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ABSTRACT: Lysosomal storage disorders comprise a
clinically heterogeneous group of autosomal-recessive or
X-linked genetic syndromes caused by disruption of lyso-
somal biogenesis or function resulting in accumulation of
nondegraded substrates. Although lysosomal storage dis-
orders are diagnosed predominantly in children, many
show variable expressivity with clinical presentations pos-
sible later in life. Given the important role of lysosomes in
neuronal homeostasis, neurological manifestations, includ-
ing movement disorders, can accompany many lysosomal
storage disorders. Over the last decade, evidence from
genetics, clinical epidemiology, cell biology, and biochem-
istry have converged to implicate links between lysosomal
storage disorders and adult-onset movement disorders.
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The strongest evidence comes from mutations in Gluco-
cerebrosidase, which cause Gaucher’s disease and are
among the most common and potent risk factors for
PD. However, recently, many additional lysosomal storage
disorder genes have been similarly implicated, including
SMPD1, ATP13A2, GALC, and others. Examination of
these links can offer insight into pathogenesis of PD and
guide development of new therapeutic strategies. We sys-
tematically review the emerging genetic links between
lysosomal storage disorders and PD. © 2019 International
Parkinson and Movement Disorder Society
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The lysosome is a major site for degradation of cellu-
lar proteins and organelles and is thus essential for cellu-
lar homeostasis. Neurons appear especially sensitive to
lysosomal function given that a wide range of
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neurological disorders have been attributed to defects in
lysosome function. Mutations disrupting lysosomal bio-
genesis or function lead to accumulation of nondegraded
substrates and cause lysosomal storage disorders (LSDs).
More than 50 LSDs have been identified, which show
either autosomal-recessive or X-linked inheritance.
Although LSDs are predominantly pediatric disorders,
there is substantial heterogeneity in both clinical presen-
tations and manifestations, with infantile, juvenile, and
adult forms recognized in many cases. Emerging evi-
dence highlights links between LSDs in children and
adult movement disorders, most notably, Parkinson’s
disease (PD)! (Table 1). Examination of these links can
inform our understanding of the different mechanisms of
dysfunction that lead to onset of movement disorders
and provide novel targets for therapeutic development.
The following review will examine the published links
between lysosomal storage diseases in children and
adult-onset PD. We have focused on overlaps which dis-
play a phenotypic or genetic association with PD and
also display evidence of pathological association, namely
alpha-synuclein aggregation. Among the links described,
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TABLE 1. Summary of LSD associated with PD

Parkinsonism in Pathogenic a-Synuclein Relevant
Patients or Variant Pathology Mouse

Affected Protein (Gene) LSD Carriers PD GWAS Hit Identified Observed Model®
Glucocerebrosidase (GBA7) Gaucher X8 X'e X2 X120 X1
Acid Sphingomyelinase (SMPD7) Niemann-Pick disease Type A, B X% X3 X3
Niemann-Pick type C (NPC1) Niemann-Pick type C x5! X8
Galactosylceramidase (GALC) Krabbe disease X0 X6° X8°
a-N-acetylglucosneuroaminidase (VAGLU) Sanfilippo syndrome B X7® X® X122
ATP13A2 (PARK9) Neuronal ceroid lipofuscinosisKufar-Rakeb syndrome Xe8 X087 X% X123
Hexosamindase B (HEXB) Sandhoff disease X100 X108 X0

@Specifically mouse models with evidence of alpha-synuclein pathology or other PD related dysfunction.
PPD risk in PARK9 mutant carriers is controversial, but regardless can refer to PARK9 causing the related movement disorder, Kurfor-Rakeb syndrome, which

includes parkinsonism.

only the link between Gaucher’s disease and PD is defini-
tively established. In most of the other cases we review,
additional investigation is required, including either
genetic confirmation and/or mechanistic follow-up.

