1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

/ HHS Public Access

Author manuscript

Oy Trends Neurosci. Author manuscript; available in PMC 2023 March 01.

Published in final edited form as:
Trends Neurosci. 2022 March ; 45(3): 184-199. doi:10.1016/j.tins.2021.12.004.

Lysosomal dysfunction in neurodegeneration: emerging
concepts and methods

Vinod Udayar, PhD?, Yu Chen, PhDP, Ellen Sidransky, MD®", Ravi Jagasia, PhD&"
8Roche Pharmaceutical Research and Early Development, Neuroscience and Rare Diseases
Discovery & Translational Area, Roche Innovation Center Basel, F. Hoffmann-La Roche Ltd.,
Basel, Switzerland

bMedical Genetics Branch, National Human Genome Research Institute, National Institutes of
Health, Bethesda, MD, USA

Abstract

The understanding of lysosomes has come a long way since the initial discovery of their

role in degrading cellular waste. The lysosome is now recognized to be a highly dynamic
organelle positioned at the crossroads of cell signaling, transcription, and metabolism.
Underscoring its importance is the observation that in addition to rare monogenetic lysosomal
storage disorders, genes regulating lysosomal function are implicated in common sporadic
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis. Developing therapies for these disorders is particularly challenging, largely due
to gaps in knowledge of the underlying molecular and cellular processes. In this review, we
discuss technological advances that have propelled deeper understanding of the lysosome in
neurodegeneration, from elucidating the functions of lysosome-related disease risk variants at the
level of the organelle, cell and tissue, to the development of disease-specific biological models that
recapitulate disease manifestations. Finally, we identify key questions that remain to be addressed
to successfully bridge the gap to the clinic.
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Lysosomes and neurodegeneration

The lysosome is a key organelle found in eukaryotic cells. Initially recognized for

its function in intracellular degradation, the lysosome is now understood to have far-
reaching roles in the maintenance of cell homeostasis and viability. A large body of
evidence indicates that lysosomes serve as a major signaling hub in the cell, affecting
fundamental processes such as membrane repair, energy metabolism, and inflammatory
pathways [1-4] Pathogenic variants in over 50 lysosomal genes result in lysosomal

storage disorders (LSDs, see Glossary), the most common neurodegenerative diseases

in children, highlighting the importance of proper lysosomal functioning in maintenance

of the nervous system [5]. A plethora of risk variants in lysosomal genes have also been
identified in individuals with neurodegenerative diseases such as Parkinson’s disease (PD),
frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) [6-12] (Figure
1, Table 1). The critical role of lysosomes in the autophagy pathway places them at the
crossroads of several intracellular processes including the regulation of proteotoxicity and
inflammation. Indeed, variants in risk alleles associated with late-onset Alzheimer’s disease
(AD) such as APOE, SORL 1, BIN1, CD2AF, PICALM, TREMZ2and PLD3, as well as
genes related to APP processing, a pathologically and genetically relevant pathway in AD,
are associated with lysosomal-autophagy pathways [13-19]. Many of these genes, however,
do not impact neurons alone. In AD, analysis of post-mortem brain sections from patients
carrying risk variants in TREMZ, a gene expressed in myeloid cells, reveals a significant
increase in the percentage of microglia containing autophagic vesicles [20]. Other studies
have shown that lysosomal dysfunction in both glial and neuronal cells contribute to the
spreading of the pathologic hallmarks amyloid-beta and tau in AD, and alpha-synuclein in
PD [21-25]. Taken together, these findings highlight the pervasive influence of lysosomal
dysfunction across multiple cell types within the nervous system.

Immune cells are also exquisitely sensitive to lysosomal perturbations. In immune

cells, lysosomal pathways regulate key functions including phagocytosis, processing and
secretion of inflammatory cytokines and antigen presentation [26,27]. In ALS and FTD,
the most prevalent causally-linked risk gene, C9orf72, plays an important role in lysosomal
homeostasis, and when disrupted, results in dysfunctional immune cells in the periphery
and brain [28-33]. GRN, another gene important in lysosomal function and the second
most common cause of inherited FTD (interestingly not associated with ALS), has been
linked to microglial dysfunction and neuroinflammation [32,34-36]. Notably, homozygous
loss-of-function mutations in GRN lead to a LSD subtype known as neuronal ceroid
lipofuscinoses (NCL) affecting children and young adults. In NCL, the progressive
neurological deterioration is accompanied by dementia, motor disturbances, epilepsy, loss
of vision, and early death [37,38]. Altogether, these lines of evidence highlight lysosomal
dysfunction as a critical driver of disease pathology involving both neuroinflammation and
neurodegeneration.

Understanding of the genetic architecture and pathological mechanisms associated with
lysosomal disorders has progressed significantly over the past decade. The growing body
of knowledge on the physiological functions of neurodegeneration-related lysosomal genes
such as GBA1, LRRK2, C9orf72, TMEM175, ATP13A2, TMEMI106B and GRN (Table 1)

Trends Neurosci. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Udayar et al.

Page 3

has paved the way for ongoing clinical trials in GBAI- and LRRKZ2-associated PD, C9orf72-
associated ALS or FTD and GRN-associated FTD [39,40]. Nevertheless, major gaps in the
understanding remain, hampering the identification of biomarkers and the development of
targeted disease-modifying therapeutics. Current challenges include: a. Defining the specific
lysosomal alterations resulting from lysosomal risk variants and identifying the underlying
pathogenic mechanisms at the organelle level, b. Determining the impact of risk variants

on non-neuronal cell types and their specific contribution to pathogenicity, c. Identifying
genetic and cellular modifiers of disease risk, and d. Translating these discoveries into
therapy for neurodegenerative diseases. In the following four sections, we systematically
address each of these challenges and discuss how emerging technologies can be harnessed
to advance the understanding of lysosome-related neurodegenerative diseases and bridge the
existing knowledge gaps.

