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Abstract
Lysosomal storage diseases (LSDs) are a class of metabolic disorders caused by mutations in
proteins critical for lysosomal function. Such proteins include lysosomal enzymes, lysosomal
integral membrane proteins, and proteins involved in the post-translational modification and
trafficking of lysosomal proteins. There are many recognized forms of LSDs, and although
individually rare, their combined prevalence is estimated to be 1 in 8000 births. Over two-thirds of
LSDs involve central nervous system (CNS) dysfunction—progressive cognitive and motor
decline—and these symptoms are often the most debilitating. Although the genetic basis for these
disorders are clear and the biochemistry of the proteins well understood, the cellular mechanisms
by which deficiencies in these proteins disrupts neuronal viability remain ambiguous. In this
review, we provide an overview of the widespread cellular perturbations occurring in LSDs, how
they may be linked, and interventions that may specifically or globally correct those defects.

Introduction
In all cells, including neurons, the primary degradative organelle is the lysosome.
Lysosomes receive their ‘substrates’ through various pathways including endocytosis,
phagocytosis, and autophagy. Substrates are degraded via a finely orchestrated network of
membrane bound lysosomal proteins, soluble lysosomal hydrolases, lysosomal related
organelles, and other cellular constituents. When lysosomal function is impaired, neuronal
dysfunction and neurodegeneration can occur. Beginning with Gaucher disease in the
mid-60s, the genetic and biochemical basis for many lysosomal storage diseases (LSDs) has
been unraveled, and most have central nervous system (CNS) involvement (Table 1 & Table
S1 in supplementary material online).

All LSDs are recessively inherited monogenic disorders, of which two are X-linked. Loss-
of-function mutations in one of the more than 50 known soluble enzymes (Table 1),
including proteases, lipases, sulfatases, or proteins important in their synthesis or trafficking,
cause substrate accumulation and lysosomal storage. Although individuals with LSD can
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display early symptoms, many are clinically normal at birth. This suggests that lysosomal
dysfunction per se does not impact significantly the complex events of early brain
development—neural induction, establishment of axis, neuronal differentiation and
migration, and synapse formation. Furthermore, in the case of many different LSDs,
children typically meet early developmental milestones, signifying that lysosomal storage
does not affect neuronal function and maturation at early developmental stages.

Defects in proteins involved in lysosome regulation or function induce the accumulation of
undigested molecules that can subsequently alter many cellular processes. These include
lysosomal pH regulation, synaptic release, endocytosis, vesicle maturation, autophagy,
exocytosis, and Ca2+ homeostasis [1–4]. Many of these phenotypes, some of which are
discussed in detail below, can be markedly improved by substrate reduction therapy (SRT),
or enzyme or gene replacement (Box 1). In animal models or in patient biopsies, efficacy
can be monitored by concomitant resolution of storage material [5, 6]. However, such
treatments are not yet available or feasible for most LSDs. Thus, understanding how the
affected cellular pathways interconnect and impact the viability of neural cells is critical for
future therapeutic development. A recently described transcriptional network, which
controls the expression of many proteins involved in these various pathways, provides an
important clue to the extent of their inter-relatedness [7]. This important discovery gives us a
fresh opportunity to revisit how mutations in a single gene required for lysosomal function
may impact secondary cellular functions beyond the lysosome.

Traffic jams and lysosomal storage
Lysosomal proteins traffic to the lysosome via distinct pathways, as described elegantly in
recent reviews [8, 9] and highlighted in Figure 1. This schematic exemplifies the interplay
between the endosome-lysosome system, and illustrates how various autophagic pathways
are reliant on a functional lysosome for proper processing. Moreover, it places into context
how roadblocks at specific steps may broadly impact cell viability. Recent studies illustrate
how deletion of cargo carriers, rather than the cargo itself, has the potential for causing
cellular pathologies. For example, the lysosomal integral membrane protein type 2 (LIMP-2)
binds β-glucocerebrosidase (deficient in Gaucher disease) in the endoplasmic reticulum
(ER) and facilitates the transport of β-glucocerebrosidase (β-Glc) to the lysosome (Figure 2)
[10]. A consequence of LIMP-2 mutations is reduced β-glucocerebrosidase activity [11].
Also illustrative is the recent finding that the trafficking of the Vo subunit of vacuolar-type
H+ ATPase (V-ATPase) to the lysosome requires presenilin-1 (PS1; Figure 2); furthermore,
it was demonstrated that Alzheimer‘s disease (AD)-related mutations in PS1 disrupt this
trafficking [12]. Without a functional V-ATPase, lysosomal pH is aberrant and autophagy is
impaired. Irregular lysosomal pH and impaired autophagy may underlie amyloid-β (Aβ)
accumulation in familial forms of early onset AD which involve mutations in PS1.