Glucocerebrosidase (GBAT7)

Gaucher’s disease (GD) is an LSD caused by
autosomal-recessive mutations in the GBAI gene that
encodes for the lysosomal enzyme, glucocerebrosidase
(GCase). GCase is a hydrolase which catalyzes the
breakdown of glucosylceramide to glucose and cer-
amide (Fig. 1). More than 300 mutations in GBAT have
been identified, including point mutations, splice-site
mutations, deletions, insertions, and mutations resulting
from recombination events with the highly homologous
pseudogene.” These mutations lead to reduced lyso-
somal GCase activity attributed to either disrupted
translation, misfolding, impaired trafficking, protein
instability, or a combination of these defects. Very

Glucosylceramide
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SMPD1 v
Sphingomyelin » Ceramide
Niemann-Pick o~
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FIG. 1. LSD genes important in ceramide metabolism are also implicated in
PD. Mutations in GBA1, SMPD1, and GALC are responsible for Gaucher’s
disease, Niemann-Pick disease type A and B, and Krabbe's disease,
respectively. GBAT encodes for GCase, which hydrolyzes glucosylceramide
to glucose and ceramide; SMPD1 encodes for acid sphingomyelinase,
which hydrolyzes sphingomyelin to phosphocholine and ceramide; and
GALC encodes for galactosidase, which hydrolyzes galactosyl moieties
from lipids, including hydrolysis of galactosylceramide to galactose and cer-
amide. [Color figure can be viewed at wileyonlinelibrary.com]

rarely, GD can also be caused by mutations in the
PSAP gene, which encode for Saposin C, an essential
protein modulator for GCase.?

Three clinical subtypes of GD are recognized based
on age of onset and presence of neurological manifesta-
tions. These subtypes are an attempt to categorize what
is a phenotypic continuum with presentations ranging
from perinatal lethality to nearly asymptomatic.* Type
1 GD is the mildest and most common form of disease
(90% of cases in Europe and the United States) which
typically presents with hepatosplenomegaly and fatigue.
Age at initial presentation of type 1 GD is highly het-
erogeneous with onset reported in both juvenile and
late-adult populations.”® Type 2 GD is the most severe
form of the disease with onset shortly after birth. Type
2 GD manifestations include severe neurological deficits
and rapidly progressive neurologic deterioration that is
usually fatal by age 3. Type 3 GD includes the symp-
toms observed in type 1 GD along with more mild cen-
tral nervous system (CNS) involvement and variable
age of onset.®

As mentioned above, mutations in GBAI lead to
reduced GCase enzymatic activity. In general, greater
decreases in enzymatic activity correlate with more severe
phenotypes. For instance, mutations that result in com-
plete or almost complete loss of enzymatic activity can be
perinatal lethal and are more likely associated with the
most severe, type 2 form of the disease,””® whereas muta-
tions with slightly higher residual activity display the
least severe, type 1 phenotype. However, exceptions have
also been observed.® GBA1 loss-of-function mutations
lead to accumulation of the GCase substrate glucosylcer-
amide (GlcCer), particularly in macrophages, transform-
ing them into classical Gaucher cells. Gaucher cells
contain GlcCer aggregates in a characteristic twisted,
fibrillar arrangement that are clearly distinguishable by
electron microscopy. The monocyte lineage is especially
vulnerable because they contain large amounts of glyco-
sphingolipids. As GlcCer accumulates, it is converted to
glucosylsphingosine by the enzyme acid ceramidase.’
GlcCer and glucosylsphingosine spill over into the
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cytoplasm, where they can be further metabolized by
neutral GCase2 to ceramide and sphingosine, respec-
tively. Accumulation of glucosylsphingosine and sphingo-
sine also contributes to toxicity in GD.'%!!

Heterozygous mutations in the GBA1 gene are the
most common genetic risk factor for PD with a pre-
dicted frequency of 7% to 10% in the PD population.'?
This is an example of genetic pleiotropy, by which vari-
ation in a single gene (GBAI1) can influence multiple,
distinct clinical phenotypes (GD and PD), through
autosomal-recessive or dominant inheritance mecha-
nisms, respectively. Overall, GBA-PD exhibits a very sim-
ilar symptomatic presentation to sporadic PD with a
slightly earlier average age of onset. In addition, GBA-PD
is characterized by a modest increased risk of cognitive
impairment and dementia, and reduced bradykinesia and
resting tremor relative to other PD patients.'