Pathophysiological analysis of lysosomes at the level of the organelle

The application of single-cell transcriptomic, proteomic and metabolomic approaches,

as well as next-generation sequencing in neurodegenerative diseases have shed light

on disease-specific genetic and cellular changes with increased granularity [41-44].
However, the complexity of lysosome function presents a key barrier in unravelling its
specific roles in neurodegenerative disease. An example is the identification of variants in
GBA1, acommon genetic risk factor for PD and the associated disorders dementia with
Lewy bodies (DLB) and rapid eye movement sleep behavioral disorder (RBD) [45,46].
Despite more than a decade of studies, precisely how these GBAI variants contribute

to PD remains unresolved [47-49]. GBA1 encodes the enzyme glucocerebrosidase, a
lysosomal hydrolase deficient in the autosomal recessively inherited LSD Gaucher disease
(GD). In GD there is a clear accumulation of the lipid substrates glucosylceramide

and glucosylsphingosine in macrophages, and this is causally linked to aspects of the
disease pathology [50]. Curiously, this does not appear to be the case in GBAI-associated
PD, where scant substrate accumulation has been reported [51-53]. One explanation

could be that glucocerebrosidase dysfunction specifically results in intra-lysosomal lipid
accumulation, leading to biochemical, functional and structural changes that are not
detected using conventional methodologies focusing on whole cell/tissue analysis. Of note,
glucocerebrosidase also appears to play a role in sporadic PD, for there is an inverse
pathological correlation between glucocerebrosidase protein levels and alpha-synuclein
pathology, proposed to be further propagated by a bidirectional pathological loop [53-55].

While lysosomes constitute only a minute fraction of the intracellular volume (under

5%), lysosomal proteins, lipids and metabolites are also present elsewhere in the cell

[56]. Lysosome isolation combined with downstream analyses such as proteomics and
metabolomics are essential to more accurately evaluate lysosome-specific alterations in
disease. Such an approach could help delineate the physiological and pathological roles of
genes that are implicated in PD, such as GBAI, TMEM175, LRRKZ2and SNCA, and enable
the identification of converging and/or diverging disease mechanisms in these different
forms of PD.
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Until recently, isolation of intact lysosomes for functional and biochemical analyses

has been challenging, mostly due to the time-consuming and cumbersome methods
available. Recently a novel lysosomal immunoprecipitation method (Lyso-1P) has enabled
the rapid isolation of intact and sufficiently pure lysosomes [57]. This method involves
labeling of lysosomes with a Lyso-tag, a 3xHA-tagged version of the lysosomal protein,
Transmembrane protein 192 (TMEMZ192), followed by immunoprecipitation of the labeled
lysosomes using anti-HA antibody-bound resins. This fast and efficient approach has been
used to facilitate metabolomic, proteomic and lipidomic analyses of lysosomes from various
cellular models [57-60].

Analysis of lysosomes isolated using the Lyso-IP method have been critical in demonstrating
the mechanisms of amino acid and lipid exchange between lysosomes and the cytosol,
highlighting processes that could be relevant in disease. For example, metabolite profiling

of isolated lysosomes revealed that lysosomal arginine sensing serves as a trigger for
interactions between SLC38A9 and Rag-Ragulator, thereby coupling mTORC1 signaling
to lysosomal metabolism [58]. In the LSD Niemann Pick C (NPC), Lyso-IP technique was
used to understand how cholesterol accumulation caused by loss of NPC1 leads to lysosomal
dysfunction and other cellular abnormalities. Proteomic analysis of lysosomes isolated from
NPC1-null cells showed marked accumulation of numerous substrates ordinarily degraded in
lysosomes, thus indicating broad proteolytic defects [59]. Furthermore, immunoblotting of
these isolated lysosomes indicated ongoing lysosomal membrane damage, as evidenced by
the significant enrichment of ESCRT components. This pathological signaling mechanism
was not detectable with conventional immunofluorescence staining, further highlighting

the advantages of the Lyso-IP method [59]. In another study, by performing quantitative
proteomic analysis of lysosomes isolated by Lyso-IP the authors identified a key process

by which cells survive conditions of nutrient starvation [61]. The study demonstrated that
under nutrient-limitation/starvation conditions cells utilize ribosomes as a critical source of
nutrients by actively delivering ribosomes to lysosomes (via autophagy) for degradation and
thereby nutrient recycling [61].

The findings discussed above illustrate the potential of Lyso-IP-based studies in helping
resolve pressing outstanding questions. For example, the method could help to better clarify
the precise lysosomal functions of progranulin, the growth factor protein encoded by GRN.
Recent studies indicate a role for progranulin in lysosomal lipid metabolism and as a
potential regulator of glucocerebrosidase and cathepsin D activity [62-65]. Both the full-
length progranulin protein and the ~6 kDa granulin peptides formed by progranulin cleavage
in lysosomes have important roles. However, how progranulin or the distinct granulins act in
the lysosome, and whether there is functional heterogeneity amongst the distinct granulins
in a cell-type- and context-dependent manner is still being explored. Full-length progranulin
is also present in other cellular organelles where its function is unclear. Comprehensive
proteomic and lipidomic profiling of lysosomes versus whole cells from cellular models of
GRN knock-out/variants before and after therapeutic rescue with recombinant progranulin,
for example, could illuminate the precise mechanistic link between progranulin, lysosomal
lipid metabolism and proteolytic defects. When modelling human disease, the Lyso-tag
concept can also be applied to iPSC-based organoids and regionalized brain organoids called
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assembloids. For example, one can compare isolated lysosomes from GBAI-PD versus
non- GBAI-PD organoids to identify converging and diverging features in these different
forms of PD. In the future, Lyso-tagged mice expressing the 3xHA-TMEM192 tag in a

cell- and tissue-specific manner may be exploited to further the understanding of disease
pathophysiology, for example, by delineating the glial versus neuronal effects of a lysosomal
risk allele /n vivo. A limitation of the Lyso-tag approach is that it cannot be applied towards
human post-mortem tissues and hence here, conventional lysosome isolation methods must
be optimized to analyze intact lysosomes.