Historically, the structure and content of storage material was used for diagnosis and to
group LSDs into subclasses. For many lysosomal hydrolases, microscopic evaluation of
biopsied tissues and biochemical evaluation of urine provided evidence of accumulated
cellular substrates and clues to the underlying enzymatic defects [13]. As a group, storage
structure and content is diverse, as would be expected from the various functions of the
proteins deficient in the LSDs. Once the role for these proteins is defined, the nature of the
accumulated storage often makes sense, but not always. For example, deficiency in the
proteins Niemann-Pick disease type C1 and C2 (NPC1, NPC2) (Figure 2), which are
required for cholesterol egress from the lysosome, cause cholesterol accumulation in NPC
disease (Table 1). In Mucopolysaccharidoses (MPS) diseases, proteoglycans accumulate as
they are substrates for the defective enzymes (Table 1 and Table S1 in supplementary
material online). However, in the Neuronal Ceroid Lipofuscinoses (NCLs), the cause of
storage accumulation remains puzzling. In the case of the late infantile form of Batten
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disease (LINCL), its underlying cause is mutations in tripeptidyl peptidase I. This soluble
lysosomal protease has broad substrate specificity, yet the mitochondrial membrane protein
ATP synthase subunit C is the major storage constituent [14].

While their genesis may not always be clear, we can take advantage of storage burden as a
biomarker for therapeutic efficacy in emerging treatment strategies. Resolution of storage
detected in tissue sections, or diminution of excessive substrates in body fluids can be a
reliable indicator of treatment efficacy for some LSDs. In Fabry disease, glycosphingolipid
levels are elevated in plasma and urine, most notably in hemizygous affected males [5].
Enzyme replacement therapy (ERT) can dramatically lower these levels and reduce storage
burden in tissues [5]. Likewise in MPS, elevated glycosaminoglycans (GAGs) in urine can
be used to assess therapeutic efficacy [13].

The functions of some proteins involved in LSDs remain elusive, but perhaps storage
constituents can predict how a protein contributes to normal endosomal-lysosomal function.
Ceroid lipofuscinosis neuronal type 3 (CLN3), the protein defective in the common form of
Juvenile Ceroid Lipofuscinosis (JNCL) is a case in point (Table 1). The exact molecular
function of CLN3 has remained obscure since its discovery in 1995. JNCL storage material
resembles finger prints under electron microscopy [15]. Placing the molecular function of
CLN3 upstream of the lysosome is thus a reasonable assumption, since multilamellar
structures could arise from defects occurring at the late endosome or multivesicular body
(MVB) stage, before maturation into a lysosome (Figure 1). Intraluminal vesicles in MVBs
are formed by internalization at the limiting membrane, and in the case of defects in CLN3,
continued vesicle addition may cause the resultant multilamellar fingerprint.

Notably, not all storage is lysosomal. For example in cultured cortical neurons from α-N-
acetyl-glucosaminidase deficient mice, which are a model of MPS IIIB, a disrupted Golgi
structure is associated with the storage [16]. This material presumably arises from defective
vesicle transfer from the Golgi to the lysosome. The finding that this storage co-localizes
with the lysosomal associated membrane protein 1 (LAMP-1), a transmembrane protein that
is commonly used as a marker to label the lysosome (Figure 2), suggests secondary effects
on LAMP-1 trafficking. If intracellular movement of proteins and even organelles is
impaired in LSDs, markers used commonly to identify cellular vesicles may be misleading.
However for the wary eye, this could give important clues as to the pathways upstream and
downstream affected by mutations in a single lysosomal protein.