Although the mechanism by which GBA1 mutations
increase PD risk is not completely understood, GCase
enzymatic activity appears to be a critical factor. Indi-
viduals with more severe GBA1 mutations, specifically
mutations associated with lower enzymatic activity,
have been shown to have increased risk for develop-
ment of PD and an earlier age of onset.® Specifically,
carriers of more severe mutations, such as the
¢.84dupG or 1L444P mutation, which are often associ-
ated with neuronopathic GD, are more likely to
develop PD than carriers of N370S of E326K muta-
tions.'*'* Moreover, stronger GBA1 loss-of-function
alleles have also been implicated with more severe
motor phenotypes and increased risk of nonmotor man-
ifestations, including hyposmia, cognitive impairment,
and dementia.’>"® Interestingly, reduced GCase enzy-
matic activity has also been documented in sporadic PD
(without known GBA1 mutations).'®'” Lastly, individ-
uals with GD are also at risk of developing PD. The
risk attributed to homozygous GBA1 loss-of-function
alleles is significantly greater than that observed in het-
erozygous GBA1 mutations, although most individuals
with GD will still not get PD.'>!8 Together, the accu-
mulating evidence for genotype-phenotype relationships
in GBA-PD strongly support a dose-dependent, loss-
of-function risk model. There is also evidence that
GCase unfolding and retention in the endoplasmic
reticulum (ER) may also promote toxicity, perhaps
through induction of ER stress. Although this mecha-
nism is unlikely to fully account for the GBA-PD link
on its own, it could potentially be a relevant modifier
contributing to disease heterogeneity.!” A similar modi-
fier effect may also be driven by genes involved in regu-
lation of GCase, including SCARB2 and PSAP.>*%*!

Work by our lab and others, has shown that reduced
GCase activity is associated with lysosomal dysfunction
and synuclein accumulation.”*** This could be attributed
to accumulation of the substrate, lysosomal glucosylcera-
mide, which was shown to increase alpha-synuclein
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aggregation.”> Recent work has also shown that glucosyl-
sphingosine, which is more abundant in the cytoplasm,
might also contribute to alpha-synuclein aggregation.'!
More recently, we found that mitochondrial oxidant
stress and increased oxidation of dopamine resulted in
direct modification of GCase that led to its decreased
activity and ultimately lysosomal dysfunction.”* This
observation was made in dopaminergic neurons from
patients with either idiopathic or familial PD, indicat-
ing that this may represent a unifying mechanism link-
ing GCase and PD.?* In support of this hypothesis, we
found that mouse models exposed to increased oxi-
dized dopamine displayed alpha-synuclein accumula-
tion, reduced GCase activity, and neurodegeneration
in the SN.** Whereas alpha-synuclein accumulation
could inhibit GCase trafficking and lysosomal function
in various cell types,” our observation highlights one
attractive mechanism for the increased vulnerability of
midbrain dopaminergic neurons to loss of GCase
activity.*

Based on our current understanding, there are several
strategies related to GCase ceramide metabolism that
could be therapeutic for both GD and PD. Although cel-
lular regulation of ceramide is complex—involving de
novo synthesis, recycling, and salvage pathways—several
feasible strategies might target GCase specifically, includ-
ing (1) increasing the stability or activity of the remain-
ing GCase enzyme, (2) GBA1 gene therapy, (3) substrate
removal therapy to reduce the accumulation of the glu-
cosylceramide and glucosylsphingosine, or (4) restoring
normal levels of ceramide. The first strategy involves the
development of molecular chaperones to increase
enzyme stability enabling increased trafficking of GCase
to the lysosome and/or increasing protein half-life within
the lysosome. Alternatively, the development of positive
allosteric modulators could directly increase activity of
GCase, although this would only be effective if func-
tional GCase is trafficked to the lysosome. The second
strategy aims to increase functional GCase protein levels
through gene therapy strategies. The third approach tar-
gets ceramide synthase in order to reduce accumulation
of the GCase substrate, glucosylceramide. This strategy
is already approved for use in GD patients and is cur-
rently in clinical trials for PD.?® Lastly, we have recently
shown that a reduction in ceramide contributes to accu-
mulation of alpha-synuclein in GCase-deficient cells.**
We found that inhibition of acid ceramidase, which cata-
lyzes the hydrolysis of ceramide to sphingosine, could
restore normal ceramide levels in the cell and rescue a
GCase knockout phenotype.*

Acid Sphingomyelinase (SMPD1)

Niemann-Pick disease (NPD) is a rare autosomal-
recessive disorder including neuropathic (Type A) and
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non-neuropathic (type B) forms. NPD type A and B are
caused by mutations in the gene SMPDI1, which
encodes for acid sphingomyelinase (ASM; sphingomye-
lin phosphodiesterase). ASM catalyzes the hydrolysis of
sphingomyelin to phosphocholine and ceramide in late
endosomes and lysosomes (Fig. 1). To date, over
180 mutations in SMPD1 have been identified, includ-
ing point mutations (missense and frameshift), small
deletions, and splice site mutations.”” These mutations
appear to be equally distributed throughout the gene
with no specific mutagenic regions identified.