Lysosomes have the ability to transport ions across the membrane in a bi-directional manner,
for the maintenance of their internal homeostasis (pH, calcium levels, potassium levels

etc.), as well as for triggering downstream signaling cascades. Lysosomes are studded with
different types of ion channels, many of which are directly relevant to human disease.

Thus, beyond purifying lysosomes, organelle electrophysiology and imaging are emerging
as essential tools for clarifying the mechanisms of lysosomal disease, and for identifying
lysosomal therapeutic targets such as TRPML1 and mTORC1 [66-70]. In patients with PD,
as well as in the related disorders DLB and RBD, genetics studies have identified both

risk and protective variants in TMEM1751[8,71,72]. Lysosomal patch clamp revealed that
TMEM175encodes a lysosomal potassium channel, and that protective and risk variants

in PD either activate or inactivate the channel, respectively [73,74]. Interestingly the
protective variant not only increased channel opening, but also enhanced neuronal resistance
to damage [74]. Accordingly, activating TMEM175 could offer a potential therapeutic
strategy for PD. Targeted studies to determine the precise effect of TMEM175 variants on
lysosomal physiology and cell survival are needed. Beyond the potential role in maintaining
lysosomal pH, there is very limited understanding of how an increase or decrease in
TMEM175-mediated lysosomal potassium currents affect lysosome function and neuronal
survival. TMEMZ1 75 knock-out cells display impaired regulation of lysosomal pH, decreased
lysosomal catalytic activity (Cathepsin B and D), decreased glucocerebrosidase activity and
impaired autophagy [75]. Most patients with TMEM 175 variants carry one copy of the
wild-type protein, so it is also important to assess these phenotypes in cells heterozygous for
the variant.

While LRRKZ variants are implicated in both familial PD and in the risk for sporadic PD,
how LRRK?Z contributes to the clinical phenotypes remains unresolved. Studies at the level
of the lysosome are shedding new light on underlying pathomechanisms, demonstrating
that lysosomal rupture plays a role in the aggregation of pathological proteins including
tau and alpha-synuclein and in NLRP3 inflammasome activation [76-82]. Interestingly,
LRRK?2 is recruited to damaged lysosomes, a process which is exacerbated by PD-related
LRRKZ mutations [83]. However, the signaling mechanism that recruits LRRK?2 onto

a subset of damaged lysosomes, the functional consequence of this recruitment and its
relevance in PD remain unclear. High- and super-resolution microscopy methodologies
such as focused ion beam scanning electron microscopy [83], correlative light electron
microscopy, three-dimensional super-resolution structured illumination microscopy,
combined with dyes that report lysosomal pH and lysosomal hydrolytic function are being
employed to better understand these processes. As a case-in-point, a study using such
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imaging techniques identified stable mitochondria-lysosome contact sites that facilitated
bidirectional mitochondrial and lysosomal interaction in the cell [84]. Interestingly, PD
patient-derived neurons carrying mutant GBAZ displayed prolonged mitochondria-lysosome
contacts leading to mitochondrial dysfunction, which could be rescued by increasing
glucocerebrosidase activity [85].

Establishing the non-neuronal contribution to lysosome-related

neurodegeneration using human cellular models

Neuroinflammation is an important component of neurodegeneration, though it is still
debated whether it represents a cause, consequence or both. Microglia, astrocytes and

other non-neuronal cell types in the brain are involved in many essential physiological
processes, including neurotrophic support, protection against pathogens, removal of

cellular debris, physical and metabolic support, and transport of cargoes across the blood-
brain barrier [86—88]. Several lysosomal genes implicated in neurodegenerative disorders
are known to be crucial for the proper functioning of non-neuronal cell types. For

example, in LSDs such as GD and NPC, disease-relevant phenotypes have been reported

in astrocytes and microglia [89-91]. In GD, patient iPSC-derived astrocytes carrying

GBA1 mutations demonstrated increased proliferation, severe cytoskeletal hypertrophy and
impaired clearance of neuronally-released alpha-synuclein [89]. In a murine model of NPC,
brains of ANPC1 knock-out mice showed pronounced and early reactive gliosis, and microglia
in NMPC1 knock-out mice displayed enhanced phagocytosis and impaired turnover of myelin
[90,91]. In another example, deficits in lysosomal degradation caused by the loss of NPC1
has been proposed to drive stimulator of interferon genes (STING) activation in neurons
and microglia [92,93]. Of note, STING is a transmembrane protein which functions as part
of the normal interferon-based immune response against DNA pathogens; dysregulation of
this pathway is involved in various inflammatory and autoimmune diseases [92,93]. Overall,
these findings suggest that pathogenicity of risk variants in lysosomal genes may involve
both neuronal and non-neuronal cells.

Another lysosome-related disease risk gene that connects lysosomes, neuroinflammation and
neurodegeneration is C9orf72. C9orf72 repeat expansions are the most common genetic

link associated with ALS and FTD. C9orf72is functionally linked to multiple cellular
processes, including vesicle trafficking, lysosome homeostasis and mTORC1 signaling
[31,94-96]. C9orf72 repeat expansions are bidirectionally transcribed into repetitive RNA
species which can then be translated into dipeptide-repeat (DPR) proteins. Studies focusing
on the pathogenic roles of C90rf72repeat expansions have identified three distinct disease
mechanisms that may not be mutually exclusive: i. Loss-of-function of the C9orf72 protein,
ii. Toxic gain-of-function from DPR proteins, and iii. Toxic gain-of-function from RNA
repeats [97-101]. Varying involvement of these mechanisms in different brain cell types
may be partially responsible for the clinical and pathological heterogeneity observed in
C9orf72-associated FTD and ALS. Evidence obtained from patients with C90rf72 mutations
as well as from C9orf72 knock-out mice suggest that both develop a neuroinflammatory
phenotype [29,102]. Mice with a selective deletion of C90rf72in myeloid cells (primarily
monocytes, tissue macrophages and dendritic cells) recapitulate phenotypes such as
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lymphoid hypertrophy and the systemic inflammation observed in mice with a generalized
knock-out of C90rf72. These observed phenotypes were attributed to decreased lysosomal
degradation of STING in myeloid cells and subsequent upregulation of the type I interferon
response and inflammation [102]. In another study, microglia in C90rf72 knock-out mice
were shown to exhibit an aberrant increase in lysosomes, a heightened inflammatory state
and increased complement-mediated pruning of synaptic terminals in the motor cortex,
thereby contributing to the cognitive deficits observed [103].

