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1 | LYSOSOMAL STORAGE
DISEASES WITH CENTRAL

NERVOUS SYSTEM

Tristan R. McKay"

Abstract

There are currently at least 70 characterised lysosomal storage diseases (LSD)
resultant from inherited single-gene defects. Of these, at least 30 present with
central nervous system (CNS) neurodegeneration and overlapping aetiology.
Substrate accumulation and dysfunctional neuronal lysosomes are common
denominator, but how variants in 30 different genes converge on this central
cellular phenotype is unclear. Equally unresolved is how the accumulation of
a diverse spectrum of substrates in the neuronal lysosomes results in remark-
ably similar neurodegenerative outcomes. Conversely, how is it that many
other monogenic LSDs cause only visceral disease? Lysosomal substance accu-
mulation in LSDs with CNS neurodegeneration (nLSD) includes lipofusci-
noses, mucopolysaccharidoses, sphingolipidoses and glycoproteinoses. Here,
we review the latest discoveries in the fundamental biology of four classes of
nLSDs, comparing and contrasting new insights into disease mechanism with
emerging evidence of unifying convergence.
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presenting with central nervous system (CNS) neuropa-
thology. CNS neuropathology in LSDs (nLSD) includes
impaired axonal transport, synaptic dysfunction and ulti-

NEURODEGENERATION

Lysosomal storage diseases (LSD) are a family of inher-
ited rare diseases characterised by the aberrant accumu-
lation of substance in the lysosomes of affected cells.
Disease is the result of inherited variants in genes encod-
ing proteins that most often functionally map to vesicular
transport or the lysosome. Clinically, LSDs present with
multiple morbidities, affecting visceral organs such as the
liver and spleen, but with a substantial number also

mately neurodegeneration. Secondary neuroinflamma-
tion has a significant and complex role in many
neurodegenerative disorders, including the common neu-
rodegenerative diseases (often historically referred to as
‘age-related dementias’) and the nLSDs. Astrocytes and
microglia function as the immune cells of the CNS, also
performing a supportive role for neurons. Reactive gliosis
is an inflammatory response involving astrocytes and
microglia that aims to limit damage to the CNS but,
under conditions of chronic inflammation, can drive a
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positive feedback loop, amplifying neurodegeneration. In
this review, we will focus on intracellular neuronal
mechanisms driving LSDs rather than the secondary
effects linked to neuroinflammation, which is reviewed
elsewhere." We will concentrate on CNS neurodegenera-
tion, although we recognise that CNS degenerative dis-
eases may exhibit clasmatodendrosis.>

Within the nLSDs reviewed here, disease sub-groups,
classified by the substance that accumulates in neuronal
lysosomes (Table 1). Possibly the most complex lysosomal
aggregate is lipofuscin in the neuronal ceroid lipofusci-
noses (NCLs). Lipofuscin content varies and remains
incompletely characterised. It is known to be enriched in
mitochondrial proteins, notably the subunit ¢ of mito-
chondrial ATP synthase, phospholipids, glycolipids and
cholesterol as well as metal ions such as iron, copper
and zinc. Lysosomal lipofuscin is not restricted to the
NCLs, it has also been characterised in many common
neurodegenerative diseases including CNS neurons in
Alzheimer disease and Parkinson disease, as well as pho-
toreceptor cells in patients with age-related macular

TABLE 1
system neurodegeneration discussed herein, grouped according to

Lysosomal storage diseases with central nervous

the substance accumulating in the lysosome.

Lysosomal storage Lysosomal storage
disease Gene material
Neuronal ceroid lipofuscinoses (NCL)
Congenital CLNIO Lipofuscin
Infantile NCL CLN1, 14 Lipofuscin
Late infantile NCL CLN2 Lipofuscin
Variant late infantile =~ CLN5, 6, Lipofuscin
NCL 7 and 8
Juvenile NCL CLN3,9, Lipofuscin
12
Adult NCL (Parry, CLN4, Lipofuscin
Kufs) 11,13
Mucopolysaccharidoses
(MPS)
MPS I (Hurler) IDUA Heparan sulphate
MPS II (Hunter) IDS Heparan sulphate
MPS IIIA SGSH Heparan sulphate
MPS IIIB NAGLU  Heparan sulphate
MPS IIIC HGSNAT Heparan sulphate
MPS IIID GNS Heparan sulphate
MPS VII GUSB Heparan sulphate
Gaucher disease (type GBAI Glucosylceramide and
1I and IIT) glucosylsphingosine
Niemann-Pick type C NPC1/ Cholesterol/
disease NPC2 glycosphingolipid

degeneration. This suggests lipofuscin accumulation is a
shared consequence of convergent biological processes,
either inherited or acquired over time.