The importance of vesicular pH
Considering the role of PS1 in V-ATPase trafficking (Figure 2) [12], it is interesting to
speculate that the altered lysosomal pH in some LSDs [17, 18] may reflect global defects in
trafficking. A recent genetic screen in yeast has demonstrated that mutations in proteins
involved in MVB trafficking and vacuole fusion perturb vacuolar pH [19]. Surprisingly, this
study showed that mutations in multiple proteins involved in trafficking to the lysosome
resulted in decreased vacuolar pH. These changes could be due to enhanced activity of the
V-ATPase. The V-ATPase is a holoenzyme consisting of a membrane bound Vo and
cytosolic V1 components, and both V1 and Vo are composed of multiple subunits. The Vo
subunit a1 is highly enriched, or even specific to neurons, in different animal models [20]
and is required for acidification of degradative competent lysosomes [21]. Preservation of
low pH is important for cargo release, lysosomal hydrolase maturation, vesicle maturation,
autophagy, and neurotransmitter loading into synaptic vesicles [22–24]. Additionally, the pH
gradient within the endomembrane system is required for intra-cellular trafficking [25] and
its loss can impair mannose-6-phosphate receptor (M6PR) recycling back to the Golgi for
reloading of newly synthesized lysosomal hydrolases.
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In motor neurons, protons are pumped into synaptic vesicles by V-ATPase upon prolonged
stimulation [26]. After fusion of the synaptic vesicle with the plasma membrane, V-ATPase
remains resident in the plasma membrane and continues to extrude cytosolic protons to the
extracellular space. The subsequent increase in cytosolic pH induces endocytosis and re-
internalization of the V-ATPase, allowing neurotransmitter loading [26]. Based on the
fundamental roles of V-ATPase in neurons it is not surprising that deletion of V100, the
Drosophila homologue of the a1 subunit, causes synaptic vesicle buildup, prevents
neurotransmitter release, and induces cell death [27] (See Box 2).

Mitochondrial ATP synthase is structurally and functionally similar to the V-ATPase.
Recent data suggest that ATP synthase traffics to the plasma membrane from the Golgi
under conditions of cell stress, and removes cytosolic protons [28, 29]. Given these findings,
it is interesting to speculate that ATP synthase may aberrantly traffic to the plasma
membrane in the setting of LSD. Mitochondrial ATP synthase subunit c is a component of
the storage in several LSD’s, including LINCL and JNCL. In light of the possible role for
ATP synthase in cytosolic pH regulation [28, 29] and data showing that defects in
anterograde trafficking decreases lysosomal pH [19], pH disturbances and altered ATP
synthase trafficking may be linked. Observations in yeast cells deficient in Btn1p, the
ortholog to the JNCL-mutated protein CLN3, support this concept. Such mutants were
observed to have decreased vacuolar pH, and the cells responded by enhancing proton
removal from the cytosol to regulate this pH imbalance [30]. Without normalization of
cytoplasmic pH, autophagy can be impaired [31].

Autophagy
Autophagy is a ubiquitous cellular process by which cytoplasmic proteins, and whole
organelles such as mitochondria, are sequestered for lysosomal degradation [32, 33] (Figure
1). Autophagy can be divided into macroautophagy (organelle or cytoplasm enclosed in a
double membrane), microautophagy, (cytoplasmic degradation following engulfment by the
lysosome), and chaperone-mediated autophagy (CMA) (targeting of proteins to the
lysosome via chaperones). Here, we focus on macroautophagy as CMA has been reviewed
recently [34], and there is no evidence as yet for impaired microautophagy in LSDs.
However, as microautophagy is responsive to comparable cellular signals and requires
functioning lysosomes similar to macroautophagy, evidence linking microautophagy and
LSDs is likely to emerge.

