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Abstract

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are fatal
neurodegenerative disorders that are thought to exist on a clinical and pathological spectrum. FTD
and ALS are linked by shared genetic causes (i.e. C9orf72hexanucleotide repeat expansions) and
neuropathology, such as inclusions of ubiquitinated, misfolded proteins (i.e. TAR DNA-binding
protein 43; TDP-43) in the CNS. Furthermore, some genes that cause FTD or ALS when mutated
encode proteins that localize to the lysosome or modulate endosome-lysosome function, including
lysosomal fusion, cargo trafficking, lysosomal acidification, autophagy, or TFEB activity. In this
review, we summarize evidence that lysosomal dysfunction, caused by genetic mutations (i.e.
C9orf72, GRN, MAPT, TMEM106B) or toxic-gain of function (i.e. aggregation of TDP-43 or
tau), is an important pathogenic disease mechanism in FTD and ALS. Further studies into the
normal function of many of these proteins are required and will help uncover the mechanisms that
cause lysosomal dysfunction in FTD and ALS. Mutations or polymorphisms in genes that encode
proteins important for endosome-lysosome function also occur in other age-dependent
neurodegenerative diseases, including Alzheimer’s (i.e. APOE, PSEN1, APP) and Parkinson’s (i.e.
GBA, LRRK2, ATP13A2) disease. A more complete understanding of the common and unique
features of lysosome dysfunction across the spectrum of neurodegeneration will help guide the
development of therapies for these devastating diseases.
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1. Introduction

1.1 Amyotrophic lateral sclerosis (ALS) and Frontotemporal dementia (FTD)

ALS is a neurodegenerative disorder characterized by degeneration of the upper and lower
motor neurons in the brain and spinal cord that causes respiratory paralysis and death
(Brown and Al-Chalabi, 2017). With a typical age of onset between 51 and 66 years of age,
patients experience worsening paralysis in voluntary muscles leading to death around 2 to 5
years after disease onset (Al-Chalabi et al., 2016; Longinetti and Fang, 2019). The incidence
of ALS is estimated to be between 0.6 and 3.8 per 100,000 persons per year (Longinetti and
Fang, 2019). However, symptom presentation is highly variable between ALS patients
depending on which populations of neurons survive, leading to difficulty in diagnosing and
treating the disorder (Al-Chalabi et al., 2016). Approximately 10% of patients have a family
history of ALS and are labeled familial ALS (fALS) (Mejzini et al., 2019). The remaining
~90% of ALS cases occur without a family history and are considered idiopathic or sporadic
ALS (SALS) (Chen et al., 2013). sSALS and fALS have similar clinical presentations, and
mutations in genes that cause fALS have also been discovered in SALS cases (Chen et al.,
2013). Therefore, understanding the mechanisms of toxicity associated with fALS may
uncover new disease treatments for all ALS patients.

Frontotemporal dementia (FTD) is the most common cause of dementia in people under the
age of 60 and encompasses a heterogeneous group of disorders that affect the frontal and
temporal regions of the brain (Bang et al., 2015). FTD is the clinical manifestation of
frontotemporal lobar degeneration (FTLD) neuropathology. The broad clinical phenotype of
FTD is divided into language or progressive deficits in behavior and executive function
(Deleon and Miller, 2018). FTD has an estimated prevalence of ~0.02 to 0.22 cases per
1,000 (Bang et al., 2015; Hogan et al., 2016). Approximately 40% of individuals diagnosed
with FTD have a family history of a neurodegenerative disease and are considered familial
FTD (fFTD) (Deleon and Miller, 2018). The remaining cases are considered sporadic FTD
(sFTD), although they may still harbor a mutation in a known gene that can cause FTD.

FTD has two distinct clinical syndromes: behavioral-variant FTD (bvFTD) and primary
progressive aphasia (PPA) (Ljubenkov and Miller, 2016). Behavioral variant FTD is the most
common (~60-80%) and is characterized by behavioral disinhibition, apathy, and socially
inappropriate behavior. FTD with PPA is divided into non-fluent/agrammatic-variant
primary progressive aphasia (nfvPPA) and semantic-variant primary progressive aphasia
(svPPA) (Bang et al., 2015; Erkkinen et al., 2018; Hogan et al., 2016; Johnson et al., 2005).
Interestingly, as the disorder progresses, symptoms from the three subtypes can converge,
and sometimes patients develop global cognitive impairments and motor deficits (Kertesz et
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al., 2005). Although 40% of cases report a family history of dementia, only ~15% show
clear autosomal dominant patterns (Rohrer et al., 2009). Because there are no disease-
modifying therapies target yet, all current FTD treatments only target symptoms (Erkkinen
etal., 2018).

FTD and ALS overlap at the neuropathological and genetic level (Abramzon et al., 2020). In
2006, the connection between FTD and ALS was solidified when it was discovered that TAR
DNA-binding protein 43 kDa (TDP-43), an RNA/DNA binding protein encoded by the
TARDBP gene, was a major component of the insoluble aggregates (inclusions) in ~97% of
ALS and ~50% of FTD post-mortem brains (Arai et al., 2006; Neumann et al., 2006).
Moreover, mutations in ZARDBP cause ALS (Zou et al., 2017) as well as FTD, although
this is less common (Caroppo et al., 2016). Subsequently, mutations in the same genes (i.e.
C9orf72, OPTN, VCP) were discovered in patients with FTD, ALS, or a presentation of both
FTD and ALS symptoms. It is estimated that around 15% of FTD patients will develop ALS
symptoms and up to 48% of ALS patients show some degree of cognitive impairment
consistent with FTD (Lomen-Hoerth et al., 2002; Portet et al., 2001; Ringholz et al., 2005).

In the last few years, new evidence has associated lysosomal dysfunction with the onset and
development of FTD and ALS (Table 1). At a genetic level, mutations in multiple genes
related to lysosome and autophagy function have been linked to both FTD and ALS,
including C9orf72, SQSTM1/p62, UBQLNZ, DCTNI, TBK1, OPTN, and VCP (Casterton
et al., 2020). Mutations in other genes seem to exclusively cause FTD (i.e. MAPT and GRN)
or ALS (i.e. SODI) (Ling et al., 2013; Mackenzie and Neumann, 2016). Nevertheless,
impaired lysosomes, autophagy, and vesicle trafficking occurs in both FTD and ALS post-
mortem tissue (Farg et al., 2014; Lie and Nixon, 2019). Additionally, C90rf72 mutations that
can cause FTD or ALS affect Rab protein activity, induce dysfunction of the endo-lysosomal
pathway, and lead to the accumulation of protein aggregates (Farg et al., 2014). Moreover,
mutations in genes encoding lysosomal proteins such as GRN, TMEM106B, and CHMPZ
affect lysosome acidification and reduce lysosomal enzymatic activity (Brady et al., 2013;
Tanaka et al., 2017). Thus, defects in lysosome function and associated pathways such as
autophagy, which relies on proper lysosome function, may broadly contribute to FTD and
ALS pathogenesis. In this review, we will focus on five important proteins (progranulin,
C9orf72, TDP-43, TMEM106B, and tau), which are intimately involved in pathogenesis
across the FTD and ALS disease spectrum, and summarize how they are implicated in
lysosome function and dysfunction.

1.2 Lysosomal Biology

Lysosomes are membrane enclosed organelles that degrade a variety of macromolecules and
were first described by Christian de Duve in 1955 (de Duve, 2005). Lysosomes have a single
lipid bilayer, which contains over 200 membrane proteins, enclosing an acidic lumen that
hosts 50 or more lysosomal hydrolases (Braulke and Bonifacino, 2009). Lysosomes are
critically involved in the degradation and recycling of intracellular and extracellular material
including lipids, proteins, nucleic acids, and carbohydrates. Historically, lysosomes were
viewed as static organelles that represented the terminal endpoint of degradation following
endocytosis or phagocytosis. In fact, lysosomes are dynamic, highly regulated, and can vary

Neurobiol Dis. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Root et al.

Page 4

in their pH (Johnson et al., 2016), sub-cellular location (Li et al., 2016), and morphology
(Saric et al., 2016). Moreover, lysosomes do more than simply degrade molecules and have
other critical roles in cellular signaling, metabolism, membrane repair, homeostasis, and the
immune response (Settembre et al., 2013; Xu and Ren, 2015).

The biogenesis of lysosomes is a complex, regulated process, and our understanding of the
pathway is still evolving. Briefly, newly synthesized proteins can be delivered directly to a
lysosome from the trans-Golgi network (TGN) or through early endosomes (EE), recycling
endosomes (RE), late endosomes (LE), or multivesicular bodies (MVBs) (Luzio et al.,
2014). Lysosomes also undergo frequent fusion-fission cycles, which serve to maintain
steady-state levels of lysosome number, size, and function (Saffi and Botelho, 2019). The
classical pathway of sorting proteins to the lysosome is based on the recognition of
mannose-6 phosphate residues on oligosaccharide chains of hydrolases, which are trafficked
by mannose-6 phosphate receptors (M6PRS) to the lysosome (Braulke and Bonifacino, 2009;
Ghosh et al., 2003). Several M6PR-independent mechanisms play important roles in
delivering cargo to the lysosome. For instance, the lysosomal integral membrane protein 2
(LIMP2) traffics B-glucocerebrosidase to the lysosome through binding cation-independent
MB6PR to form a heterotrimeric complex (Reczek et al., 2007; Zhao et al., 2014).
Furthermore, Sortillin-1 (SORT1) traffics several proteins to the lysosome, including
cathepsins D and H (CTSD and CTSH) as well as progranulin (Canuel et al., 2008; Hu et al.,
2010). The LDL receptor related protein (LRP1) also contributes to the routing of CTSD and
other proteins to the endo-lysosomal pathway (Derocq et al., 2012; Markmann et al., 2015).