Mucopolysaccharidoses (MPS) I, II, III and VII are
nLSDs that accumulate glycosaminoglycan substrates,
notably heparan sulphate, at the lysosome due to genetic
defects in enzymes involved in glycosaminoglycan degra-
dation. Similarly, nLSD sphingolipidoses, including
Gaucher types II and III, Niemann-Pick (types A and C)
diseases, are all the result of defects in lysosomal sphin-
golipid degradation.

nLSDs all show progressive CNS neurological decline
with divergent age of onset from infancy to adulthood.
CNS neurodegeneration is identified through a plethora
of clinical neurological criteria benchmarked against nat-
ural history studies. This review focuses on the progress
made over recent years in unravelling the molecular
mechanisms underlying CNS neurodegeneration in NCL,
MPS, Niemann-Pick type C (NPC) and Gaucher disease
(GD). There are many other clinically well-defined
nLSDs equally warranting discussion but with little or no
published cell and molecular research. Therefore, we will
explore commonalities in cellular dysfunction due to var-
iants in functionally diverse genes causing NCL, MPS,
NPC and GD.

1.1 | Neuronal ceroid lipofuscinosis

The NCLs are a complex group of somewhat overlapping
diseases resulting from autosomal recessive inheritance
of biallelic variants in 14 genes annotated as
CLNs. Disease-causing variants in CLN9, 12, 13 and 14
are rare, clinically complex and overlap with other dis-
ease classifications. With a collective incidence of
1:25 000 births® worldwide, they are often considered the
most common LSD. Patients with NCLs exhibit CNS neu-
rodegeneration with blindness, seizures, motor and cog-
nitive decline and premature death. Clinically, NCLs are
diagnosed and categorised by age of onset into congenital
(CLN10), infantile (CLN1), late infantile (CLN2), variant
late infantile (CLN5, 6, 7 and 8), juvenile (CLN3) and
adult (CLN4 and 11) forms.?

The CLN1/PPT1, CLN2/TPP1, CLN5 and CLN10/
CTSD proteins are all soluble lysosomal enzymes
involved in substrate clearance. Loss-of-function gene
variants result directly in the characteristic accumulation
of storage material seen in LSDs. CLN3, 6, 7 and 8 are
transmembrane proteins that all localise to the vesicular
transport network.> CLN6 and CLNS8 proteins physically
interact and collaborate in coat protein complex vesicles
that are involved in the transport of lysosomal enzymes,
including CLN5, from the ER to the Golgi.*> CLN3 has
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also been shown to have a function in vesicular traffick-
ing of lysosomal proteins, including the
mannose-6-phosphate receptor (M6PR), from the Golgi
to the lysosome.® CLN3 and CLN7 proteins share struc-
tural homology and are both classified in the Major Facil-
itator Superfamily of proteins, which include channels
and solute transporters. CLN3 has recently been impli-
cated in glycerophosphoinositol catabolism”® and CLN7
has outward-facing Cl~ channel activity at endolysoso-
mal vesicle membranes.” CLN11/GRN encodes progranu-
lin a lysosomal precursor glycoprotein, proteolytically
cleaved into seven bioactive granulin peptides (6 kDa)
that play an undefined role in the regulation of lysosomal
acidification and proteolysis.'>**

1.2 | Gaucher disease

GD has a collective incidence of 1:57 000 births world-
wide, but a much higher incidence in the Ashkenazi Jew-
ish population.'* Although GD manifests as a spectrum, it
has been historically classified into three forms. More than
85% of GD patients are classified as GD1; these patients do
not present with neurological features but do commonly
present with hepatosplenomegaly, thrombocytopenia,
anaemia and osteopenia. Individuals with GD1 often have
a normal life expectancy. GD2 and GD3 are infantile-onset
neuronopathic (nGD) disease types featuring acute cortical
neurodegeneration. In the case of GD2, this leads to mor-
tality usually before 3 years and GD3 patients die in the
third or fourth decade, but with some exceptional patients
surviving up until their sixth decade.'*'*

GD is caused by inheritance of biallelic variants in
the GBA1 gene that encodes the lysosomal glucocerebro-
sidase enzyme. It is distinct from the GBA2 gene, which
encodes a non-lysosomal glucocerebrosidase.® The lyso-
somal enzyme catabolises glycosphingolipid glucosylcera-
mide (GlcCer) to glucose and ceramide. Many GBAI
variants are believed to result in defective trafficking of
glucocerebrosidase to the lysosome rather than reduced
catalytic function at the lysosome.'® GBAI variants can
cause protein misfolding that promotes ER retention and
ER-associated degradation, resulting in the loss of gluco-
cerebrosidase function, lysosomal GlcCer accumulation
and neurodegeneration in nGD.'”'®

GBA1 genotype to phenotype correlation is complex
and unresolved. Biallelic GBA1 p.L444P variants can
result in all three types of GD'**° as well as monoallelic
p.L444P associated with Parkinson disease.** Further-
more, GD1 patients have an increased probability of
developing Parkinson disease later in life.** This suggests
other factors, including gene modifiers, contribute to dis-
ease progression and severity.