Macroautophagy is induced by cellular stresses and begins with the de novo formation of an
autophagic membrane that expands and eventually sequesters a volume of cytoplasm or
cellular organelle, forming an autophagosome. Once formed, fusion with the lysosome
allows hydrolase degradation of autophagosomal contents (Figure 1). Reports demonstrating
that genetic disruption of autophagy causes neurodegeneration in mice [35, 36] led to the
hypothesis that the neurodegeneration in LSDs may be a consequence of impaired
autophagy. Indeed, impaired autophagy has been reported in several models of LSDs
including Pompe disease, NPC, the NCLs, multiple sulphatase deficiency (MSD),
mucolipidosis type IV (MLIV), and GM1-gangliosidosis [37–42].

Work in HeLa cells has functionally linked cytosolic pH, lysosomal positioning, mammalian
target of rapamycin complex 1(mTORC1) signaling, and autophagy [31]. Under nutrient
rich conditions lysosomes are often near the plasma membrane, where associated mTORC1
is activated by proximal upstream signaling molecules at the plasma membrane. In this
setting, autophagy is repressed. Under nutrient deprivation, elevated intracellular pH
promotes perinuclear lysosomal repositioning, represses mTORC1 activity and stimulates
autophagy. Perinuclear lysosomes are optimally positioned for fusion with incoming
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autophagosomes. Interestingly, promoting lysosomal trafficking to the perinuclear space
conveyed a protective effect against mutant huntingtin and α-synuclein [31], two
aggregation-prone proteins which are associated with Huntington‘s disease and Parkinson‘s
Disease, respectively. Whether altered cytoplasmic pH underlies the noted impairments of
autophagy in LSDs [37, 43] requires further investigation.

Defects in autophagy can affect the efficacy of ERT for LSD therapy. In a mouse model of
Pompe disease, a non-neuronal LSD that causes fatal cardiomyopathy and skeletal muscle
myopathy, administered recombinant enzymes accumulated in autophagic compartments,
rather than in the lysosome [44]. Inactivation of ATG7, a vital component of the
autophagosome, improved enzyme trafficking and normalized glycogen storage [44]. This
strategy may similarly improve the bioavailability of enzymes for treatment of the
neuronopathic LSDs [45].

Augmenting autophagy is also being tested as a therapy (Table 1). All-trans retinoic acid
increases cation-independent M6PR trafficking from the Golgi to autophagosomes, thereby
enhancing autophagosome maturation [46], however, such a therapy would have many non-
specific targets. Lithium is another potential approach; addition of this drug to cerebellar
cells cultured from CLN3 deficient mice was found to improve storage phenotypes and
reduce neuronal cell death [46]. Lithium has also been tested as a potential therapy for other
non-LSD neurodegenerative diseases. For example, lithium treatment of spinocerebellar
ataxia type 1 (SCA1) mice, which harbor a polyglutamine repeat in ataxin 1 (ATXN1), was
found to improved neurological function and hippocampal dendritic branching [47]. These
effects were reported to be due to altered gene expression, however, the effects of lithium on
autophagy were not tested in this study. Although results with lithium appear encouraging, it
has many non-specific targets and is likely to have unwanted side-effects [48]. Finally, an
important limitation with respect to LSDs that are caused by a primary lysosomal enzyme
defect is that they may not be good candidates for strategies enhancing autophagy. While
short-term improvements may occur, substrate accumulation is likely to ultimately continue
in these diseases.

Exocytosis
Lysosomal function is intimately linked to exocytosis, and multiple LSDs such as MLIV,
NPC, and Sialidosis have been shown to have impaired exocytosis [49–51]. Exocytosis is
the removal of cellular cargo by fusion of vesicles with the plasma membrane (Figure 1).
Synaptic vesicles and lysosomes both have exocytic activity. Activated exocytosis (eg.
neurotransmitter release) and constitutive exocytosis (eg. of lysosomal contents) both result
in secretion (eg. of signaling molecules such as neurotransmitters, or toxic metabolites) and
plasma membrane expansion.