Lysosomes are also critical for autophagy, another important degradation pathway in cells.
Autophagy is a cellular process through which long-lived proteins, dysfunctional organelles,
or invading pathogens are sequestered and degraded (Dikic and Elazar, 2018). In the
autophagic pathway, cargo is enclosed in an autophagosome, which later merges with a late
endosome to form an amphisome, or with a mature lysosome to form an autolysosome,
which ultimately degrades the enclosed cargo (Berg et al., 1998; Gordon and Seglen, 1988).
Autophagosome formation is initiated by unc-like kinase 51 (ULKZ1), and the elongation and
closure of the vesicle is mediated by two autophagy related gene (ATG) pathways ATG5-
ATG12 and ATG8, which is also known as microtubule-associated proteins 1A/1B light
chain 3B (MAP1LC3 or LC3) (Mizushima et al., 2011; Reggiori and Ungermann, 2017).
The cytoplasmic form of LC3 (termed LC3-I) is conjugated to phosphatidylethanolamine
(PE) to form LC3-11, which is associated with the membrane surface of autophagosomes.
The lipidation of LC3 changes its migration pattern in SDS/PAGE, enabling measurement of
the conversion of LC3-1 (~19 kDa) to LC3-11 (~17 kDa) (Kabeya et al., 2000; Tanida et al.,
2005). Measurement of the abundance and ratio of LC3-1 to LC3-11 is frequently used to
monitor autophagy in cells and tissue, although complementary approaches are needed to
fully understand how flux through the autophagy-lysosome pathway is altered in different
contexts (for summary see (Bonam et al., 2020; Klionsky et al., 2016).

Many lysosomal functions rely on the acidification of the lysosome lumen, especially the
activity of the hydrolytic enzymes present in the lysosome, which are optimally active at an
acidic pH (pH 4.5-5.0) (Perera and Zoncu, 2016). The acidic pH is generated and
maintained in the lysosome by the vacuolar ATPase (V-ATPase), a membrane transporter
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that uses ATP hydrolysis to pump protons against their electrochemical gradient into the

lysosome, with counter ion contributions from the chloride channel CLC-7/Ostm1 (Mindell,
2012; Ohkuma et al., 1982). Vesicular acidification regulates the dissociation of cargoes

from the mannose 6-phosphate receptors delivered to LEs and the maturation of immature

hydrolases (Richo and Conner, 1994). The acidic environment is also critical for the
modification of cargoes delivered to the lysosome, including lipids, ions, and proteins
(Asano et al., 2011; Singh et al., 2009; Yambire et al., 2019). Furthermore, alkalinization of
the lysosomal lumen through chemicals that inhibit the V-ATPase (i.e. bafilomycin Al
(Bowman et al., 1988)), or lysosomotropic agents, (i.e. chloroquine (CQ)), impair lysosome
function, mMTORC1 signaling, and autophagy, mimicking many features of lysosomal
storage disorders (LSDs). Long-term treatment with chloroquine or bafilomycin Al leads to
toxicity and death of primary neurons, neural precursor cells, and multiple immortalized
neural cell lines. (Fedele and Proud, 2020; Pasquier, 2016). Additionally, the lysosome also
helps communicate the overall metabolic state of the cell through its interaction with the
mechanistic target of rapamycin complex 1 (mTORC1), which localizes to Rab7 and
LAMP?2 positive vesicles (Harms et al., 1981; Sancak et al., 2010; Sancak et al., 2008;
Settembre et al., 2013). MTORCL is recruited to the lysosomal membrane under conditions
of amino acid depletion by the coordination of Rag GTPases (Kim et al., 2008). In addition
to catabolic regulation, the lysosome also participates in anabolic processing through its
interaction with AMP-activated protein kinase (AMPK) (Zhang et al., 2014a). Lastly, the
lysosome participates in signaling via the degradation of EGFR signals (Tomas et al., 2014)
and processing of toll-like receptors involved in the innate immune response (Lee and
Barton, 2014). These, and other, findings have expanded the view of the lysosome from a
simple organelle designed for macromolecule degradation to a critical hub that integrates
cellular signals (Ballabio and Bonifacino, 2019). Thus, the perturbation of lysosomal
function at multiple levels from trafficking, acidification, cargo recruitment, cargo
degradation, or signaling, could contribute to FTD and ALS, which we will discuss next.

1.3 Lysosome and Neurodegeneration.

Under physiological conditions, the lysosome participates in the degradation and recycling
of numerous macromolecules and organelles throughout the cell (Martinez-Vicente et al.,
2005). However, dysfunction of components of the lysosomal system is deleterious and
causes a variety of fatal diseases. Lysosomal storage disorders (LSDs) are a group of more
than 50 inherited diseases with genetic defects in various components of the lysosomal
system, including membrane proteins, transporters, lysosomal hydrolases, and receptors,
which cause the accumulation of specific substrates (Menzies et al., 2015; Wilcox, 2004).
Interestingly, many LSDs have substantial central nervous system (CNS) manifestations
(Prada and Grabowski, 2013). The CNS is particularly vulnerable to lysosome dysfunction,
causing impairment of neuronal and glial function, which ultimately leads to
neurodegeneration. For example, autophagosomes and lysosomes accumulate in Lewy
Bodies, the intraneuronal inclusions that are characteristic of PD neuropathology (Mahul-
Mellier et al., 2020; Shahmoradian et al., 2019). Additionally, damaging variants in multiple
genes that cause LSDs are enriched in PD cases (Hopfner et al., 2020; Robak et al., 2017).
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Lysosome dysfunction has been observed in the tissue of FTD and ALS patients. Neurons
and microglia in the frontal cortex brain tissue of FTD patients have increased lipofuscin
deposits, a diagnostic feature of many LSDs (Clayton et al., 2015; Ward et al., 2017).
Lipofuscin is an auto-fluorescent aggregate composed of undegraded lipids, proteins, and
metals, which is thought to develop from defective lysosome function over time (Moreno-
Garcia et al., 2018). These protein deposits co-localize with LAMP1 and LAMP2 (Clayton
et al., 2015), two well-characterized lysosome markers, suggesting that lipofuscin deposits
may be derived from lysosomal compartments. Additionally, enlarged endosomes occur in
primary fibroblasts and frontal cortical neurons of FTD (Urwin et al., 2010). Further, large
autophagic vesicles containing CTSB activity accumulate in myoblasts from FTD patients
(Tresse et al., 2010). A lipidomic analysis also found evidence that lysosomal degradation of
triacylglycerides (TAGs) was impaired in human FTD brain tissue and a mouse model of
FTD (Eversetal., 2017).

In ALS, motor neurons in the spinal cord have increased levels of glycosphingolipids (GSL),
a characteristic feature of Gaucher disease (GD) (Dodge et al., 2015), and inclusion bodies
composed of autophagosomes and autolysosomes (Sasaki, 2011). Furthermore, LAMP1
positive vesicles are decreased in induced pluripotent stem cell (iPSC)-derived motor
neurons from ALS patients that carry the C9orf72 mutation, suggesting a reduced number of
functional lysosomes (Shi et al., 2018). Finally, post-mortem ALS brain tissue has a ~62%
reduction in the nuclear localization of transcription factor EB (TFEB), a master
transcriptional regulator of lysosomal genes, suggesting that the regulation of the lysosome-
autophagy pathway is impaired (Wang et al., 2016). Together, these data strongly support the
idea that lysosomal dysfunction is a critical pathogenic cause of FTD and ALS. In this
review, we will explore the importance of proper lysosome function to prevent the
development of FTD and ALS, with a focus on the roles of progranulin, C9orf72, TDP-43,
TMEM106B, and tau.

Evidence of lysosome dysfunction in FTD and ALS.

2.1 C9orf72

For years, multiple groups reported a strong genetic association between a locus on
chromosome 9 and development of FTD or ALS, but the causative gene was unclear (Le Ber
et al., 2009; Morita et al., 2006; Valdmanis et al., 2007; Vance et al., 2006). In 2011, two
laboratories discovered that a hexanucleotide (GGGGCC; G4C,) repeat expansion (HRE) in
the non-coding region of the chromosome 9 open reading frame 72 gene (C9orf72) was the
underlying cause of disease (DeJesus-Hernandez et al., 2011; Renton et al., 2011). The
C9orf72 gene of most healthy individuals contains between two and twenty G4C, repeats. In
FTD or ALS patients with a C9orf72HRE, an expansion of 100 or more G4C, repeats is
considered pathogenic (Rademakers et al., 2012). Intermediate expansions in C9orf72
between 24 and 30 repeats are also associated with an increased risk for ALS (lacoangeli et
al., 2019). Following the initial discovery in 2011, many labs rapidly replicated the
identification of the C90rf72 mutant G4C, repeat expansions in independent FTD and ALS
patient populations throughout the world (Chio et al., 2012; Gijselinck et al., 2012; Ishiura et
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al., 2012). The G4C, repeat expansion in C9orf72is now widely recognized as the most
common inherited genetic cause of both FTD and ALS (Rademakers et al., 2012).

When C9orf72 G4C, expansion mutations were first discovered, the biological function of
the C9orf72 protein was unknown. Moreover, it was unclear how the G4C, repeat ultimately
caused neurodegeneration. Researchers proposed three, non-mutually exclusive, pathogenic
mechanisms caused by the C90rf72 G4C5 repeat. First, the production of mMRNA containing
large G4C, repeats may be toxic by sequestering RNA-binding proteins and impairing their
normal function. Second, dipeptide repeat proteins (DPRs) generated from non-conventional
repeat associated non-ATG (RAN) translation may be toxic. Many papers have been
published supporting the idea that RNA and DPR toxicity is a major source of pathology in
various C9orf72 models (Balendra and Isaacs, 2018; Deng et al., 2013; Haeusler et al., 2016;
Swinnen et al., 2020; Taylor et al., 2016). In this review, we will focus on the third
mechanism: the possibility that the G4C, repeat expansion leads to decreased transcription
and levels of the C9orf72 protein, thus leading to partial loss-of-function.