WILEY_| 22

1.3 | Niemann-Pick disease

Niemann-Pick disease is an autosomal recessive disease
clinically classified into types A, B and C with a shared
cellular phenotype of lysosomal cholesterol and glyco-
sphingolipid accumulation in affected cells. Niemann-
Pick A (NPA) and Niemann-Pick B (NPB) are both
caused by variants in the SMPD1 gene, encoding acid
sphingomyelinase. This enzyme is responsible for the
breakdown of sphingomyelin into ceramide and phos-
phorylcholine in the lysosome. Loss of function of this
enzyme leads to the lysosomal accumulation of sphingo-
myelin. Individuals with NPB have residual sphingomye-
linase activity and, as a result, tend to only present with
visceral disease, including hepatosplenomegaly, thrombo-
cytopenia, osteopenia and respiratory issues. Individuals
with NPA often have little or no sphingomyelinase activ-
ity, and as a result, their presentation is infantile onset
and much more severe, including rapid progressive
neurodegeneration.

Niemann-Pick type C disease is caused by loss-
of-function variants in NPC1, NPC2 genes, which encode
proteins that transport low density lipoprotein-derived
cholesterol out of the lysosome.”> NPC2 protein binds
NPC1 at its second luminal loop and presents lysosomal
cholesterol to the N-terminus of NPC1 under acidic con-
ditions.**** Variants in NPC1 and NPC2 result in the
accumulation of lysosomal cholesterol and glycosphingo-
lipids. Both lipids are essential for the maintenance and
function of cellular membranes and membrane-bound
organelles, resulting in neuronal destabilisation and sub-
sequent neurodegeneration.

1.4 | Mucopolysaccharidoses
MPS are a group of autosomal recessive inherited mono-
genic diseases that cause deficiencies of lysosomal
enzymes that catabolise glycosaminoglycans such as
heparan sulphate. There are seven types (MPS VII) with
varying clinical features but usually including coarse
facial features, cognitive retardation and hepatospleno-
megaly.*® Cortical neurodegeneration is associated with
MPS I, 1T and most substantially III (which is sub-
categorised into MPS IIIA-D), where cortical neurons
have enlarged endolysosomal vesicles with glycosamino-
glycan accumulation and reduced lysosomal activity.*”*®
MPS 1, 11, IIIA, IIB, IIIC and IIID are the result of
variants in IDUA (alpha-L-iduronidase), the X-linked
IDS (iduronate 2-sulphatase), SGSH (N-sulfoglucosamine
sulfohydrolase), NAGLU (alpha-N-acetylglucosamini-
dase), HGSNAT (heparan-glucosaminide N-acetyltrans-
ferase) and GNS (glucosamine(N-acetyl)-6-sulfatase)
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genes, respectively. Glycosaminoglycan accumulation
results in lysosomal dysfunction, leading to
neurodegeneration.

Collectively, these nLSDs are caused by variants in
genes encoding proteins with casual or direct links to
lysosomal function as well as often substantial clinical
overlaps. The individualistic approaches of targeted
enzyme replacement therapy and substrate reduction
therapy have been highly effective in treating visceral dis-
ease in some LSDs, but generally these therapeutics do
not cross the blood-brain-barrier and so cannot be sys-
temically delivered to treat CNS symptoms in LSDs. Gene
therapy, where adeno-associated virus (AAV) vectors
expressing the cDNA of the affected gene can be adminis-
tered intracranially or intrathecally has shown great
promise in pre-clinical models.>” However, this has often
not translated into clinical trials.***' This may be another
indicator that the successful treatment of nLSDs requires
a more nuanced approach, and understanding the linked
mechanistic biology could be a route to more efficacious,
and potentially unifying therapies. Here, we look at the
lysosome and beyond for shared molecular features of
nLSDs.

2 | LINKS BETWEEN nLSDs AND
COMMON NEURODEGENERATIVE
DISEASES

Pathogenic commonalities between neuronal and extra-
cellular accumulation of aberrant protein aggregates in
the brains of those affected by synucleinopathies and

tauopathies are well known. a-synuclein aggregates occur
in Parkinson disease, amyloid-p (Ap42) and hyperpho-
sphorylated tau in Alzheimer disease, and mislocalisation
of nuclear transactive response DNA-binding protein
43kDa (TDP-43) in frontotemporal dementia and amyo-
trophic lateral sclerosis (Figure 1).

The link between GBAI variants and Parkinson dis-
ease risk is well established. The risk that GD patients
will develop Parkinson disease is increased compared to
the general population®” and heterozygous GBA1 variants
are the single largest genetic risk factor for developing
Parkinson disease.”" Despite the increased disease risk
posed by GBA1 variants, not all GD patients will go on to
develop clinical features of Parkinson disease. However,
a study by Beavan et al. found that many GD patients
exhibit prodromal signs of Parkinson, including parkin-
sonian motor signs, mild cognitive impairment and olfac-
tory abnormalities.>?