Recent data show that lysosomes and synaptic vesicles originate from a common early
endosome, and preventing the maturation of either vesicle induces mistrafficking of their
respective proteins to the opposite organelle [52]. Mechanisms for exocytic activation are
also similar between the two types of vesicles. During synaptic vesicle release, neuronal
action potentials reach the presynaptic terminal and activate voltage regulated Ca2+ channels
causing an influx of Ca2+ into the presynaptic cytoplasm, vesicle fusion with the plasma
membrane, and neurotransmitter release [53]. Synaptic vesicles are decorated with the Ca2+

sensor synaptotagmin and the Soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) synaptobrevin-2, which bind to the corresponding plasma membrane
SNAREs syntaxin-1A and synaptosomal-associated protein 25 (SNAP-25) [54]. Lysosomal
exocytosis utilizes Ca2+ influx into the cell, which drives interaction between the vesicular
and target SNAREs synaptotagmin 7 (SYT7) and syntaxin 4 [55]. In cultures of embryonic
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fibroblast cells from mouse models of MSD and MPS IIIA, cholesterol accumulation was
shown to result in SNARE mislocalization, preventing lysosome fusion and vesicle cycling.
Reducing cholesterol levels by SRT with methyl-β-cyclodextran restored SNARE
localization and lysosome function [56]. Cholesterol storage can also inhibit Rab GTPases,
which promote membrane recycling; overexpressing Rab4 in cultured fibroblast cells
derived from NPC1 deficient mice led to an activation of exocytosis and reduced lysosomal
accumulation [57]. Thus SRT can not only reduce the storage burden, but also improve
secondary phenotypes.

Advances in understanding exocytosis have emerged from defining the function of proteins
deficient in lysosomal storage diseases. Recent data show that the ultimate fusogenic Ca2+

signal for lysosomes does not originate from voltage dependent Ca2+ channels, but rather the
protein lysosomal transient receptor potential mucolipin-1 (TRPML1) [58]. Mutations in
TRPML1 cause MLIV (Table 1). In the presence of the Ca2+ ionophore ionomycin,
TRPML1 activates exocytosis [59]. When key residues of TRPML1 were mutated to create
a constitutively active channel, enhanced endosomal and lysosomal Ca2+ mobilization
induced LAMP-1 relocalization to the plasma membrane [60]. Whether LAMP-1 itself is
important for exocytosis, or its presence on the plasma membrane is merely a result of
lysosomal membrane fusion, is becoming clearer. In Sialidosis, which is caused by a
deficiency in α-acetyl-neuraminidase, terminal sialic acid residues of LAMP-1 are not
removed and its half-life at the plasma membrane is elevated [51]. The elevated exocytosis
in these cells can be blocked by LAMP-1 knock-down [51].

Enhancing exocytosis could reduce storage in the short term, but a major concern with these
approaches is that the products may not be adequately cleared in the brain, since even
scavenger cells would harbor the enzymatic defect. Alternatively, autophagolysosome
contents could be exocytosed and transported to the cerebrospinal fluid (CSF) and plasma. It
would be interesting to test if the CSF from LSD patients contains elevated levels of
accumulated storage material, or if enhancing exocytosis would cause accumulation in the
neuropil and/or the CSF. LSD patients with CNS deficits do secrete storage products in
urine [13, 14], but whether this occurs via exocytosis of autophagosome constituents from
peripheral tissues or the brain is currently unknown.

The specialized vasculature system within the CNS may hinder extracellular clearance of
exocytosed materials, and thus, contribute to cell death in this way. The familiar view of the
blood brain barrier (BBB) is as a physical barrier that comprises the neurovascular system,
and which blocks foreign particle entry. The BBB poses a major hurdle for drug delivery to
brain, and it could also be a limiting force in substance removal after lysosomal exocytosis.
An alternative, less neurocentric view to LSDs, is that defects within the neurovascular
system may precede neuronal dysfunction [61]. Certainly, there is vascular remodeling
within the CNS of LSD animal models [62] and obvious morphological changes in all cells
of the neurovascular unit. Thus, drugs or other therapies capable of restoring BBB function
may alleviate or slow disease progression, and as a bonus, would not be required to cross it.