In glial cells, the interplay between lysosomal dysfunction and inflammatory mechanisms
can exacerbate the aggregation of proteins associated with pathology. For example,
astrocytes with the G2019S LRRK2Z mutation exhibit a decreased capacity to take up

and degrade fibrillary alpha-synuclein via the endo-lysosomal pathway [104]. In a GRN
knock-out mouse model of NCL, single-nucleus RNA sequencing of thalamic samples
showed that upon progranulin loss, microglia switch from a homeostatic to a disease-specific
state that may lead to endo-lysosomal dysfunction and neurodegeneration. In fact, GRN
knock-out microglia retain this phenotype in ex vivo cultures, and conditioned medium from
GRN knock-out microglia was sufficient to promote TDP-43 granule formation, nuclear
pore defects and cell death in neurons via the complement activation pathway [105]. Taken
together, these findings highlight the importance of understanding the impact of lysosomal
disease variants on glial function.

Human disease-relevant cellular models that sufficiently recapitulate neuron-glial
interactions can be used to study lysosomal gene variants in physiological settings. /n-vitro
models based on immortalized cell lines have limited utility when characterizing neuron-
glia interactions, neuron-neuron interactions, and spatially organized microenvironments.
Although murine /n-vivo models of neurodegenerative diseases help overcome some of
these challenges, they often do not sufficiently recapitulate the analogous disease phenotype
at the cellular and molecular level [106-108]. Human iPSC-derived neurons, microglia,
macrophages and astrocytes from patient fibroblasts can be used to circumvent some of
these problems, and their application has advanced the mechanistic understanding of PD,
AD, ALS and FTD [109-117]. Recent studies of human 3D cerebral organoid models

of disease, generated using hiPSC and CRISPR technologies, have recapitulated some of
the hallmarks of AD and PD pathology, such as amyloid aggregation, hyperphosphorylated
tau and the reduced number and complexity of dopaminergic neurons [118-122]. The use
of such organoid models, including those incorporating neuron-glia interactions, will help
address questions on how disease variants in glial cells affect neuronal physiology, stress,
and survival, as well as the impact of neurons on glial biology. A major open question is
whether, as with C9orf72 carriers, risk alleles in genes such as SNCA, GBA1, or TDP43
contribute to the disease process via loss-of-function, gain-of-function or both, and whether
this is cell-type specific. The use of neurons and glia derived from CRISPR-edited human
iPSCs can help to determine whether disease variants confer pathogenicity to different cell
types via common or distinct pathways. Determining the relative contribution of neurons and
glia in mediating toxicity associated with lysosomal risk variants is essential for the design
of improved therapeutic strategies for lysosome-related neurodegenerative diseases.
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Screens to identify genetic modifiers of disease

While establishing that a subset of neurodegenerative diseases is lysosome-related based on
genetic and clinical evidence can narrow down the potential disease etiology, the factors
that modify the risk conferred by pathological variants in lysosomal genes in a spatio-
temporal manner are largely unknown. These potential genetic or epigenetic modifiers

are largely undetected by conventional disease-association studies [123,124]. In fact, even
in monogenic LSDs, genetic and epigenetic modifiers are thought to contribute towards

the observed heterogeneity in associated phenotypes, age-of-onset and disease course
[125,126]. Considering the much wider heterogeneity associated with sporadic forms of
neurodegenerative diseases, it is likely that additional disease modifiers play a significant
role in determining the ultimate impact of risk alleles in lysosomal genes on disease etiology
[127,128].

The identification of genetic modifiers in sporadic forms of neurodegenerative diseases is
challenging. Approaches employed have included family studies, large-scale association
studies or genomic sequencing focusing on patients with broadly divergent phenotypes.
Recent developments in large-scale functional genomic analyses allow performing large-
scale CRISPR-based genetic screens to identify modifiers that impact lysosomal function

or that modulate the activity of specific lysosomal enzymes. In addition to well-established
CRISPR knock-out screens using conventional active Cas9, catalytically inactive versions of
Cas9, termed dead Cas9 (dCas9), can be used in CRISPR interference (CRISPRI) screens to
recruit transcriptional repressor domains to transcription start sites in order to repress gene
transcription, or in CRISPR activation (CRISPRa) screens, in order to recruit transcriptional
activator domains to induce the target gene [129]. The ability of CRISPRi and CRISPRa

to inhibit and activate genes of interest will further expedite the mapping of directional
interactions between disease variants and modifiers.

Nevertheless, the application of CRISPR-based genetic screens to identify novel regulators
of neurodegenerative disease is only the first step. A key component of any CRISPR screen
is the biological readout upon which the screening is based, such as endocytosis, organelle
biogenesis, or protein function at the organelle level. In lysosome-related neurodegenerative
diseases, screens aimed at identifying disease modifiers should include readouts that

are disease-relevant and in-line with newly appreciated functions attributed to lysosomes

in neurons and glia, such as neuronal axon maintenance, phagocytosis and exocytosis
[130,131]. For example, in highly polarized cells like neurons, lysosomal trafficking along
axons is considered to be an important mechanism for proper cellular functioning and
survival [132-134]. Nevertheless, little is known about the regulation of axonal lysosome
trafficking and its impact on neurodegeneration. There is growing interest in studying

the processes that regulate spatial distribution of lysosomes in cells and its role in
neurodegenerative disease. A recent study, for instance, showed that elevated cholesterol in
lysosomes in MPC1 knock-out neurons leads to impaired axonal trafficking, while reducing
cholesterol reverses the defect, reducing autophagic stress and neuronal death in these cells
[135].
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In addition to analyzing disease risk variants, another promising application of CRISPR-
based genetic screens is at the intersection of aging-associated lysosomal dysfunction

and disease. For example, lipofuscin is a fluorescent substance composed of oxidized
macromolecules, thought to be the byproduct of incomplete lysosomal degradation. Once
considered merely a bystander and biomarker of brain aging, recent evidence shows that
these accumulations are intimately associated with neurodegeneration [136]. At autopsy,
brains from patients with NCL demonstrate lipofuscinosis associated with substantial
neuronal death [137]. In patients with PD, there is a correlation between increased lipofuscin
aggregates and midbrain neurodegeneration [138-140]. A combination of disease-relevant
cell models and targeted CRISPR screens may be leveraged to clarify both the etiology of
lipofuscin in the aging brain and its potential contribution to pathogenicity [14].