Degeneration of dopaminergic neurons occurs in the
substantia nigra of Parkinson disease brains, concomitant
with o-synuclein aggregation and accumulation. The
same is observed in rat cortical neurons with Gbal deple-
tion.** Deletion of the GBAI homologue dGBA1b in Dro-
sophila results in the accumulation of protein aggregates
in a a-synuclein-independent manner suggesting other
factors may play a role in neurodegeneration.*> More spe-
cifically, GBA1I variants in Parkinson disease dopaminer-
gic neurons manifest as hyperactivation of mechanistic
target of rapamycin complex (mTORC1), a negative regu-
lator of the lysosome-autophagy network. This results in
an autophagic block and elevated a-synuclein accumula-
tion that is ameliorated by inhibition of acid ceramidase,

Mucopolysaccharidoses
Tcx Synuclein
TDP-43
a Synuclein Tau
Gaucher ,élzf;((_mmer B!sease Amyloid B Niemann
Disease arkinson Disease Pick C

Frontotemporal dementia

Tcx Synuclein
¢ Prosaposin

Neuronal
ceroid
lipofuscinosis

FIGURE 1
accumulations that link lysosomal storage

Common substrate

diseases with central nervous system
neurodegeneration with common
neurodegenerative diseases.
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which deacylates glucosylceramide to glucosylsphingo-
sine (GlcSph), mechanistically linking Parkinson disease
and GD.*®

Interestingly, other LSD genes have been implicated
as Parkinson disease risk factors. The study by Robak
et al. found that 56% of their Parkinson disease patient
cohort had at least one damaging variant in an LSD-
associated gene.’’ These links are being increasingly
recognised and these observations imply shared aetiology
between Parkinson disease and nLSDs, with significant
overlap in the pathological mechanisms involved in both.
The accumulation of a-synuclein could be cause or effect.
Mpslila knockout mice accumulate insoluble a-synuclein
at the synapses of cortical neurons, the consequence of
defective synaptic vesicle recycling through interactions
with soluble N-ethylmaleimide sensitive factor attach-
ment protein receptor (SNARE) family proteins.”® This
phenotype is partially ameliorated by ablating one Snca
allele in MpsIIla knockouts.>* Observations of inclusions
containing ubiquitin and a-synuclein in post-mortem
brain tissue of MPS III patients are also common.*"*
SNARE-mediated synaptic vesicle fusion and recycling is
a neuron-specific process but is also involved in endolyso-
somal vesicular trafficking more generally. The relevance
of this in nLSDs will be discussed later in greater detail.

As previously mentioned, accumulation of autofluor-
escent lipofuscin in enlarged lysosomes is a shared char-
acteristic between Parkinson disease and the NCLs
suggesting shared molecular pathophysiology.
a-synuclein accumulates in the lysosomes of fibroblasts
from both CLN5% and CLN10 patients, where
a-synuclein is a direct degradation target of CLNI0.
Application of recombinant CLN10/CTSD (Cathepsin D)
ameliorates a-synuclein aggregation and Parkinson dis-
ease pathology in a-synuclein A53T variant-containing
induced Pluripotent Stem Cells (iPSC)-derived neurons.**

CLN7 pathogenic gene variants span a neurological
disease spectrum where biallelic missense and nonsense
variants result in late infantile NCL and some rare inci-
dences of isolated juvenile macular dystrophy,** whereas
haploinsufficiency = can  result in  adult-onset
retinopathies,”® amyotrophic lateral sclerosis** and fron-
totemporal dementia.*> A similar situation occurs with
CLN11 (progranulin), where biallelic variants cause the
adult-onset NCL (also known as Kufs disease), but hap-
loinsufficiency results in frontotemporal dementia.
CLN11 is a complex multifunctional protein with intra-
cellular chaperone activity, including the transport of the
saposin precursor prosaposin to the lysosome, where it
acts as a glucocerebrosidase co-factor in the enzymatic
degradation of glycosphingolipids.*® This is the lysosomal
degradative pathway that is disrupted in GD, but reduced
levels of prosaposin are also observed in frontotemporal

dementia patients.** Indeed, frontotemporal dementia
patients with CLN1I haploinsufficiency, and Pgrn '~
mice, have decreased lysosomal glucocerebrosidase activ-
ity, which can be rescued by ectopic CLN11 expression.*’
CLNS5 genetic variants are an established Alzheimer dis-
ease risk factor.** CLN5 loss of function results in
reduced processing and activity of lysosomal CLNI10,
which may target and degrade AP42, preventing its path-
ological accumulation.***’

Niemann-Pick C shows some similarities in molecu-
lar pathology with Alzheimer disease. Ap42 accumula-
tion, tau pathology and TDP-43 mislocalisation are all
also observed in NPC patient neurons.’”" Depletion of
NPC1 massively enhances the transport of tau across the
plasma membrane of neurons, potentiating prion-like tau
transfer.”> Kagedal et al. report that NPC1 is upregulated
in the brains of Alzheimer disease patients and hypothe-
sise that this is a compensatory effect due to altered cho-
lesterol homeostasis.”® There also exist links between
NPA/NPB and Alzheimer disease. Lee et al. report that
the activity of acid sphingomyelinase, encoded by
SMPDI, is increased in Alzheimer disease patients and
that partial inhibition reduces the pathology seen in Alz-
heimer disease mice.>*