A CLEARly integrated network
The pathways outlined in Figure 1 are interdependent, supporting a coordinated network. A
commonly reported observation in LSDs is that decreases in the activity of a disease-
associated enzyme is concomitant with increases in other lysosomal enzymes, suggesting
that gene expression required for their interdependence is similarly orchestrated. In a recent
study, this theory was bioinformatically and experimentally validated [7]. Motif sequence
analysis identified a 10 base pair sequence near the transcription start site of many known
lysosomal genes and some genes of unknown function. The motif, named the coordinated
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lysosomal expression and regulation (CLEAR) element was found in, among other genes,
the lysosomal marker genes LAMP-1 and CLN3, CLN5, NPC1, NPC2, and β-galactosidase.
The transcription factor EB (TFEB) was found to enter the nucleus and bind the CLEAR
element. Furthermore, TFEB localized primarily in the nucleus of cultured cell models of
MPS II, MPS IIIA, and MSD, but was cytoplasmic in control cells, suggesting that this
pathway is activated under lysosomal storage conditions [7].

Over-expression of TFEB in HeLa cells was shown to increase the expression of 291 genes
[7], including genes in the autophagosome pathway, lysosomal hydrolases, lysosomal
biogenesis genes, and genes encoding V-ATPase and TRPML1. Enhanced storage clearance
was observed as a consequence of TFEB overexpression [7]. Although not yet tested in vivo,
the CLEAR network appears to provide cells with a compensatory response mechanism to
pathogenic protein accumulation and lysosomal dysfunction.

Discovery of the CLEAR element brings the field of LSDs together and provides a unified
regulatory pathway of lysosomal stress. As discussed above, many LSDs have common
defects in autophagy, calcium regulation, pH regulation, and exocytosis. Overexpression of
TFEB results in up-regulation of proteins involved in all of these processes. The possibility
exists that utilizing the CLEAR network, or some of its key proteins, may restore cellular
defects in many of the LSDs. Moreover, the ability to amplify lysosome biogenesis via the
CLEAR network provides a method for augmenting the effects of enzyme replacement or
gene therapy [63, 64]. Additionally, the therapeutic utility of the CLEAR network may
extend beyond LSDs. Chinese hamster ovary cells rendered NPC1 null display increased β-
amyloid accumulation, and in other cells, addition of spingolipids impairs amyloid precursor
protein processing [65, 66]. Thus, restoration of cholesterol levels by CLEAR network
activation could be therapeutic not only for LSDs, but also for AD and other
neurodegenerative diseases where these fundamental cellular processes are impaired.

Finally, it is important to mention that not all lysosomal and non-lysosomal genes involved
in LSDs are regulated by CLEAR elements [7]. It is possible that other lysosomal gene
regulatory pathways exist that have yet to be identified. In fact, the exact lysosomal stress
pathways responsible for TFEB activation, which induces its nuclear translocation, are
unknown. Elucidating the events upstream of TFEB activation may lead to a more coherent
understanding of how cells first sense and respond to lysosomal stress, providing
opportunities for therapeutic intervention beyond those in current use (Box 1).

Summary
Strides in cell biology over the last 50 years have been critical in expanding our view of the
lysosome from a degradative organelle to one intimately linked to multiple cellular
processes. Genetic mutations in specific proteins, particularly those involved in cellular
trafficking pathways, have been associated with many LSDs. Yet how these deficiencies
induce cellular dysfunction, and in many cases, CNS deficits, remains unsettled (Box 2).
What the field requires are methods to assess vesicle, protein and lipid trafficking in situ to
dissect the interplay between neurons, glia and brain vasculature – all harboring deficiencies
of the same protein but possibly reacting in different manners to those disruptions. Even
among neurons there are differences in their responses to storage or defects in endosomal
and autophagic pathways. Myelinated, large sensory neurons accumulate large vacuoles and
ubiquitinated aggregates, promoting degeneration, while smaller unmyelinated sensory
neurons induce lysosome biogenesis [67]. This enhanced lysosomal biogenesis may underlie
the relatively slower degeneration of small sensory neurons in the setting of LSD, and may
reflect an in vivo example of CLEAR network activation [7, 67]. Moreover, neuronal classes
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extend well beyond differences in size [68], and it will be important to understand the
response of each cell type to the specific LSD under study.