One major aspect of CRISPR screens that needs careful consideration is the selection of the
appropriate cellular model. At present, most genetic screens have been performed in non-
neuronal cancer cell lines, which are not ideal for studying CNS-specific pathways. Though
technically challenging, the use of hiPSCs has now enabled CRISPR screening in CNS

cell types such as neurons, microglia and astrocytes. A recent screen performed to identify
genetic interactors of C9orf72further emphasizes the value of screening with the appropriate
cellular model [141]. Since C90orf72 regulates macrophage function, the genome-wide
CRISPR screen was performed in myeloid cells. This synthetic lethal screen in C9orf72
knock-out cells identified a strong genetic interaction between C9orf72and FI51. The
findings suggest that FIS1 and C9orf72 work in parallel pathways to repress inflammation,
and that FIS1 has a compensatory role in suppressing inflammation in the absence of
C9orf72 [141]. In another demonstration of the merits of screening in CNS-relevant models,
a genome-wide CRISPRi and CRISPRa screen using hiPSC-derived neurons resulted in the
identification of the lysosomal protein prosaposin (PSAP) and other proteins in the same
pathway (Cathepsin D and GM2 ganglioside activator) as modifiers of a stress-induced
neuronal death process known as ferroptosis [142]. PSAP variants are associated with both
LSDs and PD [143,144]. Interestingly, PSAP knock-out in HEK cells did not recapitulate
phenotypes observed specifically in neurons, including lipofuscin accumulation, further
highlighting the need to screen in hiPSC-derived CNS cellular models. Advances in high-
throughput imaging and machine learning have made it possible to perform previously
untractable image-based CRISPR-screens for subcellular phenotypes. As a case-in-point, an
image-based whole-genome CRISPRi screen was recently performed to identify regulators
of TFEB nuclear translocation [145] The TFEB CRISPRI screen identified regulators such
as TGFBR1, TMEM184B and a phosphatase PPP1R1B, which is particularly interesting
since phosphorylation status of TFEB is a critical determinant of its activity and subcellular
location.

Isogenic hiPSC lines harboring disease variants of interest represent a powerful tool for
recapitulating neuronal disease phenotypes such as alpha synuclein aggregation, lewy
body/neurite-like pathology and oxidized dopamine accumulation [110,146-148]. CRISPR
screens can now be designed using CNS-relevant cellular models for disease-relevant
attributes such as microglial phagocytosis, neuronal lipofuscin levels, lysosomal and
mitochondrial stress, and/or studying lysosomal variant functions such glucocerebrosidase
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activity and TMEM175-dependent pH regulation. The use of disease-relevant hiPSC

in CRISPR screening platforms that employ disease-specific readouts holds tremendous
potential for unravelling the function of disease variants that are associated with complex
clinical phenotypes.

Next-generation translational research in lysosome-associated

neurodegenerative diseases

Several lysosomal-targeted therapeutics are in clinical or late pre-clinical development for
neurological LSDs and disorders associated with lysosomal variants such as ALS, FTD
and PD. The strategic rationale for these therapies consist of targeting either the pathways
associated with the genetic variants or general lysosomal mechanisms (i.e. mMTORC1
inhibition, TRPML1 activation). There is a growing consensus that an effective strategy

to tackle neurodegenerative diseases is to stratify patients based on shared genetic, cellular/
biochemical, pathological and clinical phenotypes, so as to create sub-groups of patients
that are most likely to respond to a specific therapeutic strategy. Exemplifying this is an
ongoing Phase Il trial in FTD-GRN patients (INFRONT—Zi) using AL0O01, an antibody
designed to elevate progranulin levels by blocking its degradation, resulting in normalization
of CSF levels of lysosomal (LAMP1, Cathepsin D) and immune (C1QB) biomarkers of
progranulin deficiencies. This normalization of disease-relevant biomarkers was shown to
occur concomitantly with an elevation of CSF progranulin levelsii.

An important open question is whether patients carrying different lysosome-related PD risk
genes share common or distinct disease mechanisms. Interestingly, in a PD patient cohort,
the TMEM175p.M393T risk variant, seen in over 20% of PD patients, was associated with
reduced glucocerebrosidase activity in blood [8]. In iPSC-derived dopaminergic neurons
from patients with LRRKZ-associated PD, LRRK2, through its substrate Rab10, negatively
regulated lysosomal glucocerebrosidase activity [149]. Unexpectedly, patients carrying the
LRRK2p.M1646T PD risk variant had increased glucocerebrosidase activity in peripheral
blood [150]. Additional studies including analysis of post-mortem brain and CSF from

PD patients carrying LRRKZ2 variants are needed to clarify whether LRRK2 impacts
glucocerebrosidase activity, and if so, how. Nevertheless, glucocerebrosidase appears to
play a role in PD pathogenesis beyond GBAI-PD, suggesting that glucocerebrosidase-based
therapeutics and biomarkers may have a broader application.