There are further relatively unexplored connections
between Parkinson clinical criteria and nLSDs. In fact,
adult-onset nLSDs including Niemann-Pick can be mis-
diagnosed as atypical parkinsonism.>> Furthermore, LSD
patients often have movement disorders similar in pre-
sentation to Parkinson disease that doubtless relate to
peripheral neuronal degeneration but remain insuffi-
ciently investigated.”®

3 | COMMONDEFECTSIN
NEURONAL CELL FUNCTION IN
nLSDs

Lysosomal dysfunction, through the accumulation of
storage materials, results in secondary effects on vesicular
transport, autophagy, cell signalling and mitochondrial
function (Figure 2). Lysosomal defects are considered the
central cause of neurodegeneration in nLSDs and some-
times the connection between gene variant and lysosomal
defects is direct. For example, NPC1 and 2 proteins are
involved in cholesterol export from the lysosomal lumen,
and pathogenic variants cause the aberrant accumulation
of lysosomal cholesterol and sphingolipids.

The nGD (GBAI), nMPS (IDUA, IDS, SGSH, NAGLU,
HGSNAT, GNS and GUSB) and NCL (CLNI1, CLN2,
CLN5 and CLN10) genes all encode lysosomal enzymes.
Pathogenic loss of function results in substrate accumula-
tion and lysosomal dysfunction. Other NCLs are more
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FIGURE 2
Lysosomal dysfunction results in downstream effects that result in feedback loops impacting vesicular transport and autophagy. nLSDs are

Intracellular networks common to the lysosomal storage diseases with central nervous system neurodegeneration (nLSDs).

associated with mechanistic target of rapamycin complex (mTORC1) hyperactivation, inhibiting transcription factor EB box (TFEB) nuclear
translocation, in turn preventing the transcription of genes involved in autophagic flux. Substrate accumulation within the lysosome results

in alkalinisation of the lysosomal lumen, meaning the loss of the optimal pH for lysosomal enzyme function. Further lysosomal

alkalinisation occurs as reduced ATP production from defective mitochondria means reduced activity of the ATP-dependent v-ATPase

proton pump that acts to maintain lysosomal pH. Additionally, calcium efflux from the lysosome into the cytosol is reduced. Disruption of

calcium homeostasis results in alterations to mitochondrial morphology and function, triggering mitophagy. Defective mitochondria are

enveloped in the autophagosome but are only partially degraded, preventing effective organellar recycling. Autophagosome-lysosome fusion

defects result in the accumulation of defective autophagosomes.

complex. CLN3 and CLN7 proteins have been implicated
in lysosomal functions, but how loss of function leads to
neurodegeneration is unclear. CLN6 and CLN8 proteins
are more indirectly linked via the vesicular transport of
lysosomal proteases and CLN11 in modulating vacuolar-
type ATPase activity and hence lysosomal acidification."’
This new research provides good evidence that defects in
lysosomal protein trafficking can result in lysosomal
defects and neurodegenerative substance accumulation.
Conversely, there is equally compelling evidence that
lysosomal dysfunction results in negative feedback loops
to endosomal vesicular transport and autophagy
networks.

4 | ENDOLYSOSOMAL VESICLE
TRANSPORT AND FUNCTION

Lysosomal proteins are transported from the ER to the
trans-Golgi vesicle network for post-translational modifi-
cation and to the lysosomal compartment via endosomal
vesicular transport. Some nLSD variants result in ER-
mediated quality control mechanisms labelling misfolded
protein for degradation. NPC1 is normally stabilised by
Hsp70 and Hsp90 chaperone proteins, but pathogenic
variants lead to elevated Hsp70 binding and proteasomal
degradation.’”*® Similarly, in nGD, mutated misfolded
glucocerebrosidase binds to Hsp27 in preference to
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LIMP2 association, which directs its proteasomal degra-
dation.>®° In MPS II, IDS variants are trapped in the ER
and directed to ER-associated degradation.®'