We envision that advances in imaging methods merged with new animal models will
elucidate the temporal progression of disease in specific brain regions and cell types. In
addition, identifying sites of initial vulnerability will aide in the development of directed
therapies where focal small molecule or gene replacement holds the most promise.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Glossary

Blood brain
barrier (BBB)

The blood brain barrier limits access of proteins, small molecules,
cells and pathogens do the brain. The primary barrier is formed by
the endothelial cells lining brain vessels, where tight junctions
prohibit passage. Only selected molecules are transported across the
BBB

Enzyme
Replacement
Therapy (ERT)

ERT takes advantage of plasma membrane-resident M6PRs or
mannose receptors for the uptake of enzyme into cells after
exogenous delivery intravenously. This enzyme replacement therapy
has improved the lives of many individuals with genetic deficiency
of one of many soluble hydrolases, albeit restricted to the treatment
of peripheral symptoms so far

ERAD A cellular process where misfolded proteins in the ER are tagged
with ubiquitin molecules, exported from the ER, and degraded in the
proteasome

Gene Therapy Addition of exogenous or removal of endogenous genes utilizing
viral or non-viral methods. For the LSDs, gene addition directly to
affected tissues, or into hematopoietic stem cells are in early clinical
testing (Table 1)

Lysosome First described by Christina de Duve in 1955 as a particle containing
enzymes with lytic properties [108]. It is membrane enclosed
compartment containing hydrolytic enzymes that digest
macromolecules

Lysosomal
Storage

The accumulation of material into large cytoplasmic vesicles which
are the result of insufficient lysosomal degradation

Sphingolipids In contrast to glycerolphospholipids which contain a glycerol
backbone, sphingolipids contain a sphingosine backbone which is
found in sphingomyelin, gangliosides, and sulfatides

Substrate
Reduction
Therapy (SRT)

SRT utilizes inhibitors of substrate synthesis to reduce substrate
levels and hence storage burden. These inhibitors are commonly
small molecules, many of which can cross the BBB
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Trans-Golgi
Network (TGN)

Part of the Golgi complex required for sorting and transport of
proteins to the appropriate site
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BOX 1

Therapeutic Strategies for LSDs
In addition to the therapies discussed in the main text, other small molecule, enzyme and
gene replacement strategies are under intensive investigation for LSD treatment. For
ERT, the list of recombinant enzymes approved by regulatory agencies is growing (see
Table 1, Table S1 in supplementary material online). For gene therapy, the strategies to
deliver enzymes to the brain include directed delivery using a variety of vector systems,
or correction of hematopoietic stem cells for complementation in situ from cells which
enter the brain (e.g., microglia) (see Table 1, Supplement 1 and reviews [63, 69–72] for
more details on these approaches).

Other approaches to LSD therapy include:

Stop codon read through

Mammalian cells utilize three mRNA stop codons to terminate protein translation (UAA,
UAG, and UGA). It has been shown that although these termination signals are highly
efficient, “read through” of stop codons does occur, and this phenomenon is in part
influenced by bases immediately downstream of the stop codon [73]. For genetic
disorders resulting from a premature stop codon, inducing read through to increase
expression of functional protein with gentamycin and its derivatives have shown early
promise in cell culture and animal models [74, 75]. While these reagents have not yet
shown clinical efficacy for the LSDs, newer derivatives may [76].

Substrate reduction and anti-inflammatories

Several candidates have emerged and are in early clinical testing in LSD patients, or have
approved for clinical use. N-butyldeoxynojirimycin (miglustat or Zavesca®) is an
inhibitor of glycosphingolipid synthesis that improves neurological phenotypes in
patients with neuronopathic Gaucher disease and NPC. Other work in NPC mice
indicated that allopregnanolone, a neurosteroid, could improve pathology, reduce
inflammatory mediators and prolong lifespan [77]. However, more recent studies have
suggested that it was the hydroxypropyl-β-cyclodextrin in the formulation buffer that
provided benefit [78, 79]. Cyclodextrin is already in clinical testing for NPC therapy
(Table 1). Finally, given the underlying neuroinflammation present in many
neurodegenerative diseases [80], methods that reduce neuroinflammation have shown
therapeutic promise [81–83], including the results with allopregnanolone discussed above
[78, 85]. While such an approach may not address the fundamental defect as enzyme or
gene replacement does, it may be sufficient to significantly prolong CNS function.