We focus on the possibility of C9orf72 loss-of-function because a) C9orf72 protein levels
are decreased in G4C, repeat expansion carriers and b) recent data that the C9orf72 protein
plays a critical role in lysosome function and autophagy, both of which are broadly
implicated in FTD and ALS pathogenesis. First, C9orf72 mRNA and protein levels are
consistently decreased in multiple brain regions, myeloid cells, and iPSC-derived neurons
from G4C, repeat expansion positive patients (DeJesus-Hernandez et al., 2011; Donnelly et
al., 2013; Frick et al., 2018; van Blitterswijk et al., 2015; Viode et al., 2018). Importantly,
insufficient levels of the C9orf72 protein can cause neurodegeneration in human iPSC-motor
neurons, zebrafish, and C. efegans (Ciura et al., 2013; Shi et al., 2018; Therrien et al., 2013).
Interestingly, knockout mice lacking the murine C9orf72 gene orthologue, 3110043021Rik,
do not have overt neurodegeneration, but instead have inflammation and a dysregulated
immune system (Atanasio et al., 2016; Burberry et al., 2016; Burberry et al., 2020;
McCauley et al., 2020; O’Rourke et al., 2016). However, decreased levels of C9orf72 protein
can synergize with DPR toxicity and the combination may be necessary to induce
neurodegeneration in C9orf72 G4C, repeat /n vitro cell or mouse models (Boivin et al.,
2020; Shao et al., 2019). Furthermore, axonal trafficking was found to be disrupted in motor
neurons with a C9orf72 HRE, and this phenotype was exacerbated by deletion of C9ORF72
(Abo-Rady et al., 2020). Additionally, extensive work in multiple mouse models found that
reduction of C9ORF72 function increases toxicity of the C9orf72 HRE (Zhu et al., 2020).

The precise function(s) of the C9orf72 protein has been a mystery since the G4C» repeat
expansions in C9orf72were found to cause FTD and ALS. Now, it is clear C9orf72 plays an
important role in the function and homeostasis of the lysosome (Amick and Ferguson,
2017). For example, deletion of the C. elegans C9orf72 orthologue disrupts endo-lysosomal
degradation and lysosome function (Corrionero and Horvitz, 2018). Further, human and
mouse cell models lacking C9orf72 have swollen lysosomes, impaired mTORC1 activation,
and defects in autophagy, lysosomal degradation, and exocytosis (Amick et al., 2016;
O’Rourke et al., 2016; Shao et al., 2019; Shao et al., 2020; Shi et al., 2018). Additionally,
C9orf72 knockout mice have defective autophagy and lysosome function throughout the
body and particularly in brain-resident microglia and macrophages (Ho et al., 2019;
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O’Rourke et al., 2016; Shao et al., 2020). Because the C9orf72 HRE can cause disease
through gain and loss of function, there is concern that it may be difficult to develop
effective therapies targeting the expansion. Excitingly, apilimod, a small molecule inhibitor
of PIKfyve kinase, has been shown recently to rescue both loss- and gain-of-function
C90RF72 disease mechanisms /n vivo (Staats et al., 2019). Further studies are warranted to
determine if apilimod, related small molecule kinase inhibitors, or other therapies like
antisense oligonucleotide (ASO) can effectively treat C9orf72-mediated neurodegenerative
diseases (Donnelly et al., 2013; Guo et al., 2020; Jiang et al., 2016; McCampbell et al.,
2018).

A key question remains. How does loss of C9orf72 cause impaired lysosomal function and
autophagy (Fig. 1)? One possibility is that C9orf72 directly binds to lysosomes and
modulates their activity. Early studies examining the sub-cellular localization of C9orf72
were inconclusive due to low abundance of C9orf72 and non-specific antibodies. This issue
was first solved by using a CRISPR-Cas9 approach to knock-in a HA epitope tag into the
endogenous locus. Immuno-staining revealed that C9orf72 localizes to the lysosome,
especially following amino-acid depletion (Amick et al., 2016). Further studies in human
iPSC-derived neurons and U20S cells with novel monoclonal antibodies confirmed that
C9orf72-associated with lysosomes as well as undefined vesicles in human iPSC-derived
neurons (Frick et al., 2018; Laflamme et al., 2019). This localization was present regardless
of whether cells were amino acid deprived (Laflamme et al., 2019). C9orf72 also co-
localizes to lysosomes and phagolysosomes in human macrophages, which express high
levels of C9orf72 (Laflamme et al., 2019). Additionally, C9orf72 has also been reported to
co-localize with the early endosomal proteins RAB5 and EEAL (Shi et al., 2018). Together
these studies reveal that C9orf72 is enriched within the endosome-lysosome network and
likely plays an important role modulating lysosome function and related pathways.

The molecular function of C9orf72 at the lysosome is becoming clearer. An initial clue was
the realization that C9orf72 has structural homology to the differentially expressed in normal
and neoplasia (DENN) protein family (Levine et al., 2013; Zhang et al., 2012). Proteins with
DENN domains typically function as Rab guanine nucleotide exchange factors (GEFs),
which activate Rab-GTPases by facilitating the exchange of GDP for GTP, and serve to
regulate membrane trafficking in cells (Marat et al., 2011). Indeed, one report found that
C9orf72 could act on its own as a GEF for Rab5A, Rab7A, and Rab11A using /in vitro
assays (lyer et al., 2018).

Recent work from multiple labs reveals a more complex picture of C9orf72 function in cells.
Specifically, C90orf72 does not appear to act alone, but is part of a larger protein complex
(Fig. 1) composed of Smith-Magenis syndrome chromosome region, candidate 8 (SMCRS8)
and WD repeat-containing protein 41 (WDR41) (Amick et al., 2016; Amick et al., 2018;
Jung et al., 2017; Sellier et al., 2016; Sullivan et al., 2016; Xiao et al., 2016; Yang et al.,
2016). The C9orf72-SMCR8-WDR41 complex binds tightly to one another and may work
together as a GEF for RAB8A and RAB39B (Yang et al., 2016). However, a recent
cryogenic electron microscopy (cryo-EM) structure of C9orf72-SMCR8-WDR41 suggests
the complex functions as a GTPase activating protein (GAP) for Rab8a and Rab11a and not
a GEF (Tang et al., 2020). Similarly, a different cryo-EM structure of C9orf72-SMCR8-
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WDRA41 was unable to detect GEF activity and instead found GAP activity for the Arf
family small GTPases (Su et al., 2020). It is unclear why there is a discrepancy between the
initial report that C9orf72 is a GEF. Additional studies are needed to uncover the functions
and molecular targets of the C9orf72-SMCR8-WDR41 complex.

Rabs and other binding partners, like ATG1/ULK1 kinase, may be important for mediating
the diverse effects the C9orf72-SMCR8-WDR41 complex has on autophagy in experimental
systems (Jung and Behrends, 2020). Moreover, all members of the C9orf72-SMCR8-
WDRA41 complex localize to the lysosome membrane and can influence mTORC1 signaling,
which is critical for modulating lysosome function (Amick et al., 2016; Amick et al., 2018).
Recently, PQLC2 was found to mediate the recruitment of the C9orf72 complex to
lysosomes when cells are starved of cationic amino acids (Amick et al., 2020). PQLC2 is a
lysosomal lysine/arginine transporter, also known as LAAT-1 (Liu et al., 2012), that is
important for lysosomal amino acid recycling, proper endoplasmic reticulum (ER) quality
control, and the unfolded protein response (UPR), which is an important pathway for
preventing neurodegeneration (Hetz et al., 2020; Higuchi-Sanabria et al., 2020; Jezegou et
al., 2012). C9orf72 can also bind to inactive Rag GTPases leading to decreased mTORC1
activity and alterations of the autophagy pathway and lysosomes (Wang et al., 2020). The
connection between C9orf72 and the mTOR pathway is intriguing and may open up new
areas of investigation in the FTD and ALS field, because dysregulated mTOR signaling is
involved in multiple neurodegenerative diseases and an active target for drug development
(Liu and Sabatini, 2020; Mazucanti et al., 2015; Schmeisser and Parker, 2019).

Together these studies strongly support a critical role for C9orf72 in maintenance of
lysosome function and autophagy. Exciting experiments lie ahead to dissect how C9orf72
and its binding partners carry out such critical functions, which are important for neuronal
health and survival. Future studies are also necessary to understand the degree that C9orf72
loss-of-function contributes to FTD or ALS pathogenesis and how it synergizes with other
pathogenic mechanisms, such as RNA and DPR toxicity. These data will be critical for
designing therapeutic strategies to target the C9orf72 gene and HRE to treat FTD and ALS.

2.2 Progranulin

Progranulin (Fig. 2; PGRN) is an ~88 kDa secreted, multi-functional glycoprotein (Bateman
et al., 2018). In 2006, mutations in the granulin gene (GRN), which encodes PGRN, were
found to cause FTD with ubiquitinated inclusions that contained an unknown protein (Baker
et al., 2006; Cruts et al., 2006). Subsequently, TDP-43 was discovered to be the major
ubiquitinated protein found in the neuronal inclusions of FTD patients with GRN mutations
(Arai et al., 2006; Neumann et al., 2006). Pathogenic GRN mutations cause disease through
haploinsufficiency and lead to ~50% reduction in PGRN mRNA and protein (Gass et al.,
2006). Depending on the patient population, GRN mutations account for 5-20% of patients
with a positive history of FTD and 1-5% of sporadic FTD patients (Baker et al., 2006;
Rademakers et al., 2012). For the most part, pathogenic GRN mutations cause pure FTD and
are not thought to cause ALS (Cannon et al., 2013; Del Bo et al., 2011; Schymick et al.,
2007; Yu et al., 2010). Beyond FTD, a common genetic variant in GRN, the T allele of
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rs5848, has been associated with an increased risk of developing AD (Lee et al., 2011;
Sheng et al., 2014; Xu et al., 2017) and PD (Chang et al., 2013; Chen et al., 2015).