Proteins produced at ribosomes on the ER are trans-
ported to the Golgi by coat protein complex II (COP 1II)
vesicles for post-translational modifications. As previ-
ously stated in the NCLs, CLN6 is an ER-associated pro-
tein that directly interacts with CLN8 to form complexes
with lysosomal enzymes, including CLNS5, to facilitate
COP vesicle-mediated ER to Golgi transport.”> CLN1
catalyses depalmitoylation of s-palmitoylated proteins,
which can form part of the process of proteasomal degra-
dation at the lysosome. However, Bagh et al. recently
showed that two key components of the regulator
mTORC1 nutrient-sensing complex; vacuolar-type
ATPase and Lamtorl are misrouted to the plasma mem-
brane rather than lysosomal membrane by aberrant
endosomal trafficking in Cln1 =/~ cells.®® Interrogation of
CLN3 biology has been hampered by the lack of effective
endogenous antibodies but there is evidence of its
involvement in endosomal transport through interaction
with the late endosome Rab-GTPase RAB7A.%* Further-
more, Calcagni et al. describe CLN3 as a lysosomal sort-
ing receptor that interacts with the cation-independent
mannose-6-phosphate receptor (CI-M6PR) to transport it
and its lysosomal enzyme cargoes from Golgi to
lysosome.®

NPC1 also interacts with RAB7A to mediate choles-
terol export from the lysosome® where altered
cholesterol levels destabilise the membrane distribution
of RAB7A, affecting endosome-lysosome fusion.®® In
NPC1 patient fibroblasts, sphingosine accumulates in late
endosomes and lysosomes, reducing TRPML1-mediated
Ca’*" release and impeding transcription factor EB box
(TFEB)-mediated lysosomal biogenesis.®®®® Lysosomal
Ca®" export via TRPMLI is also reported as a result of
CLN7 acting as an outward-facing chloride channel in
endolysosomal vesicle membranes, where its influence
on lysosomal acidification induces TRPML1.”

Endosomal and synaptic vesicle biology significantly
overlaps, and it is logical that pathogenic variants affect-
ing one also affect the other. The formation of
membrane-encapsulated vesicles within the endosomal
and autophagic networks, as well as synaptic vesicles is
initiated by the formation of endosomal sorting complex
required for transport (ESCRT) complexes at intracellular
membranes. CLN3 is implicated in the sorting and trans-
port of the Kv4 potassium channel at neuronal synapses®
and Cln7 knockout in Drosophila results in defective syn-
aptic vesicles.”® This could represent further evidence for
neuronal susceptibility in NCL and cross-connectivity
where gene defects affect both endosomal and synaptic
vesicle function. CLN4 is proposed to be a chaperone

protein in synaptic vesicles and accumulates at endolyso-
somal vesicles in CLN4 patient cells.”’ CLN4 promotes
ESCRT complex-mediated sorting of synaptic proteins
and CLN4 disease-causing variants in Drosophila lead to
neurodegeneration as a result of the accumulation of
lipofuscin-containing misfolded CLN4 protein.”?

The fusion of vesicles in the endolysosomal network
is critical for cellular homeostasis and controlled primar-
ily by two key protein complexes. In concert with Rab-
GTPases and SNARE complex proteins, the class ¢ core
endosomal vacuole tethering (CORVET) complex enables
early to late endosome fusion and interaction with the
homotypic fusion and vacuole protein sorting (HOPS)
complex to enable vesicular fusion of both endosomes
and autophagasomes with the lysosome.”> CORVET and
HOPS share core proteins including vacuolar protein
sorting (VPS)-associated proteins, and facilitate vesicular
biogenesis, transport, fusion and recycling. VPS33A is
one of the central core components of CORVET/HOPS,
and pathogenic variants result in MPS-like disease with
elevated lysosomal heparan sulphate’* with reduced
endocytic transport of ceramide in affected neurons.”
VPS16 variants cause MPS-like disease with endolysoso-
mal defects in neurons and reduced VPS33A expres-
sion.”® VPS53 is a component of the Golgi-associated
retrograde protein (GARP) complex involved in protein
sorting and glycosylation at the Golgi. Variants in VPS53
result in reduced NPC2 protein, altered cholesterol distri-
bution and block the recycling of CI-M6PR to the Golgi.”’
NPC1 is necessary for Rab8a-mediated segregation of late
endosomes from lysosomes,”® and lysosomal recycling is
perturbed in GBAI-mutated Parkinson disease
fibroblasts,”® showing, in principle, the same could be
true in nGD.

Lysosomal neurodegenerative phenotypes shared
between patients with variants in VPS16, VPS33A,
VPS53, NCL, MPS and NPC genes strongly imply a mech-
anistic convergence on defects in vesicular transport and
endolysosomal fusion, significantly contributing to lyso-
somal dysfunction.

5 | AUTOPHAGY

Whilst endosomes transport membrane-bound proteins
and enzymes from the ER/trans-Golgi network to the
lysosomal compartment as their functional destination,
autophagy is the process of encapsulating unwanted pro-
teins and organelles to the lysosome for breakdown and
recycling. Lysosomal dysfunction has the knock-on effect
of autophagic shunting, whereby autophagosome biogen-
esis continues but the process of autolysosome fusion is
prevented. This leads to an accumulation of enlarged
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autophagosomes unable to dock and fuse with the lyso-
somal membrane. This is a shared feature of nLSDs
where the accumulation of p62™ autophagosomes in cor-
tical neurons is synonymous with the concomitant accu-
mulation of LAMP1/2" lysosomes,*>®" leading to
neuronal apoptosis.** GBAI is a direct transcriptional
activation target of the TFEB, the master regulator of
lysosomal biogenesis.*> GBA1 over-expression leads to
elevated autophagic flux and induces apoptosis,®
although autophagic shunting is not described. Consis-
tent with clinical outcomes, elevated autophagosome
accumulation is observed in iPSC-derived neurons gener-
ated from GD2 and GD3 patients, but not in non-
neuronopathic GD1.*® This implies differential cellular
mechanisms between neuropathic and non-neuropathic
GD but does not address how genotype/phenotype corre-
lations can be so divergent.