Type A NPD is most common among individuals of
Ashkenazi Jewish decent (66% of total type A),
although it has also been reported in other popula-
tions.”® The most common SMPD1 mutations are
R496L, L302P, and 990delC which account for 90%
of type A alleles in the Ashkenazi Jewish popula-
tion.”” NPD type B is considerably more pan-ethnic
than type A with affected populations identified all
around the world. Mutations in SMPD1 that lead to
NPD type B display significantly reduced ASM activ-
ity, although it is thought that a small amount of
residual activity remains, which accounts for the
more mild phenotype in NPD type B patients relative
to type A.>°

Type A NPD is characterized by hepatosplenomegaly,
with disease onset beginning months after birth. These
individuals also display deteriorating psychomotor
development and progressively worsening hypotonia.>!
In contrast, patients with type B NPD display a signifi-
cantly milder phenotype with age of onset ranging from
infancy to late adulthood. These individuals have nor-
mal CNS development, but exhibit hepatosplenome-
galy, which can lead to liver failure. In addition,
pulmonary function is often compromised and can lead
to pulmonary infections, which is the most common
cause of death in this population.>! Despite the classifi-
cation of type A and type B, many intermediate cases
have also been reported with mild-to-moderated neuro-
logical presentations.®” Several of these reported inter-
mediate cases display compound heterozygous mutations,
carrying one severe and one mild mutation. This observa-
tion highlights a genotype-phenotype association,
although patients have also been identified as “intermedi-
ate” containing two mild mutations.*>

Mutations in SMPD1 lead to major loss-of-function of
ASM. As a result, patients display accumulation of the ASM
substrate sphingomyelin, as well as bis(monoacylglycero)
phosphate and lysosphingomyelin within the lysosome.>***
Under stress conditions, ASM is also translocated from the
lysosome to the outer leaflet of the plasma membrane, where
sphingomyelin hydrolysis leads to reorganization of lipid
microdomains.® As a result, ASM knockout animal models
exhibitsynapticdysfunction.>®>”

Carriers of SMPD1 mutations are at increased risk
for PD.?® Specifically, heterozygous carriers of more

severe mutations, which cause NPD type A, are impli-
cated. The first mutation identified was L302P, which
was found to substantially increase risk for PD (odds
ratio estimate = 9.4).>® This was followed by identifica-
tion of a less common mutation (R591C) in the Chinese
population®” as well as the fsP330 mutation.*” Interest-
ingly, the R496L mutation, which is one of the most
common point mutations in SMPD1, was not found to
associate with increased PD.*!

Very little is known about the role of ASM and the
pathology associated with SMPD1-linked PD, because
this connection was only recently uncovered and is very
rare in the general population. Patients with NPD type
B display few neurological symptoms despite having
only ~10% residual ASM activity.** This creates uncer-
tainties regarding the mechanism by which SMPD1
mutation carriers, anticipated to have at least 50%
residual activity, would be at risk of PD. In addition,
individuals with sporadic PD were found to have nor-
mal levels of ASM activity in a dried blood spot analy-
sis.*> However, with the identification of SMPD1
mutations as risk factors for PD, it is likely that this
connection will receive more attention.

Enzyme replacement therapies with ASM are cur-
rently in clinical trials for NPD patients. However,
because these approaches do not reach the CNS, they
are unlikely to be amenable for PD. Additional thera-
peutic strategies could be aimed at (1) increasing stabil-
ity or activity of the residual enzyme, (2) reducing the
accumulation of the substrate, sphingomyelin, or
(3) increasing levels of products (phosphocholine and
ceramide). Developing molecular chaperones could
increase the stability and levels of protein in lysosomes,
whereas positive allosteric modulators might enhance
enzymatic activity. These efforts have been aided by the
recent publication of the ASM crystal structure.** Aug-
menting the activity of the similar enzyme, neutral
sphingomyelinase, might be one approach to address
the accumulation of sphingomyelin in NPD.