Neurodegenerative diseases are complex, as exemplified by their regional and cell-subtype
specific vulnerability [151,152]. Single-cell RNA sequencing and single-cell proteomics,
which profile a multitude of individual cells, enable a focus on specific cell types in the
brain. Several comprehensive single-cell omics studies performed in AD have led to novel
insights into pathogenesis, including cell-type specific ApoE repression (in oligodendrocytes
and astrocytes), ApoE upregulation (in microglia) and sex-specific transcriptional responses
in multiple cell types [42,153,154]. A large-scale proteomic analysis performed in AD
brains and cerebrospinal fluid, showed that changes in cellular energy metabolism occur

!_https://clinicaltrials.gov/ct2/show/NCT03987295
I https://investors.alector.com/node/7956/pdf
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early in the disease process, identifying novel potential therapeutic targets and biomarkers
[155]. In AD, single-cell transcriptomics have been extended to genotype-specific analyses.
For example, the effects of pathologic variants in TREMZwere assessed in different cell
types in AD brains, leading to the identification of glial-type specific phenotypes in mutation
carriers, including an IRF8-driven reactive phenotype in microglia and weakened metabolic
coordination with neurons in astrocytes [156]. Similar comprehensive omics studies in
patients with PD, FTD, ALS or AD carrying risk alleles in lysosomal genes can now be
performed to address outstanding questions, including whether the molecular trajectories
of these cases are similar to those seen in sporadic forms of the disease, and whether

risk alleles such as GRN, C9orf72, GBAIL, LRRKZ2and TMEMZ175lead to cell-specific
phenotypes in patients.

Another pertinent issue common to lysosome-related neurodegenerative disease is

the lack of functional biomarkers that accurately report brain target engagement

and track the efficacy of therapeutic interventions. An emerging putative lysosomal
biomarker that is relevant to neurodegenerative disease is BMP, di-docohexaenoyl

(22:6) bis(monoacylglycerol)phosphate (di-22:6-BMP). BMP, is an endo-lysosomal inner
membrane lipid that is increased in the urine of LRRK2G2019S mutation carriers, and is
reported to correlate with cognitive decline [157]. LRRKZ knock-out mice and nonhuman
primates treated with LRRK2 kinase inhibitors have reduced levels of urinary di-22:6-BMP
[158]. While this lipid might have potential as a biomarker, the biological significance of
altered di-22:6-BMP levels is poorly understood. The accumulation of di-22:6-BMP is also
seen with the loss of VPSI3C[159]. VPS13C is a gene associated with early-onset PD,
recently implicated in the transfer of lipids between the ER and endosomes/lysosomes.
Interestingly, a panel of LRKK2 biomarkers has been developed for LRRK2-targeted
clinical trials, including the lysosomal lipid BMP [160,161]. However, further work is
needed to validate this lipid as a disease-relevant biomarker.

The complexity of the molecular interactions surrounding each potential therapeutic target
is posing a tremendous challenge for identifying relevant biomarkers to support optimal
assessment of clinical interventions. The recently unsuccessful Phase I1 trial with venglustat,
a glucosylceramide synthase inhibitor (MOVES-PDIi) is a case-in-point. The aim of this
trial was to evaluate the safety and efficacy of venglustat in PD patients who were
heterozygous for a GBAI mutation; however, the trial failed to meet its primary endpoint
(change from baseline in the Unified Parkinson’s Disease Rating Scale Part Il and 111 after
one year). Despite the lack of cinical improvement, venglustat was reported to show target
engagement at the molecular level, resulting in decreased levels of glucosylceramide in
patient plasma and cerebrospinal fluid of up to 75%.

The discrepancy between robust target engagement and the lack of stablilization or
improvement of symptoms recapitulate the translational gap between preclinical research
and clinical development. Among the lessons learned are the following: First, there is

a crucial need for a better mechanistic understanding of the key players involved in

the pathogenic process. Clearly, glucocerebrosidase interacts within a larger biological

iii https://clinicaltrials.gov/ct2/show/NCT02906020
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framework much of which still remains to be elucidated. Second, great care must

be exercised when selecting a biomarker. It is unclear whether the lowering of

CSF glucosylceramide levels was a target engagement proxy for the reduction of
glucosylceramide levels in the lysosomal membrane of brain cells, since glucosylceramide
is present in other cellular compartments. In addition to measuring CSF levels of
glucosylceramide, investigation of lysosomal glucosylceramide levels in PBMCs using the
Lyso-tag approach or using lysosomal-specific glucocerebrosidase substrates are warranted
[162]. Lastly, to accurately report targeting of lysosomes in the brain for glucocerebrosidase-
augmenting therapies such as gene therapy or chaperones, the development of lysosome-
specific PET ligands will be critical. The existence of ongoing trials, including the

Phase I trial for GBAI gene therapy PR001 (PROPELiV) and the Phase I trial for the
glucocerebrosidase chaperone AmbroxolY, underscores the urgent need for disease-relevant
functional biomarkers that can drive the transition from the bench to the clinic.

Concluding Remarks

A common theme that emerges from studying disorders of the lysosome is that multiple
processes likely contribute to the pathophysiology observed. This is mirrored by the
heterogeneous clinical manifestations of neurodegenerative disorders such as AD, PD, and
the LSDs. Indeed, the complexity of lysosome function across many cell types poses a major
challenge in translational research: the road from preclinical data to new therapies is fraught
with obstacles to be overcome (see Outstanding Questions). Two aspects of these challenges,
we would argue, require particular attention. First, it should be emphasized that lysosomes
play important roles beyond cellular waste disposal, and are vital for a wide range of cellular
functions. Second, it is important to appreciate that in most cases, neurodegeneration is an
outcome of physiological processes gone awry in multiple cell types in the brain, rather than
in neurons alone.

Major efforts to delineate the specific role of neurodegeneration-related lysosomal genes
and aging mechanisms should be undertaken using relevant cell types at the level of

the organelle. Recent advancements in deep omics analyses should be leveraged to

analyze post-mortem brain samples from genotype-curated cohorts to catalogue cell-specific
signatures. Novel insights and hypotheses from such analyses should then be tested

and validated in patient hiPSC-derived models using CRISPR-Cas9 techniques. Such
comprehensive analyses have the potential to uncover novel pathways and expand the
knowledge of disease processes (Figure 2).