Pharmacological chaperones

In some instances, a mutation in a particular lysosomal enzyme does not directly affect
the functionality of the enzyme per se, but rather it leads to a misfolding of the enzyme in
the ER following translation. The failure of the mutant enzyme to adopt a functional
conformation, for example in cases of Fabry, Gaucher and Tay-Sachs disease, causes
degradation via ER-associated protein degradation (ERAD). Disease in these cases is due
to mutant enzymes not trafficking correctly to the lysosome. Chemical chaperones are
synthetic molecules that promote correct protein folding in the ER. They are commonly
active-site inhibitors and presumably provide a structure around which a nascent enzyme
can fold. Once the enzyme folds correctly and is trafficked to the lysosome, it is fully
functional. Based on earlier work [84, 85], several early phase clinical trials are currently
underway testing the effects of chemical chaperones in Fabry, GM1 gangliosidoses [86]
and Gaucher diseases. Notably, many chaperones, since they are small molecules, can
cross the BBB. Another recent finding is that chaperones can stabilize wildtype enzymes
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used in ERT [70, 87]. This holds potential for lowering overall doses required for
therapeutic benefit, and could substantially reduce costs associated with this therapy.
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Box 2

Outstanding Questions

• Is the storage pathogenic in LSDs? In some disorders, for example Huntington‘s
disease, the aggregates within neurons are generally considered neuroprotective
rather than pathogenic. It is the precursor material leading up to the aggregate
that likely elicits neuronal death [88].

• Why are neurons particularly susceptible to dysfunction/neurodegeneration in
many LSDs relative to cells from peripheral tissues?

• pH levels inside intracellular vesicles are known to be altered in some cell
models of some LSDs [17, 18], but this has not been systematically evaluated
for all LSDs. Does the pH of vesicles comprise the endolysosome system more
globally and could this impair lysosomal function, autophagic flux, and
exocytosis?

• Much of the data assessing the cellular effects of the noted deficiencies are from
non-neural cells, but many of these diseases exhibit CNS defects predominantly.
Thus, an important question to ask is how predictive are these findings? Will
novel roles for brain-specific isoforms of proteins affected secondarily by these
deficiencies yield new insights into disease pathogenesis?

• If storage is pathogenic, would treatments which enhance exocytosis be
applicable to multiple LSDs?

• Would upregulation of CLEAR-responsive genes be sufficient for treating
LSDs? How is this pathway activated and which signaling molecules are
involved?

Schultz et al. Page 16

Trends Neurosci. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Lysosomal proteins reach the lysosome directly, via the trans-Golgi network (TGN), or
indirectly by way of the plasma membrane, as reviewed elsewhere [9]. In the direct
pathway, upon trafficking to the TGN, some oligosaccharide side chains acquire the
mannose-6-phosphate (M6P) recognition marker. Enzymes with this modification are
recognized by cation-dependent and cation-independent mannose-6-phosphate receptors
(M6PRs) in the TGN, mediating their sorting into the endosome-lysosome pathway [89, 90].
M6P-tagged molecules that escape M6PR recognition in the TGN are transported to the cell
surface and secreted into the extracellular fluid. Secreted M6P labeled proteins are
recognized by M6PR on the extracellular plasma membrane and delivered to the lysosome
by receptor mediated endocytosis. This is the general mechanism underlying ERT for the
soluble lysosomal hydrolase deficiencies found in several diseases (Table 1). In both direct
and indirect pathways, acidification in early endosomes or lysosomes releases M6PR-
hydrolase binding and the receptor is recycled back to the TGN for additional retrieval.
Uptake of lysosomal hydrolases can also occur via the mannose receptor, as in the case of β-
glucosidase replacement therapy for Gaucher disease.
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Figure 2.
General organization and function of various integral membrane proteins important for
trafficking of lysosomal enzymes (e.g., LIMP2 and PS1), lysosomal function (e.g., V-
ATPase, TRPML1 and LAMP-1), cholesterol homeostasis (e.g., NPC1 NPC2, and LAMP2).
Malfunction of these proteins have been implicated in multiple LSDs (Table 1). It is
currently unknown if PS1 remains associated with Vo as it traffics to the lysosome, but this
seems a likely possibility, given its presence in autophagic vesicles.
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