Niemann-Pick type C (NPC1)

Niemann-Pick type C (NPC) is an autosomal-
recessive lysosomal storage disorder primarily caused
by mutations in the NPC1 gene (95% of cases). NPC1
is a large membrane protein that exists in late endo-
somes and lysosomes and participates in cholesterol
efflux.*> More than 260 mutations have been identified
in the NPC1 gene, most of which are missense muta-
tions affecting the luminal domain of the protein, that
are associated with onset the disease.*®*” Similar to
Niemann-Pick type A/B, NPC disease is characterized
by hepatosplenomegaly and progressive neurodegenera-
tion, including ataxia, cognitive decline, and seizures.
Disease onset usually begins between 2 and 4 years of
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age; however, similar to other LSDs, a milder form of
the disease displays adult onset with slower
progression.*®*’

Several case reports have linked NPCI to
PD. Specifically, the discovery of phosphorylated synu-
clein pathology at autopsy in the brains of several
patients with NPC, with classical Lewy bodies described
in the SN from 2 cases.’’ In addition, several NPC
patients and their family members have been reported to
present with parkinsonism,’'>® consistent with a possi-
ble genetic link similar to GBA and SMPD1.

Loss of function of NPCI leads to accumulation of
cholesterol in the late endosome/lysosome of all
cells.*’** Cholesterol has been shown to modulate
alpha-synuclein/membrane interactions®® and thereby
promote aggregation and toxicity.’®’” NPCI mutant
cells also accrue sphingolipids including glucosylcera-
mide, glucosylsphingosine, and sphingosine.’®>” This is
similar to GD and therefore potentially consistent with
converging pathogenic mechanisms. The mechanism for
accumulation of these additional lipids is unclear, but it
could either reflect a direct role for NPC1 in lysosomal
homeostasis or, more indirectly, generalized lysosomal
dysfunction following cholesterol accumulation. Fur-
ther clinical and basic investigation is required to eluci-
date the potential association between NPC1 and PD.

One of the pathological hallmarks of NPC is the pres-
ence of neurofibrillary tangles comprised of the hyper-
phosphorylated tau isoform similarly observed in
Alzheimer’s disease (AD).®° Interestingly, presence of
the ApoE4 AD susceptibility allele in NPC1 patients
may be associated with more rapid neurological pro-
gression®! and the coincident development of amyloid
plaque pathology.’® Although confirmation of these
findings in larger, independent cohorts is needed, the
observations highlight both the potential role of genetic
modifiers in modulating LSD phenotypes and also the
possibility of interactions between comorbid brain
pathologies. These factors likely contribute to the het-
erogeneity of disease phenotypes observed in many
lysosomal storage disorders.

Galactosylceramidase (GALC)

Mutations in the gene GALC, which encodes for
galactosylceramidase (GALC), are associated with onset
of globoid cell leukodystrophy, also known as Krabbe
disease. GALC is a lysosomal enzyme that hydrolyzes
galactosyl moieties from lipids, including galactosylcer-
ebroside and galactosylsphingosine (Fig. 1). More than
70 disease-causing mutations in the GALC gene have
been identified, many of which are compound heterozy-
gous.®>%% A large number of these mutations are located
outside the catalytic domain, yet still lead to substan-
tially reduced enzymatic activity (~95%).°* Therefore,
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these mutations are predicted to cause reduced RNA sta-
bility, protein stability, or impair protein trafficking.®®
Similar to GD, age of onset and disease severity are often
dictated by the degree to which enzymatic function is
reduced.®> Enzymatic activity can be completely lost
through splice site and nonsense mutations, whereas
more mild, missense mutations show either normal or
up to 22% reduced levels of function.®**® Considerable
heterogeneity has been described in Krabbe disease,
including among individuals with identical mutations,
making it difficult to define a genotype-phenotype
relationship,®® and suggesting the possibility of other
genetic or nongenetic modifiers.

Krabbe disease typically presents with infantile onset
in the first 6 months of life. The disease commonly
manifests as increased irritability, spasticity, and devel-
opmental delay along with unexplained fever, blind-
ness, and deafness.” The disease course rapidly
progresses with severe motor and mental deteriora-
tion.®” A small percentage of patients develop juvenile-
or adult-onset forms of the disease. These forms are
typically less severe, exhibit slower disease progression,
and may not involve peripheral neuropathy.®®

Deficiency of lysosomal GALC leads to rapid accumula-
tion of galactosylsphingosine in patients with Krabbe dis-
ease. Accumulation of galatosylsphingosine has been
shown to be neurotoxic to oligodendrocytes and Schwann
cells®® leading to central and/or peripheral demyelination,
respectively.”’ In addition, on neuropathological evalua-
tion, Krabbe disease may reveal cytoplasmic inclusions
containing aggregated forms of alpha-synuclein, which
are thought to contribute to disease progression.”! Indeed,
sphingolipid accumulation may directly promote and/or
accelerate synuclein aggregation.

