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CHAPTER 4
EXCESSIVE Burden of lysosomal 

storage disorder gene variants 
in Parkinson’s disease

disease. Brain
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ABSTRACT

GBA

data from 1,167 PD cases and 1,685 control subjects recruited from across the 

GBA
GBA and SMPD1 loci, and 

newly implicate CTSD, SLC17A5, and HGSNAT

and reinforce the importance of lysosomal mechanisms in PD pathogenesis. We 
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1

2-5

6-8

loci. Beyond discovering the responsible genes, a major challenge remains to understand 
the mechanisms by which these factors alter disease onset and/or progression, including 

1,9,10 Prior to its discovery as a PD risk locus, the 
 gene, GBA

of GBA 
disease.11,12

GBA 13 GBA variants may also 

in the lysosome.14-16

leads to the intriguing hypothesis that more broadly, LSDs and PD may share a common 

genes.17-19 Several studies have consistently supported a role for SMPD1,20-23 which causes 
NPC1, 

NPC2, MCOLN1, NAGLU and ARSB  or await further 
24-28

14-16 However, with the 
GBA, most studies of LSD gene candidates have been small and therefore 

independently implicated more common risk alleles at another LSD gene, SCARB2,7,29 
 

30-32 which aggregates 

33,34
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genes established to cause LSDs and suggest that many genes besides GBA contribute to 
PD risk.

Subjects

dataset used for this study consists of 2,852 samples of Northern and Western European 
ancestry, including 1,167 PD cases and 1,685 controls not known to have PD.28,35-37 Subjects 

a family history of PD. Control subjects were on average 63.8 years of age (SD=17.1). 1,201 

enrolled in 1990, with an average age at baseline of 68.6 (SD=8.6, 54.4% female).38 All 

39 includes 436 cases and 169 controls of Northwest European 
descent. The PD cases were diagnosed at an average age of 59.8 years (SD=10.0), and 
27.1% were known to have a family history of PD. PPMI controls were an average of 61.8 

previously described in detail,28,35 including 6,713 individuals with PD and 5,964 controls. 
NeuroX cases were diagnosed at an average age of 61.6 (SD=12.4) and controls were 
evaluated at an average age of 64.1 (SD=14.3). 

the same algorithms were used for read processing. The Burrows-Wheeler Aligner (BWA)-
MEM40 was used for alignment of sequencing reads to the human reference genome 
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41 v3.3-0, 

was accomplished by removal of low-quality genotypes (Phred-scaled genotype quality 
score < 20, depth < 8) and variants with low call rates or departure from Hardy-Weinberg 

considered when located within the overlapping targeted regions of the applied library 

 
35,42 

pathologic, and metabolic criteria.14-16

CLN5 and 
NEU1

groups including (1) nonsynonymous (n=786 variants in 51 genes), (2) likely damaging 

43 based on the Combined 
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 Gene Variantsa 

Aspartylglucosaminuria AGA 13 (10)

ARSA 5 (5)

ARSB 11 (10)

ASAH1 20 (17)

ATP13A2 24 (18)

Neuronal Ceroid Lipofuscinosis (CLN3) CLN3 18 (17)

Neuronal Ceroid Lipofuscinosis (CLN5) CLN5 -

Neuronal Ceroid Lipofuscinosis (CLN6) CLN6 10 (7)

Neuronal Ceroid Lipofuscinosis (CLN8) CLN8 9 (4)

CTNS 15 (13)

CTSA 14 (11)

Neuronal Ceroid Lipofuscinosis (CLN10) CTSD 7 (4)

Neuronal Ceroid Lipofuscinosis (CLN13) 12 (10)

Pycnodysostosis CTSK 6 (5)

Neuronal Ceroid Lipofuscinosis (CLN4B) DNAJC5 5 (5)

16 (13)

Pompe disease GAA 15 (10)

GALC 37 (31)

Morquio A disease GALNS 22 (14)

GBA 42 (33)

GLA 9 (7)

GLB1 8 (4)

GM2A 1 (1)

I-Cell disease GNPTAB 40 (32)

GNS 20 (11)

Neuronal Ceroid Lipofuscinosis (CLN11) GRN 20 (13)

Sly disease GUSB 18 (11)

Tay-Sachs disease 20 (18)

10 (7)

HGSNAT 22 (15)

Mucopolysaccharidosis Type IX 14 (9)

Hunter syndrome IDS 9 (8)

Hurler syndrome IDUA 8 (4)

Neuronal Ceroid Lipofuscinosis (CLN14) KCTD7 4 (3)

Danon disease LAMP2 9 (7)

Wolman disease LIPA 15 (10)

Alpha-Mannosidosis MAN2B1 12 (11)
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edu).44 In accordance with prior work,45

DNAJC5, 

likely damaging (Supplementary Table 1). Within these categories, variants were based on 

46,47 and known incomplete 
penetrance of PD risk alleles.48-50

 Gene Variantsa 

Beta-Mannosidosis MANBA 18 (15)

Mucolipidosis Type IV MCOLN1 19 (14)

Neuronal Ceroid Lipofuscinosis (CLN7) 19 (15)

NAGA 9 (8)

NAGLU 10 (9)

Sialidosis NEU1 -

Niemann-Pick Disease Type C1 NPC1 44 (35)