Most pathogenic GRN mutations are small insertions, deletions, or duplications that affect
the GRN reading-frame, splice-sites, or non-sense mutations, which lead to a premature stop
codon and degradation of the GRN mRNA transcript (Nguyen et al., 2018a; Yu et al., 2010).
An example of this phenomenon is the GRN R493X mutation, which is one of the most
common GRN mutations that cause FTD (Chen-Plotkin et al., 2011). The GRN R493X
mutation is predicted to produce a truncated protein, however, the mRNA is rapidly
degraded through non-sense mediated decay, and no appreciable truncated PGRN R493X
protein is made (Nguyen et al., 2018a). Other common mutations are ¢.813_816del, which is
frequent in FTD patients from Italy (Benussi et al., 2013), as well as ¢.709-1G>A and
€.26C> (p.A9D), which is more broadly distributed around the globe (Moore et al., 2020).
The rs5848 T-allele in GRN, which is located in the 3’-untranslated region in a binding-site
for miR-659, is thought to increase disease risk by decreasing PGRN levels, albeit to a lesser
degree than pathogenic GRN mutations. In summary, heterozygous pathogenic GRN
mutations cause disease through a shared loss-of-function pathogenic mechanism
(Rademakers et al., 2012).

In the brain, PGRN is predominantly expressed in microglia and neurons, including purkinje
cells, pyramidal cells of the hippocampus, and cerebral cortical neurons (Daniel et al., 2000;
Zhang et al., 2014b; Zhou et al., 2017c¢). PGRN is composed of seven full-length granulin
domains and one half-length paragranulin connected by peptide linker regions. These
domains are proteolytically cleaved to release 7 individual ~6 kDa granulin peptides
(Bateman and Bennett, 1998), named granulins 1 through 7, according to their position
within PGRN starting at the amino (N)-terminus. Previously, it was thought PGRN was
primarily cleaved into granulins in the extra-cellular space (Zhu et al., 2002). However,
recent data from our lab and others suggest that in fact, the lysosome is a major site where
PGRN is processed into stable granulins by cysteine proteases, such as cathepsins B and L
(CTSB and CTSL) (Holler et al., 2017; Lee et al., 2017; Zhou et al., 2017b).

Over the decades since PGRN was first discovered, it has been implicated in many
physiological processes ranging from cell-cycle progression, cell migration, neurotrophic
signaling, wound repair, modulation of inflammation, and tumorigenesis (Bateman and
Bennett, 2009; Van Damme et al., 2008). It is still mechanistically unclear how PGRN is
involved in so many diverse pathways. One possibility from recent publications suggests
PGRN, and individual granulins in particular, are critical to maintain healthy lysosomes
(Holler et al., 2017; Lui et al., 2016; Paushter et al., 2018). The precise role of full-length
PGRN and granulins within the lysosome is still a mystery, and further studies are needed to
address this question. From a therapeutic perspective, overexpression of PGRN has been
shown to decrease amyloid beta aggregation and toxicity in mouse models of AD,
suggesting that increasing PGRN levels may provide therapeutic benefit for FTD, NCL, as
well as AD (Minami et al., 2014).

Because PGRN is a secreted protein, reduced levels of PGRN can be detected in plasma or
cerebrospinal fluid (CSF) samples from GRN mutation carriers and used as a diagnostic
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biomarker (Finch et al., 2009; Galimberti et al., 2018; Ghidoni et al., 2008; Sleegers et al.,
2009). Interestingly, fibroblasts and post-mortem cortical brain tissue from FTD-GRN
patients are haploinsufficient in both full-length PGRN and individual granulins (Holler et
al., 2017). Although it is unclear if granulins are secreted, it would be important to know if
they are, and if granulins levels are reduced in the plasma or CSF of GRN mutation carriers.
This information could help provide insight into the role of granulins in normal physiology
and in disease. Beyond PGRN and granulins, other proteins, such as glial fibrillary acidic
protein (GFAP)(Heller et al., 2020), chitotriosidase (Woollacott et al., 2020), neuronal
pentraxin (van der Ende et al., 2020), or transmembrane glycoprotein NMB (GPNMB)
(Huang et al., 2020) may serve as additional biomarkers of disease progression in FTD.

One of the first pieces of evidence that PGRN may be involved in lysosome function arose
in 2012 when homozygous GRN mutations were discovered to cause neuronal ceroid
lipofuscinosis (NCL) type 11 (CLN11) (Smith et al., 2012). These NCL cases carried two
copies of the GRN ¢.813_816del mutation (p. Thr272Serfs*10) and produced no detectable
PGRN. NCLs are neurodegenerative disorders characterized by the accumulation of
abnormal lipopigment in lysosomes in parallel with the clinical features of cerebellar ataxia,
seizures, and progressive decline in cognitive and motor functions (Mole et al., 2019). Since
the original report, other cases of CLN11 caused by homozygous GRN mutations have been
discovered, further validating the importance of PGRN to lysosome function (Almeida et al.,
2016; Canafoglia et al., 2014; Faber et al., 2017; Kamate et al., 2019). Recently, six new
patients with homozygous GR/N mutations were discovered that had variable clinical
phenotypes (Huin et al., 2020). The majority had symptoms of juvenile onset NCL, however
three individuals developed symptoms of bvFTD, including behavioral disinhibition and
apathy. Taken together, this suggests that FTD and NCL caused by GRN mutations are
clinical phenotypes that exist along a spectrum of severity that correlates with lysosome
dysfunction (Huin et al., 2020; Smith et al., 2012).

Studies in PGRN-deficient mice (Gr7/~) further supports the important role of PGRN in
lysosomal function. An NCL-like phenotype has been consistently observed in the brains of
multiple Grr/~ mouse lines (Ahmed et al., 2010; Filiano et al., 2013; Petkau et al., 2012;
Wils et al., 2012; Zhou et al., 2017d) including p62-positive protein aggregates (Chang et al.,
2017; Tanaka et al., 2014; Wils et al., 2012), as well as enhanced levels of lysosomal
proteins such as cathepsin D (CTSD) and LAMP1/2 (Gotzl et al., 2018; Gotzl et al., 2014;
Tanaka et al., 2014). Importantly, the accumulation of lipofuscinosis and intracellular NCL-
like storage material was discovered in postmortem cortical brain tissue and cells from FTD
patients with pathogenic GRN mutations (Ward et al., 2017). Taken together, these data raise
the possibility that PGRN and/or granulins have an important function within the lysosome
and that loss of this activity may contribute to the development of FTD, ALS, and related
neurodegenerative disorders. Further studies are necessary to uncover the precise lysosomal
function of PGRN and granulins.

Following the initial finding by Ward et al., increasing evidence supports the potential role
of PGRN and individual granulins within the lysosome (Ward et al., 2017). First, after
transcription and biosynthesis, a portion of PGRN is secreted to the extracellular space, but
the majority of intracellular PGRN localizes within lysosomes (Holler et al., 2017; Hu et al.,
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2010; Naphade et al., 2010). The SORT1 membrane receptor facilitates PGRN trafficking to
lysosomes (Fig. 2) through a) binding and endocytosis of extracellular PGRN or b) binding
PGRN as it migrates through the TGN (Hu et al., 2010). Another reported binding partner of
PGRN is prosaposin (PSAP) (Zhou et al., 2015), a secreted glycoprotein predominantly
localized to lysosomes, which is essential for the lysosomal degradation of sphingolipids
(Schulze and Sandhoff, 2014). PGRN is thought to “piggyback” on PSAP’s route to the
lysosome using M6PR and LRP1 as trafficking receptors in a SORT1-independent pathway
(Zhou et al., 2015). Surprisingly, it appears that PGRN can also facilitate the lysosomal
trafficking of PSAP through its receptor SORT1 (Zhou et al., 2017c). Higher levels of PSAP
are found in the serum of Gr7”/~ mice and FTD-GRN patients have reduced levels of PSAP
in neurons from postmortem cortex (Zhou et al., 2017c). Although the binding of PGRN to
SORT1 appears to be important for trafficking to lysosomes, there are multiple reports that
PGRN is bioactive in a SORT1-independent manner (De Muynck et al., 2013), suggesting
that SORT1 is not required for all of PGRN’s functions (Gass et al., 2012). Abnormal
accumulation of phosphorylated TDP-43 is a neuropathological hallmark of FTD patients
with GRN mutations (Arai et al., 2006; Neumann et al., 2006) and phosphorylated TDP-43
accumulates in Gr/~ mice at an advanced age (Wils et al., 2012). Interestingly, loss of
PSAP in mice produced an FTD-like phenotype with accumulation of hyperphosphorylated
TDP-43 in the insoluble fraction of brain lysates (Zhou et al., 2017c). These findings suggest
a potential role of PGRN in the trafficking of other lysosomal proteins, which may further
exacerbate lysosome dysfunction in FTD patients with PGRN haploinsufficiency.

Mounting evidence suggests that PGRN can play a direct or indirect role on the activity of
lysosomal enzymes. Once PGRN is within the lysosome, it is rapidly processed into
individual granulins (Holler et al., 2017; Lee et al., 2017; Zhou et al., 2017b). Several groups
find that PGRN and/or granulins can regulate the enzymatic activity of CTSD, a lysosomal
protease that is important for activation of lysosomal hydrolases and general protein
degradation (Beel et al., 2017; Valdez et al., 2017; Ward et al., 2017; Zhou et al., 2017a).
Both PGRN and GRN-7 can bind directly to CTSD, modulating its enzymatic activity (Beel
etal., 2017; Valdez et al., 2017; Zhou et al., 2017a). Decreased enzymatic activity of CTSD
also was reported in Gr7/~ mice and FTD-GRN patients (Beel et al., 2017; Valdez et al.,
2017; Zhou et al., 2017a) despite an increase in the levels of CTSD protein (Beel et al.,
2017; Gotzl et al., 2014), suggesting that PGRN could be necessary for the proper function
of CTSD. Interestingly, PGRN can also regulate other lysosomal enzymes including
glucocerebrosidase (GBA) (Arrant et al., 2019; Jian et al., 2016a; Jian et al., 2016b; Krainc
et al., 2020; Zhou et al., 2019), and p-hexosaminidase A (HexA) (Chen et al., 2018),
suggesting that PGRN may modulate lysosome function through direct regulation of
multiple lysosomal enzymes. PGRN is reported to bind directly to GBA (Arrant et al., 2019)
and HexA (Chen et al., 2018) to regulate their enzymatic activity. Both enzymes help
degrade sphingolipids in the lysosome: GBA degrades glucocerebroside (also called
glucosylceramide) and HexA degrades GM2 gangliosides (Schulze and Sandhoff, 2014).
PGRN has also been proposed to directly influence lysosome acidification and enzymatic
activity (Tanaka et al., 2017). Together, this evidence suggests that the haploinsufficiency of
PGRN may decrease lysosomal enzymatic activity, leading to lysosomal dysfunction,
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substrate accumulation, and eventually FTD. Further studies are required to determine the
individual role each granulin may play within the lysosome.