In a large genome-wide association study (GWAS)
meta-analysis, variants at the GALC locus were signifi-
cantly associated with PD risk.”* The causal variant for
the association of GALC locus with PD risk remains to
be defined. Unlike the rare, loss-of-function mutations
identified at GBA1 and SMPDI1, the most strongly
associated variant at GALC is a common polymor-
phism, rs8005172, located 12.6 kilobases proximal to
the gene promoter and located within an intron of an
adjacent gene, GPR6S. Based on publicly available gene
expression data sets,”> this variant is significantly asso-
ciated with GALC gene expression across a large num-
ber of tissues, including in brain. Nevertheless, further
studies are needed to definitively identify the causal
variant(s) and confirm whether GALC is indeed respon-
sible for the variant association with PD risk.

Further supporting a role of GALC in the onset of
PD, a recent study revealed reduced GALC activity and
associated sphingolipid accumulation in sporadic PD
patients, when compared to healthy controls.”* Interest-
ingly, GALC activity was also reduced in aging, which
is the strongest risk factor for PD. However, similar to
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SMPD1-linked PD, the consideration of PD as part of
the phenotypic spectrum of Krabbe disease is difficult
to resolve. The disease phenotypes and symptomatic
presentations are highly divergent, possibly suggestive
of two separate disorders. It is possible that partial loss
of GALC activity confers increased risk, which, in com-
bination with other factors, leads to the neurodegenera-
tion observed in PD.

The discovery of a possible role of GALC in sporadic
PD highlights the potential of this protein as a thera-
peutic target for idiopathic PD. Whereas the current
treatment of Krabbe disease is hematopoietic stem cell
transplantation,”” recent research has identified molecu-
lar chaperones that effectively increase GALC protein
and associated activity.> These chaperones could
potentially be therapeutically beneficial in PD as well.
Alternatively, the development of allosteric modulators
capable of enhancing GALC activity might have prom-
ising therapeutic potential in PD.

a-N-acetylglucosneuroaminidase
(NAGLU)

Sanfilippo syndrome B, also known as mucopoly-
saccharidosis III disease B (MPS-IIIB), is an LSD
caused by mutations in the NAGLU gene encoding
a-N-acetylglucosminidase (NAG). NAG is a lysosomal
hydrolase, which degrades heparan sulfate glycosami-
noglycans. Mutations in NAG lead to accumulation of
heparan sulfate within affected individuals.”® Sanfilippo
syndrome B is characterized by juvenile disease onset
with progressive degeneration of the CNS. The rate of
MPS-IIB  progression varies considerably, which
appears to correlate, in part, with the level of residual
NAG enzymatic activity.””””

Common genetic variants at the NAGLU gene locus
were initially discovered in association with PD risk on
a candidate basis,®® and consistent results recently
emerged from GWAS.®' In addition, examination of
postmortem brain tissue from 3 MPS-IIIB cases
revealed accumulations of phosphorylated alpha-synu-
clein.®? Similar pathological findings were also reported
in the related LSD, MPS-TIIA.*°

There are several possible mechanisms through which
impaired NAG activity could promote synuclein accu-
mulation. In vitro studies have found that heparan sul-
fate dramatically increases the fibrillization of alpha-
synuclein.®® Synuclein aggregates can interact with
heparan sulfates at the neuronal cell surface leading to
cellular internalization.®* Thus, it is possible that
increased heparan sulfates could accelerate this process
enhancing the aggregation and subsequent propagation
of alpha-synuclein pathology. Additionally, glycosami-
noglycans have been found to inhibit cathepsin D, a
major lysosomal protease involved in synuclein

degradation, leading to synuclein accumulation.®’

Despite these promising observations, more investiga-
tion is needed to examine the potential overlap between
MPS-TIIB and PD, including whether targeting NAG
might have potential therapeutic benefit.