The link between NPC1/2 and lysosomal cholesterol
export is well established,** where NPC1/2 variants result
in the accumulation of lysosomal cholesterol and glyco-
sphingolipids. Mechanistically, NPC1 binds SLC38A9 at
the lysosome membrane and inhibits mTORC1 signal-
ling.®® NPC1 depletion leads to constitutive mTORC1
activation, suppressing autophagy.®” Additionally, NPC1
deficiency results in impaired autophagosome-lysosome
fusion which has been linked to impaired lysosomal pro-
teolysis.*® Others argue that the process is a proteolysis-
independent, but SNARE-dependent mechanism.*

6 | MITOCHONDRIA

Mitochondrial defects are common in neurodegenerative
diseases, primarily because neurons have much higher
energy demands than nearly all other cell types, and
therefore subtle alterations to mitochondrial functional
efficiency can have catastrophic effects. This can either
be the result of directly debilitating effects in energy pro-
duction through oxidative phosphorylation or more indi-
rect effects on the genesis, maintenance and timely
degradation of mitochondria.

The nLSDs all present with mitochondrial defects and
connectivity between the lysosome and mitochondrial
membranes through membrane contact sites (MCS)
could be a rational mechanism for lysosomal defects
translating to mitochondrial dysfunction. NPC1/2 vari-
ants prevent normal cholesterol transport from the lyso-
some. In mice, Npc depletion results in reduced plasma
membrane cholesterol content” and reduced endosomal
transport of cholesterol to the mitochondria.”* Addition-
ally, aberrant transport of lysosomal cholesterol in NPC
leads to damaging redistribution of the calcium channel
inosiltol 1,4,5-triphosphate receptor, IP(3)R1, on the
membranes of the endoplasmic reticulum. This results in

elevated Ca®" release into the cytosol potentially causing
mitochondrial dysfunction due to Ca®" toxicity.”* Inter-
estingly, IP(3)R1 expression is reduced in Cln1~/~ cells,
leading to defects in Ca®" transport from the endoplas-
mic reticulum to the lysosome, although mitochondrial
defects are not specifically mentioned.”® Contrastingly,
Hoglinger et al. report higher concentrations of choles-
terol at lysosome-mitochondrial MCS and elevated cho-
lesterol in mitochondria.”* An alternative mechanism is
that aberrant cholesterol distribution at endoplasmic
reticulum-lysosome MCS prevents the distribution of
voltage-gated calcium channels, and this causes, or con-
tributes to mitochondrial toxicity.”> Whether higher or
lower, cholesterol imbalance reduces the functional per-
meability of mitochondrial membranes, affecting oxida-
tive phosphorylation and elevating apoptosis.”

Mitochondrial biogenesis, itself, is negatively affected
in NPC patient cells. Elevated KLF2 and ETV1 act as
transcriptional repressors of this process’” whilst choles-
terol accumulation at the lysosome causes hyperactiva-
tion of mTORC1 signalling and reduced mitophagy.”®
The lysosomal accumulation of the subunit ¢ of mito-
chondrial synthase and elevated reactive oxygen species
are neuronal hallmarks in the NCLs and hallmarks of
defective mitophagy. Our own work in Cln7~/~ cortical
neurons and iPSC-derived NPCs showed that elevated
reactive oxygen species stabilises 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3 (PFKFB). This
diverts glucose metabolism to glycolysis rather than
through the pentose phosphate pathway. In turn, this
promotes an antioxidant response, creating a negative
feedback loop.”

A similar cellular phenotype is observed in mice har-
bouring a single allele of the L444P Gbal variant,
whereby defective mitophagy results in increased mito-
chondrial reactive oxygen species.'® Gbal /= neurons
present reduced mitochondrial Ca*" uniporter expres-
sion, have reduced mitochondrial Ca*" uptake, and
hence collapse of mitochondrial membrane potential,
decreased oxidative phosphorylation and increased pro-
duction of reactive oxygen species.'” More specifically,
there is good evidence that glucocerebrosidase is targeted
directly to the mitochondria in an Hsp60-dependent
manner where it stabilises mitochondrial respiratory
complex 1'% The evidence to date implies both direct
and indirect roles in mitochondrial biogenesis, function
and turnover result in or contribute to nLSD.