Finally, it should be acknowledged that lysosomal genes and the pathways they

impact represent only one element of the underlying pathophysiological processes in
neurodegenerative diseases. Trans-disciplinary efforts will be needed to synthesize the
existing wealth of information and to leverage mechanistic understanding for guiding
clinical development. Hopefully, these efforts will support a transition from the current

v https://www.clinicaltrials.gov/ct2/show/NCT04127578
V https://www.clinicaltrials.gov/ct2/show/NCT02914366
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focus on symptomatic treatments to the discovery of therapeutic agents that can truly alter
the course of these complex disorders.
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Glossary

Alpha-synuclein
A predominantly neuronal protein that is linked genetically and neuropathologically to
Parkinson’s disease.

Alzheimer’s disease (AD)

Common neurodegenerative disease characterized by amyloid plaques and tau tangles in
brain. In AD, memory loss is often the initial symptom, followed by a range of cognitive and
behavioral impairments.

Amyotrophic lateral sclerosis (ALS)
A progressive neurodegenerative disorder affecting nerves in the brain and spinal cord,
leading to loss of muscle control.

APP processing

A sequential protein cleavage process where amyloid precursor protein (APP) is cleaved by
specific proteases to produce amyloid-beta (AB), a peptide that is the main component of
AD-related amyloid plaques.

Assembloids
Organoid generated by spatially organizing multiple cell types.

Autophagy pathway
A physiological intracellular pathway wherein damaged or unnecessary cellular components
are delivered to lysosomes for degradation.

Cerebral organoid

3D brain models derived from pluripotent stem cells that show structural organization
reminiscent of the brain. Their organization and composition can be modulated by
exogenous patterning factors.

Correlative light electron microscopy
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A combination of fluorescence microscopy with high-resolution electron microscopy that
allows study of cellular events (reported by multi-color labels) at ultrastructural resolution.

CRISPR technology

A technology characterized by DNA elements termed CRISPRs (clustered regularly
interspaced short palindromic repeats) and CRISPR-associated (Cas) proteins. It has
two components, a Cas protein and a single guide RNA (sgRNA) that targets the Cas
endonucleases to genes of interest in a sequence-specific manner. Depending on the Cas
protein, it can induce gene knock-out, inactivation or activation.

Deep omics

Deep omics refers to the application of deep neural networks and machine-learning for
multi-level and multi-factorial analysis of ‘omic’ data such as those from proteomic,
lipidomic, and transcriptomic analyses.

Epigenetic modifiers

Epigenetic modifiers refer to processes (or factors regulating these processes) such as DNA
methylation and histone modification. Epigenetic modifiers change the risk for a certain
disease by changing gene expresion without altering the underlying DNA sequence.

Endosomal sorting complexes required for transport (ESCRT)

ESCRT refers to a protein machinery composed of cytosolic protein complexes, known as
ESCRT-0, I, Il and I11. The complexes are involved in membrane remodeling resulting in
alterations such as membrane bending and budding. ESCRT complexes are also known to be
recruited to damaged lysosomal membrane for its repair.

Focused ion beam scanning electron microscopy

A technique which combines serial etching of a resin block (tissue sample) by focused
ion beam with the scanning of the exposed surface in a repetitive manner, resulting in
3D-representation of ultrastructural features.

Frontotemporal dementia (FTD)
A group of disorders caused by progressive nerve cell loss in the brain’s frontal or temporal
lobe, associated with changes in personality, behavior and language.

Gaucher disease (GD)
Lysosomal storage disorder resulting from the deficiency of the enzyme glucocerebrosidase,
associated with both neuronopathic and non-neuronopathic phenotypes.

Glucocerebrosidase
Lysosomal enzyme that cleaves the substrates glucocerebroside and glucosylsphingosine.

Human induced pluripotent stem cells (hiPSC)
Pluripotent cells derived from somatic cells such as fibroblasts and peripheral blood
mononuclear cells that can be differentiated into different cell types.

Lipofuscin
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Electron-dense autofluorescent material that accumulates over time predominantly in
lysosomes of post-mitotic cells.

Lysosomal storage disorders (LSDs)
Group of inherited metabolic disorders that affect lysosomal function, causing accumulation
of toxic materials in various cells. LSDs may affect different organs, including the skeleton,
skin, liver, heart, and central nervous system.
MTORC1 signaling
A signaling network mediated by protein complex known as mechanistic target of rapamycin
complex 1 (mTORC1) that integrates intracellular and extra-cellular growth signals with
metabolic processes in the cell.
Neuronal ceroid lipofuscinoses (NCL)
A group of LSDs comprising of 14 distinct forms that together are the most common
degenerative brain diseases in children.
Niemann Pick C (NPC)
A rare, progressive, neurodegenerative disease caused by autosomal recessive mutations in
either NPC1 or NPCZ2 gene. The disease is associated with neurovisceral symptoms resulting
from lysosomal dysfunction and lipid accumulation.
Parkinson’s disease (PD)
A progressive neurodegenerative disorder characterized by loss of predominantly
dopaminergic neurons in the brain, leading to motor and non-motor symptoms.
Phagocytosis
Cellular process for uptake and elimination of large particles, including microorganisms,
foreign substances, and apoptotic cells.
SLC38A9
A lysosomal membrane protein belonging to the solute carrier (SLC) group of membrane
transport proteins. It transports many amino acids out of the lysosomes into the cytosol in an
arginine-dependent manner.
Tau
Microtubule-associated proteins that are predominantly expressed in neurons and
dynamically regulate key processes such as axonal transport and neurite outgrowth.
Three-dimensional super-resolution structured illumination microscopy
A 3D imaging technique that increases the resolution of conventional optical microscope
to about 100 nm lateral and 250 nm axial by combining it with structure illumination
microscopy.
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Outstanding questions

What alterations in lysosome physiology are caused by the risk alleles
identified, and how do they relate to disease etiology? For example, while
in Gaucher disease there is a clear accumulation of lipid substrates, this is
not evident in GBA1 heterozygotes, suggesting that substrate accumulation
is unlikely to be the basis of pathology in GBAZ-PD. What then mediates
the risk for GBA1? Furthermore, how does alpha-synuclein alter lysosomal
function in normal and diseased states?