ATP13A2 (PARK9)

ATP13A2 is a transmembrane P5-type ATPase that is
involved in active transport of cations across the lyso-
somal membrane. Currently, only a single homozygous
missense mutation in PARK9 (MS810R) has been
reported leading to onset of neuronal ceroid lipofusci-
nosis (NCL) in humans,®® although a similar phenotype
in canines has more commonly been reported following
mutation in a PARK9 homolog.®” NCLs are a heteroge-
nous group of LSDs resulting from accumulation of
lipopigments, predominantly in the brain and retina.®®
PARK9-associated NCL initially presents with learning
difficulties in childhood followed by progressive cogni-
tive and motor decline.

Homozygous or compound heterozygous mutations
in PARK9 are also linked to development of Kufor-
Rakeb syndrome (KRS). To date, 14 mutations, includ-
ing deletions, duplications, missense, and splice site
mutations, in functionally important domains of the
protein have been identified.>” KRS, which typically
manifests in adolescence or young adulthood, is charac-
terized by parkinsonian motor signs (tremor, bradyki-
nesia, and rigidity) in association with spasticity,
supranuclear gaze palsy, and dementia. Pathological
features in KRS are unknown because autopsy studies
have not been reported.

Heterozygous carriers of PARK9 mutations have
been reported with increased PD risk in some,”®”® but
not all,”*** studies. Interestingly, in one report, PARK9
variants were implicated to co-occur with either GBA1
variants or alleles of another PD gene, leucine-rich
repeat kinase (LRRK2).’® Given the rarity of PARK9
mutations, definitive confirmation of a potential associ-
ation with PD risk will require sequencing of much
larger sample sizes.

Mutations in ATP13A2 lead to reduced protein
expression through nonsense-mediated mRNA decay,
reduced protein stability, or impaired trafficking to the
lysosome, causing them to undergo ER-associated deg-
radation.”” We and others have previously shown that
loss of function in ATP13A2 leads to lysosomal and
mitochondrial impairment,”®”? possibly attributed to
impaired intracellular Zn** homeostasis.'°>'°" The role
of ATP13A2 in PD is strengthened by the observation
that ATP13A2 mRNA and protein levels are signifi-
cantly increased in the dopaminergic neurons of
patients with sporadic PD.'"% This could indicate that
dopaminergic neurons that express higher ATP13A2
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protein levels are less susceptible to cell death. Poten-
tially consistent with this, loss of ATP13A2 is associ-
ated with impairments in lysosomal function and
exosome biogenesis/secretion, both of which may lead
to accumulation of alpha-synuclein.”®'%3

Hexosaminidase B (HEXB)

Mutations in HEXB, encoding p-hexosaminidase B,
cause the recessive disorder, Sandhoff disease (GM2
gangliosidosis). HexB, which is also a lysosomal
enzyme, is responsible for the metabolism of GM2 gan-
glioside. Over 20 mutations in HEXB, including both
point mutations and deletions, have been described.'®*
A juvenile-onset form of Sandhoff disease is caused by
severe mutations that nearly abolish enzymatic function
(<2% residual activity).'®* These patients present with
reduced attention, weakness, and hypotonia, followed by
progressive psychomotor impairment.'® HEXB muta-
tions in which slightly higher enzymatic activity is main-
tained result in a milder, adult-onset form,'°® including
muscle weakness, ataxia, and other movement-related
symptoms.'®”

Although no direct genetic connection has been
reported, studies of animal models, human postmortem
tissue, along with clinical case reports support a possi-
ble link between Sandhoff disease and PD. Notably,
HEXB knockout mice manifest alpha-synuclein pathol-
ogy in the SN, along with lysosomal dysfunction.'®®
Brain autopsy studies in Sandhoff disease have similarly
revealed accumulation of GM2 ganglioside along with
alpha-synuclein  deposits.'®”''?  Last, several case
reports describe the manifestation of parkinsonian motor
symptoms/signs in patients with either childhood- or
adult-onset Sandhoff disease.''*!!2

The exact driver of synuclein accumulation in HexB-
deficient cells remains unclear. It is possible that accu-
mulation of GM2 ganglioside may directly modulate
alpha-synuclein aggregation, or alternatively, this may
represent a more indirect consequence of lysosomal
dysfunction. Thus, further studies are needed to deter-
mine whether modulation of GM2 ganglioside metabo-
lism might be beneficial in PD.