Interestingly, PGRN shares structural features and neurotrophic properties with PSAP. Like
PGRN, PSAP is also cleaved within the lysosome, to generate 4 individual subunits, called
saposins (Sap A, B, C, and D). Mutations in specific saposin domains of PSAP affect their
unique lysosomal function in different pathological conditions such as Gaucher disease (Sap
C), metachromatic leukodystrophy (Sap B), or Krabbe disease (Sap A) (Ferrini et al., 1989;
Hulkova et al., 2001; Kuchar et al., 2009), suggesting a crucial role of individual saposins in
the lysosome. Although the function of individual granulins is unclear, there is evidence that
they are active within the lysosome. First, granulin-7 can bind the lysosomal protease CTSD
(Beel et al., 2017), suggesting individual granulins may have different roles independent of
full-length PGRN. Moreover, haploinsufficiency of individual granulins within the lysosome
was observed in samples from FTD patients (Holler et al., 2017), suggesting a potential role
of granulin proteins in the regulation of lysosomal function. Recent data comparing
individual human granulins reveal that each granulin shares no more than 60% sequence
identity and that each granulin exhibits different electrostatic charges at neutral pH (Butler et
al., 2019). Differences in electrostatic charges and protein sequences between granulins
support the hypothesis that individual granulins could perform unique functions in the
lysosome, which remains to be determined.

Finally, an important piece of evidence indicating a key role for PGRN in the lysosome is
that GRN expression is modulated by TFEB (Belcastro et al., 2011), which regulates other
lysosomal genes such as CTSD. TFEB activates a response known as the Coordinated
Lysosomal Expression and Regulation (CLEAR), which induces the expression of genes
involved in lysosomal function and autophagy, including PGRN (Settembre et al., 2011).
This observation suggests that PGRN is an essential protein for lysosomal homeostasis, and
PGRN haploinsufficiency due to heterozygous GRN mutations may cause lysosomal
dysfunction and ultimately cause neurodegeneration.

Considering the summarized evidence, PGRN and granulins may play an essential role in
lysosomal function by regulating enzymatic activity, maintaining the acidification of the
lysosome, and participating in the lysosomal trafficking of key lysosomal regulators, such as
PSAP. Therefore, the decrease of PGRN and granulins caused by mutations in GRN could
induce lysosomal dysfunction and lead to the development of neurodegenerative diseases.
Future investigation of the mechanism(s) by which PGRN or granulins regulate lysosomal
functions are necessary to elucidate the role of PGRN and the lysosome in the development
of FTD. Furthermore, understanding the role of individual granulins in lysosomal function
may enable the development of novel therapeutic approaches for FTD, ALS, AD, and other
LSDs.

2.3 TDP-43

Transactivation-response DNA-binding protein of 43 kDa (TDP-43) is a ubiquitously
expressed protein encoded by the ZARDBP gene on chromosome 1 (Ayala et al., 2005;
Neumann et al., 2006; Ou et al.). TDP-43 was first described as a transcriptional repressor
that binds TAR DNA to repress human immunodeficiency virus 1 (HIV-1) gene
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transcription. TDP-43 is now appreciated as an RNA/DNA binding protein with diverse
functions including DNA and RNA homeostasis, transcriptional activation, mRNA splicing,
transport, translation, and degradation (Gao et al., 2018; Ou et al., 1995). The discovery in
2006 that TDP-43 was a novel and frequent component of ubiquitin-positive inclusions in
both ALS and FTD revolutionized the field (Arai et al., 2006; Neumann et al., 2006).
Subsequent studies have validated that TDP-43 pathology is a common neuropathological
feature of multiple neurodegenerative diseases, leading to the creation of a subset of
neurological diseases termed TDP-43 proteinopathies (Tan et al., 2015).

Causative genetic mutations in 7JARDBP were first linked to ALS in 2008 (Sreedharan et al.,
2008). To date, over 50 autosomal dominant mutations have been identified, a majority of
which cluster toward the C-terminal low complexity domain. Even so, only ~5% of ALS
cases have a TARDBP mutation (Kapeli et al., 2017; Mann and Snowden, 2017; Tan et al.,
2017a; Tan et al., 2017b). Furthermore, at least two mutations in TARDBP have been linked
to FTD, accounting for <1% of FTD cases (Kapeli et al., 2017). TDP-43 pathology is
widespread among both ALS and FTD cases, where it is estimated to occur in ~97% of ALS
cases and ~45% of FTD cases (Gao et al., 2018; Prasad et al., 2019). Mutations in many
genes that are linked to ALS and/or FTD such as GRN, C9orf72, and VCPalso cause
TDP-43 proteinopathy, suggesting TDP-43 accumulation and dysfunction is a common link
between both ALS cases and FTD cases (Bang et al., 2015).

Understanding the normal function of TDP-43 may provide insight into why TDP-43
inclusions are common in multiple neurodegenerative diseases and how they contribute to
pathogenesis. TDP-43 is a 414 amino acid protein comprised of a N-terminal domain, a
nuclear localization sequence (NLS), two RNA recognition motifs (RRM), a predicted
nuclear export signal (NES), and a low complexity glycine-rich domain thought to facilitate
various protein-protein interactions (Prasad et al., 2019). Although TDP43 is primarily a
nuclear protein, ~27% of TDP-43 protein is found in the cytoplasm (Barmada et al., 2010).
The ability of TDP-43 to shuttle between the cytoplasm and the nucleus is important for
TDP-43’s pleiotropic functions (Barmada et al., 2010). Nucleocytoplasmic shuttling of
TDP-43 is dependent on various factors, including transcription, cellular activity, and stress
events (Ayala et al., 2008; Diaper et al., 2013; Khalfallah et al., 2018). Thus, many have
proposed that TDP-43 pathology may be a result of deficits in nucleocytoplasmic shuttling
or degradation (Ayala et al., 2008; Chou et al., 2018; Scotter et al., 2015; Sugai et al., 2018;
Winton et al., 2008).

The precise neuropathological signature of TDP-43 proteinopathies can vary between ALS
and FTD cases (Cairns et al., 2007; Laferriere et al., 2019; Tan et al., 2017b). Common
features between pathogenic subtypes include the accumulation of insoluble TDP-43, C-
terminal TDP-43 cleavage products, hyperphosphorylation, ubiquitination, and formation of
insoluble inclusions (Neumann et al., 2006). These inclusions are primarily in the
cytoplasm, but are also found in the nucleus and/or neurites of neurons and glial, and are
directly correlated with disease severity and neuronal death (Barmada et al., 2010; Lee et al.,
2019; Neumann et al., 2007a; Neumann et al., 2006; Scotter et al.; Valdez et al., 2017).
TDP-43 inclusion formation is thought to cause both loss- and gain-of-function toxicity
(Barmada et al., 2010; Diaper et al., 2013; Vanden Broeck et al., 2015; Zhang et al., 2009).
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These include changes in splicing profile, impairment of mitochondria, dysregulation of
metal ion homeostasis, impaired nucleosomes, dysregulation of autophagy, and disruption of
lysosomal dynamics (Dang et al., 2014; Highley et al., 2014; Prasad et al., 2019; Sugai et al.,
2018; Wang et al., 2019). Thus, TDP-43 protein homeostasis is important to maintain overall
health of cells and may be particularly important in post-mitotic and long-lived neuronal
cells.

TDP-43 protein levels are tightly regulated, likely because excess TDP-43 is toxic in many
organisms. In particular, TDP-43 regulates production of its own mRNA through a negative
feedback loop mechanism in which increased TDP-43 protein downregulates the generation
of its own mRNA (Avendano-Vazquez et al., 2012; Ayala et al., 2011). Both genetic and
non-genetic models of ALS and FTD show that formation of TDP-43 inclusions alters
TDP-43 autoregulation (Sugai et al., 2018; Sugai et al., 2019; White et al., 2018). For
example, expression of the ALS-FTD-linked mutation Q331K dysregulates TDP-43
autoregulation leading to a ~14% increase in TARDBP transcript expression (White et al.,
2018). This finding is important because increased TDP-43 protein levels cause deficits in
neuronal dendritic complexity, increased phosphorylation of TDP-43, and neuronal death
(Herzog et al., 2017; Lu et al., 2016; Vogt et al., 2018; Xu et al., 2010). Thus, maintenance
of proper levels of TDP-43 is necessary for cellular health and occurs through three main
degradation pathways: 1) the ubiquitin-proteasome system (UPS), 2) chaperone-mediated
autophagy (CMA) that occurs in lysosomes, and 3) the autophagosome-lysosome pathway
(Fig. 3). In this review, we will focus on discussing lysosomal pathways (CMA and
autophagy) but will briefly discuss the key contributions of the UPS system.

The UPS system is a major pathway of TDP-43 degradation. Ubiquilin-1 binds ubiquitinated
and non-ubiquitinated TDP-43 to facilitate clearance of TDP-43 aggregates through the
autophagosome and/or proteasome (Kim et al., 2009). Further, TDP-43 insoluble aggregates
are ubiquitinated and contain proteins associated with degradation, including ubiquilin-1,
ubiquilin-2, and sequestosome-1 (Arai et al., 2006; Deng et al., 2011; Neumann et al., 2006).
TDP-43 is ubiquitinated at residues K48 and K63 by parkin, an E3 ubiquitin ligase that
forms a multiprotein complex with HDACG6 (Hebron et al., 2013; Urushitani et al., 2010).
Interestingly, TDP-43 is primarily ubiquitinated in the nucleus while aggregation-prone
TDP-43 is ubiquitinated in the cytosol (Scotter et al., 2014; Urushitani et al., 2010). Given
this, cytoplasmic mislocalization of TDP-43 may lead to increased levels of ubiquitinated
TDP-43 that is inefficiently cleared from the cell. Further evidence for this idea arises from
the observation that pharmacological inhibition of the proteasome also increases full-length
and cleaved, aggregation prone TDP-43 (Wang et al., 2010a). Lastly, pathogenic TDP-43
mutations increase the ubiquitin-proteasome mediated turnover of TDP-43 (Araki et al.,
2014).