7 | ORGANELLAR LIPID
ACCUMULATION

Cholesterol and sphingolipids are critical components of
the plasma membrane and intracellular membranes. In
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the NCLs, CLN11 variants lead to lysosomal glycosphin-
golipid accumulation due to defective processing and
delivery of saposin, which is essential for lysosomal gly-
cosphingolipid degradation.*® Sphingolipid and glycero-
phospholipid metabolism is modulated in CLN6.'* CLN3
knockout results in decreased activity of lysosomal lipid-
degrading enzymes, resulting in altered distribution of
membrane lipids such as lactosylceramides and glyco-
sphingolipids.'® Interestingly, in CIln3 knockout mice,
the blood-brain-barrier becomes permeable due to
reduced plasma membrane cholesterol content implying
cellular membrane connectivity and cholesterol commu-
nication from lysosomal membranes to plasma mem-
brane.'”> Most recently, a breakthrough in lysosomal
isolation and next-generation proteomic evaluations
showed that CLN3 knockout resulted in the lysosomal
accumulation of glycerophosphodiesters, the end prod-
ucts of glycerophospholipid catabolism.” Nayame et al.
subsequently showed that glycerophosphodiesters com-
petitively inhibit lysosomal phospholipase-mediated gly-
cerophospholipid catabolism. Therefore, toxic
phospholipids accumulate in the lysosome and may rep-
resent the primary cause of disease in juvenile NCL.?

The link between lipid dysregulation and MPS is less
obvious, but lysosomal lipid accumulation has been
observed in MPS IIIB.1° In GD, GBA1I variants result in
lysosomal accumulation of GlcCer and GlcSph,'”’ also
resulting in altered membrane sphingolipid composition
in GD fibroblasts.'°® Moreover, in GD fibroblasts, GlcCer
and GlcSph substrate leak out of the lysosome to the
cytosol and act as a substrate for the non-lysosomal
GBA2. This results in the cytosolic accumulation of
sphingosine, which inhibits GBA2 in a negative feedback
loop.'”

Cholesterol accumulates at the lysosome as a conse-
quence of protease-driven hydrolysis, and NPC1 and
NPC2 are well documented as mediators of cholesterol
efflux from the lysosomal lumen and negative regulators
of mTORC1.*”*® Phenotypically, cholesterol accumula-
tion at lysosomal membranes impedes their axonal
transport in NPC neurons.''® Cholesterol transporters,
including phosphatidylinositol 4-phosphate (PtdIns4P),
are negatively affected by NPC1 variant, which disrupts
the recycling of cholesterol along lysosomal-ER and
Golgi-ER MCS'"" and reduced plasma membrane cho-
lesterol content, capable of aberrantly activating Src
kinase and endocytosis.”® The priming and boosting of
the Stimulator of interferon genes (STING) protein
expression has been shown to occur in NPC. STING is a
master regulator of the innate immune response to
pathogen infection through the identification of cyto-
solic double-stranded DNA, initiating a process leading
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to apoptosis. NPC1 depletion enables the non-canonical
tethering and trafficking of STING by the sterol regula-
tor element-binding protein 2 (SREBP2) transcription
factor, leading to neuronal apoptosis.'"’* A potentially
unifying hypothesis has recently been published by
Wang et al. where cells with disease-causing variants for
NCL (CLN10), NPC (NPC1) and GD (GBAI) all pre-
sented with a common downstream phenomenon of
activating the canonical cGAS-STING pathway leading
to neuronal apoptosis. This cellular mechanism was
induced by cytosolic double-stranded DNA fragments
that could be the result of the release of fragmented
mitochondrial DNA from leaky, cholesterol-depleted
and lysosomal membranes."'?

We have discussed commonalities of lysosomal, mito-
chondrial and cholesterol disease phenotypes across mul-
tiple nLSDs, showing how variants in loosely connected
genes can converge on a unified mechanistic programme
for neurodegeneration. There are now emerging com-
monalities between NCL, NPC, GD ad MPS, where gene
defects result in cellular destabilisation upstream of lyso-
somal function. Intracellular Ca®" distribution and lipid
content of intracellular membranes result in aberrant cell
signalling (mTORC1, TFEB), protein transport through
MCS and vesicular transport, as well as defective autop-
hagy/mitophagy. Any of these processes could initiate
neurodegeneration through apoptosis, individually or col-
lectively. Equally, targeting one or more of these aberrant
molecular processes with small molecule or RNA inhibi-
tors could tip the balance and slow neurodegeneration.
There lies the potential for similar unification of thera-
peutic interventions. The Wang study presents a compel-
ling pathogenic connectivity across nLSDs, including
NCL, NPC and GD disease models, whereby intrinsic
stimulation of the cGAS-STING innate immune response
results in neuronal apoptosis. This exciting discovery
could represent a universal target for therapeutic inhibi-
tion to extend the lifespan of neurons across all nLSD
and exemplifies how an understanding of unifying biol-
ogy can inform the future intelligent design of the next
generation of therapies.
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