Discussion

The accumulating evidence for genetic connections
between LSD and PD has led to the intriguing hypothe-
sis that beyond the pleiotropic effects identified for a
handful of genes/variants, a deeper mechanistic link
may exist between LSDs and PD.!'*!!* By extension,
this would potentially implicate as many as 60 other
genes known to cause LSDs. As introduced above, a
wealth of evidence including studies of human brain
tissue and experiments in numerous animal models,

( PEDIATRIC LSDs AND ADULT PARKINSONISM

highlights a clear role for lysosomal dysfunction in
PD. Given the rarity of most LSD-causing variants and
allowing for the possibility of incomplete- and age-
dependent penetrance, definitive assessment of each
gene for an association with PD risk will require very
large case/control cohorts with sequencing. Based on
recent studies in AD,'"” it now seems likely that sample
sizes including more than 10,000 subjects will be neces-
sary. Although studies of this scope may be possible in
the near future, rather than focusing on individual
genes where statistical power is more limited, we have
pursued a complementary approach examining aggre-
gate genetic risk among 54 LSD genes. Indeed, among
~3,000 PD cases and controls with exome sequencing
data, we discovered a significant “burden” of putative
damaging variants among this LSD gene set.''® This
result was robust to the exclusion of GBA1 and was
consistent in two independent data sets, suggesting that
other LSD genes besides GBAT1 likely contribute to PD
risk. Importantly, more than half of our PD cohort
(56%) had more than one LSD gene variant, and 21%
carried two or more potential risk alleles in multiple
LSD genes.''® These results therefore support the possi-
bility of an oligogenic risk model for PD, in which mul-
tiple genetic hits act in combination to degrade cellular
metabolism, enhancing disease susceptibility (Fig. 2).
Evidence for the involvement of additional LSD genes
in PD risk also comes from a recently completed
GWAS, including more than 50,000 cases and 1 million
control subjects. This largest-ever study identifies newly
significant variant associations at NAGLU, GUSB,
NEU1, and GRN.*' Although additional work will be
required to confirm whether these genes are in fact
responsible for the variant associations, the results of
both rare and common variant genetic association stud-
ies are converging to implicate significant overlap in
susceptibility loci between PD and heterogeneous LSDs.

Despite the genetic, neuropathological, and mechanis-
tic studies implicating lysosomal dysfunction in PD
pathogenesis, the involvement of this pathway in dis-
ease is not unique to PD. There is abundant evidence of
lysosomal dysfunction in several other neurodegenera-
tive disorders, including AD''” and Huntington’s
disease,"'® suggesting that dysfunction of the lysosomal
system is an important contributor to pathogenesis
across many neurodegenerative disorders. As a result,
lysosomal dysfunction alone cannot explain the prefer-
ential neuronal vulnerability in PD, and it is important
to consider other responsible factors. In PD, as dis-
cussed above, dopamine oxidization may exacerbate
lysosomal dysfunction and provide at least a partial
explanation for the selective vulnerability of dopami-
nergic neurons. Increased cytoplasmic oxidation of
dopamine may result from synaptic deficits that lead to
impaired packaging of dopamine or mitochondrial
stress, which increases oxidative potential.>*!'!"? In
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FIG. 2. A hypothetical model for oligogenic risk in PD. Genetic mutations associated with LSDs cause severe impairment in lysosomal function resulting
in significant lipid accumulations and leading to the severe phenotypes observed in juvenile-onset LSDs. In cases where mutations result in modest
impairments that are associated with PD, lysosomal function is maintained to an extent where lipid metabolism can be relatively normal. However, mild
impairments in overall lysosomal protein degradation efficiency caused by one or more LSD genetic variants in combination other genetic and/or non-
genetic risk factors as well as aging may further disrupt cellular proteostasis, leading to accumulation of alpha-synuclein and, ultimately, PD.

addition, elevation of alpha-synuclein levels that occurs
during lysosomal dysfunction may also explain neuro-
nal vulnerability and could further contribute to lyso-
somal, mitochondrial, and synaptic dysfunction.
Nevertheless, these genetic forms of PD that are linked
to lysosomal genes provide a foundation for develop-
ment of targeted therapies (e.g., activation of GCase in
GBA-PD). Despite the potential for complicated interac-
tions and distributed failure of lysosomal, mitochon-
drial, and synaptic mechanisms in the PD brain, there is
promise that targeted approaches, such as activating
GCase to enhance lysosomal function, may halt the
vicious cycle, enhancing mitophagy, promoting degra-
dation of alpha-synuclein, and blocking accumulation
of potentially harmful dopamine oxidation products. ®
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