Evidence suggests that once the proteasome system is overwhelmed, excess levels of
TDP-43 impairs upstream and downstream stages of lysosome-mediated autophagy (Fig. 3).
In fact, boosting autophagy in cellular models can alleviate TDP-43 induced neurotoxicity
by reducing the cytoplasmic mislocalization and aggregation of TDP-43 (Barmada et al.,
2014; Caccamo et al., 2009; Wang et al., 2012). Conversely, pharmacological inhibition of
autophagy increases toxic levels of TDP-43 by impairing the ability of cells to clear large
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aggregates of TDP-43 (Scotter et al., 2014; Wang et al., 2010a). Further, loss of TDP-43
function in the nucleus decreases autophagosome-lysosome fusion leading to an
accumulation of autophagosomes and lysosomes that may represent a feed-forward loop
leading to neurodegeneration (Skoko et al., 2016).

Beyond the UPS, CMA also contributes to the constitutive degradation of TDP-43. The
CMA pathway utilizes a chaperone protein to bind soluble proteins and direct them to the
lysosome for degradation. Typically, the chaperone heat shock cognate 71 kDa protein
(Hsc70) binds protein targets with a KFERQ-like recognition motif (Chiang et al., 1989) and
directly traffics cargo to the lysosomal-associated membrane protein 2A (LAMP2A), which
acts as a receptor to translocate proteins to the lysosomal lumen for degradation (Tekirdag
and Cuervo, 2018). The QVKKD sequence in TDP-43 appears to mediate binding to Hsc70
and directs lysosomal degradation through CMA (Huang et al., 2014). Further, 25 and 35
kDa fragments of TDP are degraded through the UPS and CMA pathways (Huang et al.,
2014). Recent work provides additional evidence that endogenous TDP-43 is a bona fide
CMA substrate /n vitro and in vivo (Ormeno et al., 2020). In particular, genetic
downregulation of CMA by decreasing LAMP?2a levels increases TDP-43 levels (Huang et
al., 2014; Ormeno et al., 2020).

Additionally, the health and integrity of lysosomes themselves is impaired when TDP-43
expression is decreased. Genetic knockout (KO) of TDP-43 using CRISPR-Cas9 induces
widespread changes in lysosomal function, including abnormal accumulation of lysosomes
at the perinuclear region, decreased localization of CTSL and PGRN to the lysosome,
abnormal CTSB processing, and higher secretion of unprocessed proteins from the lysosome
(Roczniak-Ferguson and Ferguson, 2019). Furthermore, expression of aggregation prone
TDP-43 causes Galectin-3 to translocate into lysosomes, which is an indicator of lysosomal
damage (Ormeno et al., 2020). Moreover, ALS-linked TDP-43 mutations decrease the size
and trafficking of lysosomes and increase neurodegeneration in aged iPSC-derived motor
neurons (Kreiter et al., 2018). This finding is supported by a subsequent stud, which found
that excess TDP-43 disrupted function of lysosomes and triggered cytotoxic autophagy
(Leibiger et al., 2018).

Given multiple reports that pathogenic TDP-43 aggregates are preferentially cleared through
the autophagy-lysosome pathway, have led to the suggestion that stimulating autophagy
could target TDP-43 aggregates and enhance survival of affected neurons (Wang et al.,
2010a). In support of this idea, treatment with rapamycin, which activates autophagy by
inhibiting mTOR, enhanced degradation of toxic C-terminal TDP-43 fragments, and
promoted the proper nuclear localization of TDP-43 (Caccamo et al., 2009). Full length
TDP-43 can also be degraded through the autophagy-lysosome pathway (Barmada et al.,
2014).

TDP-43 toxicity is also modulated by lysosome fusion. Specifically, loss of Vps-16, 18, 39,
and 41, which are known to facilitate late endosome and lysosome fusion through the multi-
subunit homotypic fusion and protein sorting (HOPS) core, exacerbates TDP-43 induced
toxicity (Balderhaar and Ungermann, 2013; Liu et al., 2017). Lastly, TDP-43 can directly
influence the activity of TFEB, a master transcription factor of lysosomal genes (Skoko et
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al., 2016). Depletion of TDP-43 causes a global increase in both the mMRNA and protein
expression of TFEB-regulated genes which impairs the fusion of autophagosomes with
lysosomes, ultimately leading to accumulation of immature autophagic vesicles (Skoko et
al., 2016). The regulation of TFEB activity may occur through direct binding of TDP-43 to
TFEB mRNA (Xiao et al., 2011).

Taken together, TDP-43 has an important function in the normal, homeostatic function of
lysosomes (Fig. 3). TDP-43 maintains lysosome function through multiple mechanisms
including modulation of lysosomal function and the expression of genes critical for the
proper function of autophagy and lysosome pathways. Conversely, misfolding and
aggregation of TDP-43 directly impairs autophagy and lysosome homeostasis, potentially
contributing to a toxic feed-forward mechanism that contributes to neurodegeneration.
Therefore, approaches to restore proper function of the lysosome may provide novel
therapies to treat FTD, ALS, and other neurodegenerative disease linked to TDP-43
mislocalization and aggregation.

2.4 TMEM106B

TMEM106B is a lysosomal transmembrane protein of unknown function that has been
implicated in FTD and related disorders (Fig. 4). The TMEM106B protein first came to the
attention of the neurodegenerative field in 2010 following the publication of a large,
international collaborative genome wide association study (GWAS) (Van Deerlin et al.,
2010). This study found that the occurrence of FTLD with TDP-43 inclusions (FTLD-TDP)
was associated with multiple single-nucleotide polymorphisms (SNPs), which mapped to a
single linkage disequilibrium block on chromosome 7p21 that contained the TMEM1068B
gene. Three SNPs (rs6966915, rs1020004, and rs1990622) retained genome-wide
significance following Bonferroni correction. For the most significant SNP, rs1990622, the
major T allele was associated with an increased risk (odds ratio 1.64) for developing FTLD-
TDP, while the minor C allele was associated with a reduced risk of developing FTLD-TDP
(odds ratio 0.61). Intriguingly, genetic variants in TMEM1068B do not appear to increase the
risk of developing ALS (Vass et al., 2011).

Following the initial GWAS study, the association between variants in 7TMEM106B and the
risk of developing FTD has been reproduced by multiple labs (Finch et al., 2011; van der
Zee et al., 2011). Furthermore, studies have also associated variants in TMEM1068 with the
development of hippocampal sclerosis of aging (Murray et al., 2014; Nelson et al., 2015),
the accumulation of TDP-43 inclusions in Alzheimer’s disease (AD) (Rutherford et al.,
2012) or older people without FTLD (Yu et al., 2015), and a recently described disease
named limbic-predominant age-related TDP-43 encephalopathy (LATE) (Hokkanen et al.,
2020; Nelson et al., 2019). Intriguingly, a mutation in TMEMZ106B (p. Asp252Asn) was
found to cause a novel form of hypomyelinating leukodystrophy (HLD), a heterogeneous
group of disorders caused by defects in myelination (Simons et al., 2017). The genetics of
TMEM106B and the role of TMEM106B in neurodegeneration has been recently reviewed
(Jain and Chen-Plotkin, 2018; Nicholson and Rademakers, 2016; Zhou et al., 2021).

Two major questions regarding the role of TMEM106B in FTD remain. First, what is the
specific SNP or SNPs in the linkage disequilibrium block spanning the 7TMEM1068B locus
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that is responsible for altering disease risk? Second, how do TMEMZ106B variants alter the
risk of developing neurodegeneration? Multiple studies support the idea that TMEM106B
variants associated with an increased risk of disease may cause increased levels of the
TMEM106B protein (Gallagher et al., 2017; Van Deerlin et al., 2010). Alternatively, the
rs3173615 SNP in TMEMI106B that is associated with FTD risk causes a change in amino
acid sequence that may be mechanistically important (Cruchaga et al., 2011; Deming and
Cruchaga, 2014; Nicholson et al., 2013; van Blitterswijk et al., 2014). Specifically, the
variant leads to a coding change from the more common, highly conserved, threonine
(Thr185; rs3173615 (C); risk allele) to a serine (Ser185; rs3173615 (G); protective allele) at
position 185 in the TMEM106B protein. In theory, this amino acid change could alter the
levels, or function, of the TMEM106B protein and might explain its impact on disease risk.
In support of this idea, /n vitro cell-based studies found that the protective TMEM106B
Ser185 isoform (protective variant) was degraded more rapidly compared to TMEM106B
Thr185 (risk variant) (Nicholson et al., 2013).

An alternative explanation is that rs1990622 or other variants in the 7TMEM1068B region
might affect splicing or gene expression. In support of this possibility, the non-coding risk-
associated allele of rs1990622 was found to recruit CCCTC-binding factor (CTCF) to the
TMEM106B promoter causing increased expression of TMEM106B, which was correlated
with increased cytotoxicity and risk of neurodegeneration (Gallagher et al., 2017). In
contrast, a recent study found that the rs1990622 allele had a dominant effect on the aging
brain’s transcriptome that was not dependent on TMEM106B mRNA levels (Yang et al.,
2020). Instead, the authors propose that the TMEM106B p.S185T haplotype increases
disease risk by causing TMEMZ106B hyperfunction, similar to overexpression of
TMEM106B, which causes dysregulation of lysosomes and myelination that ultimately
causes pathologic aggregation of TDP-43 (Yang et al., 2020). Further studies are needed to
understand the genetics and mechanisms more completely behind the association of
TMEM106B with brain health and neurodegeneration.