What is the contribution of different cell types to the disease pathology?
Specifically, what is the contribution of neurons vs glial vs peripheral cells
to neuropathology in neurodegenerative diseases? Many lysosomal genes are
widely expressed in different cell and tissue types. Do pathological variants
in these genes confer their pathogenicity through a specific cell type or is it a
cumulative effect on multiple cells and organ systems?

What makes different sets of neurons more vulnerable than others in
neurodegenerative disorders? Cell-type and regional-specific vulnerability is
well established in most neurodegenerative disorders and corresponds to
clinical manifestations, although the pathophysiological basis is not well
delineated. For example, why are dopaminergic neurons from the substantia
nigra pars compacta highly vulnerable in PD, when similar dopaminergic
neurons in the ventral tegmental area are spared? What makes the pyramidal
neurons particularly vulnerable to disturbances in proteostasis?

Are there converging molecular mechanisms across neurodegenerative
diseases, and if so, could these pathways explain the overlap in pathology and
clinical manifestations? For example, one feature that might suggest a shared
mechanism could be lipofuscin accumulation. Do the various implicated
lysosomal genes somehow impact lipofuscin levels, ultimately resulting in
pathology?
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Highlights

Genetic and clinical studies have implicated the lysosomal pathway as a key
contributor to pathology in several neurodegenerative diseases, including, AD,
PD and FTD/ALS.

Lysosome-related disease risk variants in neurodegeneration affect different
aspects of the lysosomal pathway (e.g. pH regulation, enzymatic activity and
levels, cargo-delivery), potentially contributing to the differences in pathology
observed in different neurodegenerative diseases.

Recent studies have shown that lysosomes are sophisticated organelles that
regulate and interact with key disease-relevant pathways such as nutrient-
sensing, neuroinflammation, and ferroptosis.

Human disease-relevant iPSC models and advanced methodologies such as
CRISPR, single-cell omics, and deep-sequencing are leading to novel insights
into lysosome-related mechanisms of disease and the identification of new
therapeutic targets.
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Figure 1: Genes implicated in lysosomal function and lysosomal processes are at the crossroads
of several neurodegenerative diseases

Risk variants in lysosomal genes have been identified in several neurodegenerative diseases,
including AD, PD, ALS and FTD. The implicated genes are involved in a broad range of
lysosome-related pathways, such as acidification, endocytosis, autophagy, mitophagy and
ER-golgi-lysosome trafficking. The risk variants may mediate their pathogenicity in/through
various cell types, including neurons, microglia and astrocytes. Epigenetic pathways and
systemic factors likely modulate the risk of these variants for the disease and thus contribute
to the heterogeneity in disease progression.
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* iPSC-based microglial and
astrocytic models

+ 2D neuro-glial co-culture
models

+ 3D cerebral organoids

+ CRISPR editing of patient
derived cells

*Single-cell RNA sequencing and

proteomics of post-mortem
brains
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carriers versus non-carriers)
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Novel
targets

and
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Figure 2: Blueprint for a better understanding of lysosomal dysfunction across
neurodegenerative disorders

In-depth analysis of lysosomal roles in neurodegenerative diseases such as AD, PD,ALS,
FTD and LSDs should include the following approaches: 1. Studying lysosomes in
physiology and disease at the subcellular resolution, 2. Assessing the impact of lysosomal
disease risk variants on non-neuronal cells and its relation to pathology, 3. Screening for
genetic modifiers of disease risk conferred by lysosomal variants, and 4. Next-generation
translational research involving analysis of genotype-specific post-mortem brains from
patients. Such an approach will help identify disease-relevant mechanisms that can be
investigated for development of novel disease-modifying therapies. Illustrations of human
brain and DNA double-helix were exported from BioRender.com.
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Summary of genes associated with PD, ALS and FTD risk and their proposed roles in lysosomal physiologya

Gene Protein Proposed Mutation/ Proposed Frequency | Clinical References
lysosomal Variant disease phenotypes
function mechanism
GBA1 Glucocerebrosidase | Hydrolysis of Missense or Likely LOF | Common PD, an [163,164]
GluCer and PTC earlier age
GluSph at onset
LRRK2 Leucine rich repeat | Recruitment to Missense GOF Common LOPD [83,165,166]
kinase 2 lysosome and
phosphorylation
of Rab proteins
TMEM175 Transmembrane Lysosomal K+ Missense LOF, GOF Common Increased [71,74]
protein 175 channel (protective) or
decreased
PD risk
ATP13A2 ATPase cation Exporter of Missense or LOF Rare Atypical [9,167]
transporting 13A2 polyamines PTC PD, also
such as called
spermine Kufor-
Rakeb
syndrome
ATPI10B ATPase Flippase of Missense and LOF Rare PD [168]
phospholipid GlcCer/PC splice site
transporting 10B mutation
VPS13C Vacuolar protein Lipid transport Deletionsand | LOF Rare PD, an [169,170]
sorting 13C from ER to PTC earlier age
lysosomes mutations at onset
SNCA Alpha-synuclein No clear Multiplication | GOF Rare PD, an [171,172]
function & Missense earlier age
at onset
LOPD
C9orf72 Chromosome 9 GTPase- G4C,-repeat GOF, LOF, Common FTD/ALS [10,33,101,173,174]
open reading frame | activating expansion possibly
72 protein (GAP) both LOF
complex with and GOF
SMCR8-
WD41;
lysosome
trafficking
GRN Progranulin Granulin Missense or LOF Common FTD/ALS [11,62,64]
precursor, lipid PTC
metabolism and
hydrolase
trafficking
CHMP2B Charged Endocytic C-terminal LOF Rare FTD/ALS [175,176]
multivesicular multivesicular truncation
body protein 2B body formation
TMEMI106B | Transmembrane Regulation of Intron variant Increased Common FTD/ALS [12,177,178]
protein 106B lysosomal protein
trafficking and expression
morphology

aAbbreviations: GluCer: glucosylceramide; GlcCer: Galactosylceramide; PC: phosphatidylcholine; LOF: loss-of-function; GOF: gain-of-function;
PTC: premature termination codon; LOPD: late-onset PD
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