabetian CP. Association of GBA mutations and the E326K polymorphism with motor and
cognitive progression in parkinson disease. JAMA Neurology. 2016; 73:1217-24. [PubMed:
27571329]

Berge-Seidl V, Pihlstram L, Maple-Grgdem J, Forsgren L, Linder J, Larsen JP, Tysnes OB, Toft M.
The GBA variant E326K is associated with Parkinson’s disease and explains a genome-wide
association signal. Neuroscience Letters. 2017; 658:48-52. [PubMed: 28830825]

Chang D, Nalls MA, Hallgrimsdéttir IB, Hunkapiller J, van der Brug M, Cai F, International
Parkinson’s Disease Genomics Consortium; 23andMe Research Team. Kerchner GA, Ayalon G,
Bingol B, Sheng M, Hinds D, Behrens TW, Singleton AB, Bhangale TR, Graham RR. A meta-
analysis of genome-wide association studies identifies 17 new Parkinson’s disease risk loci. Nat
Genet. 2017; 49(10):1511-1516. [PubMed: 28892059]

Choi JH, Velayati A, Stubblefield BK, Orr-Urtreger A, Gan-Or Z, Tayebi N, Sidransky E. False-
positive results using a Gaucher diagnostic kit — RecTL and N370S. Molecular Genetics and
Metabolism. 2010; 100:100-2. [PubMed: 20096616]

Eur J Med Genet. Author manuscript; available in PMC 2020 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ruskey et al.

Table 1

GBA variants identified in the current study and their nomenclature.

Genomic Position cDNA nucleotide substitution  Full length Protein  GBA variant
1:155209737 .247C>T p.Arg83Cys p.R44C
1:155210451_155210452  ¢.84dupG p.Leu29Alafs*18 84GG
1:155208006 €.680A>G p.Asn227Ser p.N188S
1:155206167 €.1093G>A p.Glu365Lys p.E326K
1:155206037 €.1223C>T p.Thr408Met p.T369M
1:155205634 €.1226A>G p.Asn409Ser p.N370S
1:155205592 ¢.C1268A p.Alad23Asp p.A384D
1:155205563 €.1297G>T p.Val433Leu p.V394L
1:155205514 €.1346C>T p.Thr449Met p.T410M
1:155205043 €.1448T>C p.Leu483Pro p.L444P
1:155204992 €.1499T>C p.Leu500Pro p.L461P
1:155204793 c.1604G>A p.Arg535His p.R496H
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