TMEM106B is a type-I1 single pass transmembrane protein that localizes to endosomal and
lysosomal membranes (Brady et al., 2013; Chen-Plotkin et al., 2012; Schwenk et al., 2014;
Stagi et al., 2014). The carboxy (C)-terminal domain of TMEM106B projects into the
lysosomal lumen while the smaller amino (N)-terminal domain extends into the cytosol
(Brady et al., 2013; Lang et al., 2012). TMEMZ106B is part of a larger protein family
(pfam07092; (Lu et al., 2020)) with unknown function, which includes TMEMZ106A,
TMEM106B, and TMEMZ106C (Satoh et al., 2014). TMEM106B is expressed in neurons,
glia, and in endothelial cells and pericytes lining the central nervous system(Busch et al.,
2013). Within neurons, it maintains a somatodendritic distribution (Brady et al., 2013; Chen-
Plotkin et al., 2012; Lang et al., 2012). A comprehensive report of the glycosylation sites in
TMEM106B found five N-glycosylation sites at residues N145, N151, N164, N183, and
N256, each with an N-X-T/S consensus sequence (Lang et al., 2012). Residues N183 and
N256 are necessary for lysosomal/endosomal localization (Lang et al., 2012), and N183
glycosylation contributes to the stabilization of TMEMZ106B (Nicholson et al., 2013).
TMEM106B is cleaved by the enzyme signal peptide peptidase-like 2A and other unknown
lysosomal proteases in a process called regulated intramembrane proteolysis (Brady et al.,
2014).
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Emerging data describing the protein binding partners of TMEM106B are beginning to
provide insight into the function of TMEM106B. First, the N-terminus of TMEMZ106B can
interact with itself as well as TMEM106C to form homo- and hetero-multimers at the
surface of the lysosome (Stagi et al., 2014). The same study found that the N-terminus of
TMEM106B interacts with the endocytic adaptor proteins, clathrin heavy chain and, the ul
subunit of adipocyte protein 2, suggesting that TMEM106B may play an important role in
the endolysosomal sorting pathway and lysosome trafficking. This idea is supported by a
study that found TMEM106B binds to the C-terminus of microtubule-associated protein 6
(MAPS6) (Schwenk et al., 2014). Additionally, TMEM106B directly binds to CHMP2B, a
member of the endosomal sorting complexes required for transport 111 (ESCRT-111) (Henne
etal., 2011; Jun et al., 2015). Interestingly, the TMEM106B T185 (risk allele) binds to
CHMP2B more tightly compared to S185 (protective allele), which correlates with impaired
autophagic flux and increased neurotoxicity (Jun et al., 2015). Whether the binding of
TMEM106B and CHMP2B directly contributes to cellular dysfunction remains unclear.
TMEM106B is also reported to directly bind to the AP1 subunit of V-ATPase (Klein et al.,
2017). The precise contributions of these interactions to proper lysosome function or
dysfunction in neurodegeneration are unknown but are an important focus of future studies.

TMEM106B mRNA and protein expression are increased in FTD-TDP brain tissue,
especially in cases with GRN mutations (Chen-Plotkin et al., 2012; Finch et al., 2011; GotzI
etal., 2014; Van Deerlin et al., 2010). Additionally, disease associated 7TMEM1068B variants
are thought to increase TMEMZ106B expression. Thus, several groups have explored models
using TMEMZ106B overexpression. Overexpression of TMEM106B causes translocation of
TFEB to the nucleus (Stagi et al., 2014), accumulation of large LAMP1+/TMEM106B+
vacuoles (Busch et al., 2016; Chen-Plotkin et al., 2012; Gallagher et al., 2017), loss of
lysosome acidification (Chen-Plotkin et al., 2012; Nicholson and Rademakers, 2016),
disruption of lysosomal trafficking and function (Busch et al., 2016; Chen-Plotkin et al.,
2012), and cytotoxicity in a variety of cellular models (Busch et al., 2016; Gallagher et al.,
2017; Suzuki and Matsuoka, 2016). TMEM106B overexpression also decreases PGRN
secretion and increases intracellular PGRN levels (Brady et al., 2013; Chen-Plotkin et al.,
2012; Nicholson et al., 2013), potentially through TFEB-induced upregulation of the
CLEAR network genes, which includes GRN (Tanaka et al., 2017). Further, TMEM106B
overexpression decreases the production of granulins, suggesting that TMEM106B could
increase FTD risk by inhibiting the processing of PGRN into granulins through lysosome
dysfunction (Holler et al., 2017). Another lab found that overexpression of TMEM106B
exacerbated lysosome dysfunction in Grn-deficient mice (Zhou et al., 2017d). Site-directed
mutagenesis to prevent TMEM106B lysosomal localization ablated TMEM106B-mediated
impairment of lysosome function, indicating lysosomal localization of TMEMZ106B is
necessary to induce dysfunction (Busch et al., 2016; Suzuki and Matsuoka, 2016).
Moreover, the cytotoxic response of TMEM106B overexpression was completely ablated by
the addition of Bcl-xL (Suzuki and Matsuoka, 2016), an anti-apoptotic protein that blocks
caspase-dependent mitochondrial-mediated apoptosis (Kim, 2005). Together these findings
suggest that overabundance of TMEMZ106B can cause lysosome dysfunction that can lead to
mitochondrial-mediated apoptosis. Indeed, the role of lysosome dysfunction upstream of the
apoptotic cascade is well-supported (Guicciardi et al., 2004).

Neurobiol Dis. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Root et al.

Page 20

Approaches to reduce TMEM106B expression have been proposed as potential therapies for
FTD because increasing TMEMZ106B levels induce toxicity, and protective TMEM106B
variants are associated with decreased TMEM106B expression. Some initial reports
supported this idea; however, subsequent work did not. Three recent publications from
independent labs, described below, appears to resolve these discordant results. In 2017,
genetic deletion of TMEM106B8 was reported to ameliorate many lysosomal and FTD-
related phenotypes in G/~ mice (Klein et al., 2017). Elevated levels of Dipeptidyl
peptidase 2 (DPP2), CTSB, and LAMP1 were normalized along with reduced retinal
degeneration and amelioration of aberrant behavior in the open field and elevated plus maze
test in Grrr!~; Tmem106B'~ mice compared to Gri/~ mice (Klein et al., 2017).
Remarkably, lipofuscin accumulation, CD68* microglia abundance, or complement Clq
levels were notrescued in the double KO mice.

In contrast, partial knockout (KO) of TMEM106B did not rescue increased LAMP1 levels,
increased B-Hexosaminidase, or B-Glucocerebrosidase activities, or reduced social
dominance in Grr'~ mice (Arrant et al., 2018). Further, neither knockdown nor KO of
TMEM106B rescued behavioral deficits, RNA foci, DPR formation, or phosphorylated
TDP-43 accumulation in an AAV-based mouse model of C9orf72-repeat induced toxicity
(Nicholson et al., 2018). Intriguingly, knockdown of C9orf72 did increase TMEM106B
expression and other lysosomal proteins, suggesting that both genes interact in some fashion
(Nicholson et al., 2018).

In early 2020, a new Tmem106b KO mouse generated using CRISPR-Cas9 was reported
that developed swollen axons, impaired lysosomal function, and accumulation of lipofuscin,
ubiquitinated substrates, and autophagosomes, particularly in motor neurons (Luningschror
et al., 2020). These data strongly suggest TMEMZ106B is important for transporting
lysosomes from the axons to the soma. However, it was unclear why the phenotype of these
Tmem106b KO was so starkly different than the original report by Klein et al. A trio of
subsequent papers has helped resolve this issue. They find that double knockout of
Tmem106b and Grn consistently produced motor deficits, neurodegeneration, lysosomal
dysfunction, accumulation of autophagosomes, and robust phosphorylated TDP-43
pathology that was absent in mice missing either gene (Feng et al., 2020b; Werner et al.,
2020; Zhou et al., 2020). It appears the milder phenotypes in 7mem106B deficient mice that
were first reported were a result of incomplete deletion of TMEMZ106b expression caused by
a gene trap approach, which can allow leaky expression of the full-length gene
(Luningschror et al., 2020; Zhou et al., 2020). Taken together, these new studies highlight a
functional link between TMEM106B, PGRN, and the lysosome, but raise questions about
the viability of altering levels of TMEMZ106B as a therapeutic approach.

Overall, a large body of evidence demonstrates that TMEM106B directly affects lysosome
function in the brain. In addition, TMEM106B functionally intersects with GRN and
C9orf72 at the lysosome. The nature of these interactions is unclear but an active area of
investigation. Although the precise molecular function of TMEM106B is not known,
TMEM106B clearly plays a critical role in the proper sorting and transport of endosomes
and lysosomes in neurons (Fig. 4). Further work is necessary to understand how variants in
TMEM106B alter the risk of developing FTD and neurodegeneration in general. The
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importance of TMEM106B to neurodegeneration clearly warrants deeper studies to uncover
the molecular function of TMEM106B.

Microtubule-associated protein tau (MAPT), which encodes the protein tau, was the first
gene identified with mutations that cause FTD (Hutton et al., 1998; Poorkaj et al., 1998;
Spillantini et al., 1998). Since then, over 60 dominantly inherited mutations MAPT have
been identified accounting for 5%—-20% of fFTD and 0%-3% of SFTD (Greaves and Rohrer,
2019; Pottier et al., 2016; Rohrer and Warren, 2011). Tau is a protein highly expressed in
neurons with the ability to bind and stabilize microtubules (Murphy et al., 1977) (Fig. 5).
Mutations can affect either the protein level or mRNA splicing sites, resulting in a decreased
ability of tau to bind microtubules (LeBoeuf et al., 2008), or increased tendency to aggregate
and form hyperphosphorylated filaments (Goedert and Spillantini, 2011; Hong et al., 1998).
Furthermore, intra-neuronal accumulation of hyperphosphorylated tau in neurofibrillary
tangles (NFTSs) is present in 45% of all FTD cases (Halliday et al., 2012; Shi et al., 2005).