Niemann-Pick Disease Type C2 NPC2 2 (2)

Neuronal Ceroid Lipofuscinosis (CLN1) PPT1 9 (7)

PSAP 22 (16)

SCARB2 10 (7)

SGSH 12 (9)

Salla disease SLC17A5 18 (17)

Niemann-Pick Disease Type A/B SMPD1 27 (23)

ST3GAL5 11 (11)

-

Neuronal Ceroid Lipofuscinosis (CLN2) TPP1 16 (13)

a

CLN5 or NEU1
in 
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51,52 was performed, using the 

gene variants between PD cases and controls. Covariates were included to adjust analyses 
for gender and WES coverage (pre-QC missingness). Twenty MDS components were also 

unadjusted p 
adjusted p

test, an adjusted p-value (p

to the LSD set. All p p
both unadjusted and adjusted p

p < 0.05), the analysis was 
GBA variants 

each LSD gene independently.

46

frequency of rare GBA

100% or 10%. Because we predict that LSD gene variants associated with PD will have 

and metabolic criteria (Table 1).14-16,53 To test our hypothesis that an aggregate burden 

51,52 
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complementary analyses considering 3 nested categories of variants based on increasing 

44

pathogenic alleles.45 Although most LSD gene variants that cause disease are individually 
rare, we further reasoned that more frequent variants might also contribute to PD given 
the increased prevalence, along with the incomplete penetrance documented for many 
established risk alleles, including GBA variants.13,49,54 We therefore sampled variants at 

synonymous variants (category 1b, p = 0.010) or likely damaging variants (category 2a, 
p = 0.038 and 2b, p

p  < 0.05 for categories 1b and 2b) 

GBA 

GBA p =0.026). 

GBA, 

39 and the NeuroX 
28,35. 

controls (Table 2).
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in PD, and this signal was independent of GBA

1a, 1b, and 2b), despite the less comprehensive genotyping coverage compared to 

and 2b, p =0.0001) appears to be the more common GBAE326K Cases=0.021, 

Controls=0.011), which has been reported to be associated with PD risk in several large 
studies.55,56

GBA. Thus, based on analyses in three independent PD case-control 
datasets, we demonstrate a burden of variants in LSD genes associated with PD risk, and 

GBA.

GBA (p SMPD1 (p = 0.029), we discover evidence of 
CTSD (p = 0.002), SLC17A5 (p = 0.005  and 

HGSNAT (p = 0.046). 

damaging variants considered in our full LSD gene-set analysis. While our datasets are 

alleles per individual, which was slightly higher than that seen in controls (0.8 alleles per 
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Figure 1.

 

responsible for LSDs, which are predominantly pediatric Mendelian disorders, and PD, 

GBA, consistent with a 

mechanisms in PD pathogenesis. 
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The strengths of this study include a large PD case/control discovery cohort as 

gene and variant tests.57

including those established to cause LSDs, are individually rare (Table 1), and based on 

as for GBA

since the NeuroX data is restricted to those variants included on the genotyping array, 

GBA, (ii) strengthen the emerging evidence in support of 
SMPD1, and (iii) newly implicate SLC17A5, HGSNAT and CTSD
genes. SMPD1 cause Niemann-Pick type A/B disease and this locus 
has been independently implicated in PD risk based on several published studies.20-23 
Similar to GBA, SMPD1 
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SMPD1 risk alleles (Supplementary Table 2), 

non-synonymous variant, p.P332L, predicted to be damaging (CADD=32), and another 

Chinese PD cohort.22 Among the novel candidate genes, SLC17A5, HGSNAT, and CTSD, most 
rs16883930 in 

SLC17A5 58

59 
SLC17A5, HGSNAT, and CTSD

C syndrome (Mucopolysaccharidosis IIIC), and Neuronal Ceroid Lipofuscinosis (CLN10), 

34 CTSD encodes a lysosomal aspartyl proteinase 
60,61 Besides HGSNAT 

(MPSIIIC), other genes linked to mucopolysaccharidoses, including NAGLU 
syndrome / MPSIIIB)27 and ARSB (MPS6)28 have been previously implicated as PD risk 

62 In sum, the LSD genes and variants implicated by our 

or genotyping in the largest available PD case/control samples. Although we employed 
rigorous quality control procedures for calling variants from WES and genotyping data, 

pathogenesis.10 30-32 
63 

64

GBA or SCARB2, in neuronal cells or in mouse 
34,65,66 whereas increasing glucocerebrosidase 

67

68

33

within human dopaminergic neurons.69 In one recent study, subjects with idiopathic PD, in 
which GBA 

70

GBA ATP13A2, a rare cause of 
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to cause the LSD Neuronal Ceroid Lipofuscinosis.71 Lastly, many other common and rare 
PD risk alleles, including at RAB7L1, GAK, LRRK2, and VPS35

mechanisms in PD. 

2,3 Polygenic 
modeling approaches have previously demonstrated how common risk alleles can 

29,72

underlying PD risk, including alleles for GBA and those for established Mendelian PD 
genes.73

inheritance in other neurologic disorders including, amyotrophic lateral sclerosis74-76 and 
idiopathic peripheral neuropathy,77 and further reveals how genes causing early-onset, 
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