Phenotypic and pathological heterogeneity within FTD-tau is common. Pathological
subtypes of FTD-tau include Pick’s Disease (PiD), corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), and argyrophilic grain disease (AGD) (Bahia et al.,
2013). Pathologically, FTD-tau brains are characterized by the intracellular accumulation of
NFTs, composed of hyperphosphorylated tau, which occurs predominantly in neurons, and
glial cells more rarely (Goedert and Spillantini, 2011). In addition to the presence of NTFs,
there is also evidence of dysfunctional autophagy-lysosome pathways in the tissue of FTD-
tau cases. The brains of patients with PSP and CBD have a marked increase in p62-positive
aggregates or inclusions, and well as an increase in the autophagosome marker LC3 (Piras et
al., 2016). Additionally, LAMP1 immunostaining is abnormal across FTD-tau subtypes
(Bain et al., 2019; Piras et al., 2016), suggesting that protein degradation through the
lysosome-autophagy pathway is compromised in FTD-tau brains. Interestingly, tau NTFs are
also present in Niemann Pick type C brains, a lysosomal storage disease (Pacheco et al.,
2009), further suggesting that lysosomal dysregulation contributes to tauopathy.

Tau is expressed throughout the CNS, including astrocytes and oligodendrocytes (LoPresti et
al., 1995; Muller et al., 1997). Tau is highly expressed in neurons (Binder et al., 2020), and
the maintenance of proper tau levels by regulating the translation and degradation of tau is
critical for the function and survival of neurons. For example, aggregation of tau is toxic,
and activation of autophagy facilitates the clearance of tau aggregates in tauopathy models
(Mohamed et al., 2014). Treatment of JNPL3 mice, which overexpress human P301L tau
(Lewis et al., 2000), with methylene blue (Congdon et al., 2012), and treatment of mice
expressing P301S with trehalose (Schaeffer et al., 2012), or rapamycin (Ozcelik et al., 2013;
Siman et al., 2015) decreases insoluble tau, suggesting tau is degraded through lysosome-
dependent autophagy (Schaeffer and Goedert, 2012). Furthermore, tau clearance is regulated
by TFEB. Overexpression of TFEB decreases NFT pathology in the Tg4510 tau mouse
model and reduces phosphorylated tau in AD patient derived neurons (Binder et al., 2020;
Polito et al., 2014). Recently it has been shown that treatment with lonafarnib, a
farnesyltransferase inhibitor, decreases tau and phospho-tau accumulation in rTg4510 mouse
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brain as well as hiPSC neurons expressing MAPT with a R406W mutation. The beneficial
effect of lonafarnib on tau pathology was mediated by inhibition of Rhes, which activated
lysosomes and autophagy (Hernandez et al., 2019). These studies highlight the important

role of the autophagy and lysosomal system in clearance and degradation of tau in cellular
and animal models of tauopathy.

Several autophagy receptors are known to play a role in influencing the intraneuronal levels
of tau. SQSTM1/p62, also known as sequestosome-1, is an autophagy receptor involved in
lysosomal degradation of protein targets (Komatsu et al., 2007). Hyperphosphorylated tau is
increased in Sgstm1 knockout mice compared to wild type mice (Ramesh Babu et al., 2008).
Furthermore, the overexpression of p62 in a MAPT mouse model ameliorated insoluble
neurofibrillary tangles and reduced the pathologic spreading of tau (Xu et al., 2019). Taken
together, these data suggest that p62 may play a role in the autophagic degradation of
pathogenic tau. Furthermore, tau can also be degraded in the lysosomes through CMA via its
interaction with Hsc70 (Petrucelli et al., 2004). Tau harbors two imperfect motifs in its
fourth repeat domain which are recognized by hsc70 (Wang et al., 2010b; Wang et al.,
2010c). /n vitro studies demonstrate that wild type, but not mutant, tau is degraded in the
lysosome through CMA (Caballero et al., 2018). Moreover, tau is also a cargo of the
chaperone protein Bcl-2-associated athanogene 3 (BAG3) (Lei et al., 2015), which functions
as a co-chaperone in both hsc70 (Behl, 2016) and p62 (Ji et al., 2019) related lysosome-
autophagic degradation pathways.

Proteins are degraded within the lysosome by a variety of lysosomal hydrolases and
proteases. Lysosomal cathepsins can proteolytically cleave and help degrade tau. There is
evidence that CTSD cleaves recombinant tau /n vitro (Kenessey et al., 1997). Additionally,
CTSL can cleave mutant tau at the lysosomal membrane, after initial processing by an
unknown protease (Wang et al., 2009). Inhibition of serine and cysteine proteases, including
cathepsins, with leupeptin increases tau secretion (Mohamed et al., 2014), while chloroquine
treatment, which inhibits CTSB, CTSD, and CTSL, increases tau accumulation (Hamano et
al., 2008), providing additional evidence that cathepsins play an important role in the
degradation and clearance of tau. While there is evidence that cathepsins interact and co-
localize with NTFs (Akwa et al., 2018), it remains unclear what role cathepsin cleaved tau
fragments play in human tauopathies.

A major role of tau is to stabilize microtubules (MTs) and prevent depolymerization by
decreasing the dissociation of tubulin subunits (Murphy et al., 1977; Trinczek et al., 1995)
(Fig. 5). Several studies have found that mutant tau decreases the ability of tau to bind MT,
thereby modulating the ability of the protein to stabilize and maintain homeostatic MT
dynamics (Elbaum-Garfinkle et al., 2014; LeBoeuf et al., 2008). In relation to the lysosome,
stable microtubules are important for the transport of autophagic vesicles and autolysosome
fusion (Kochl et al., 2006), and phosphorylation of tau alters axonal transport (Rodriguez-
Martin et al., 2013). Mature autophagosomes traffic to the soma where they merge with
lysosomes to form autolysosomes (Maday et al., 2012). Inhibition of autophagy has been
shown to change the primary localization of tau containing vesicles from the soma to
neurites (Akwa et al., 2018). Furthermore, studies of transgenic mice expressing FTD-tau
related mutations found an enlargement of lysosomal compartments and an increase in
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autophagic vesicles, suggesting a dysregulation in autophagic flux (Lim et al., 2001; Lin et
al., 2003).

Several components of the endosomal sorting complex required for transport (ESCRT) are
implicated in tau pathology. Different species of tau traffic through the endosomal system
(Michel et al., 2014; Wu et al., 2013). Further, impaired endosome function, via the
simultaneous knockdown of CHMP6 or CHMP2A and CHMP2B, leads to the escape of tau
seeds, causing increased tau aggregation, and formation of galectin-3 positive puncta, which
is indicative of lysosomal damage (Chen et al., 2019). Interestingly, mutations in CHMP2B
itself can cause FTD (Skibinski et al., 2005). Modulation of the protein RAB7A, another
protein involved in lysosomal biogenesis and endosome-lysosome formation, regulates tau
secretion (Rodriguez et al., 2017). Furthermore, it was recently shown that the accumulation
of tau inhibits IST1, a component of the ESCRT pathway important for autophagosome and
lysosome fusion (Feng et al., 2020a). Taken together these data suggest that vesicle fusion
and trafficking could influence tau pathology and lead to escape of tau seeds and tau
aggregate formation. Tau aggregates and NFTs may also directly impair the endo-lysosomal
pathway, causing additional neurotoxicity.

Although MAPT mutations have only been rarely identified in patients with classic ALS
(Origone et al., 2018), MAPT mutations have been implicated in a family with lower motor
neuron disease (Di Fonzo et al., 2014). Furthermore, several recent studies have proposed
that mutations in MAPT increase the risk of developing ALS and increase disease severity.
In a cohort of Han Chinese patients with sporadic ALS, an analysis of MAPT UTRs and
introns 9-12 identified two variants rs105788 A > G and rs123972 T > A that were enriched
in ALS cases, but not controls (Fang et al., 2013). These variants were associated with an
earlier age of disease onset and a higher frequency of bulbar palsy and breathing difficulties,
however further studies are required to investigate a possible link to lysosomal function.

One study of 3540 European ALS patients found no association between disease and the
MAPT H1/H2 haplotype (Taes et al., 2010). However, a larger study identified an
association between the H1 haplotype and disease using eQTL analysis of several GWAS
studies carried out on European cohorts of several ALS-FTD spectrum disorders (Karch et
al., 2018). They found that the MAPT haplotype H1 increased ALS risk, particularly variant
rs199533, which is in high linkage disequilibrium (D=0.97) with the identifying variant for
the H1 haplotype rs7224296. Both variants and the MAPT H1 haplotype are associated with
alternative splicing of MAPT exons 2 and 3 leading to decreased MAPT mRNA with exons
2 and 3 (Karch et al., 2018).

The H1 haplotype is also associated with several other neurodegenerative disorders with
evidence of lysosomal dysfunction, including FTD, Parkinson’s Disease, ALS/Parkinson’s
complex from Guam ALS/Parkinson’s complex from Guam, and Alzheimer’s Disease
(Caparros-Lefebvre et al., 2002; Martin et al., 2001; Sanchez-Juan et al., 2019; Yokoyama et
al., 2017). Further study is needed to investigate the relationship between the H1 haplotype,
neurodegeneration, and autophagy. While tau is not thought to have a normal function within
the lysosome, tau aggregates are degraded through the lysosome-autophagy pathway.
Additionally, the accumulation of tau aggregates and NFTs are associated with dysregulated
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autophagy and abnormal lysosomal morphology in human tissue. Furthermore, tau may
indirectly influence the activity, biogenesis, and trafficking of lysosomes through its action
on microtubules and the cytoskeleton (Fig. 5).

2.6 Additional genes implicating lysosome dysfunction in FTD and ALS.

In addition to the genes discussed previously, there are several genes (Table 1) that harbor
rare mutations, accounting for less than 5% of fFTD and less than 1% of fALS cases, that
play important roles in the formation, trafficking, or function of lysosomes (Cirulli et al.,
2015; Greaves and Rohrer, 2019). Those genes are CHMPZ2B (Lindquist et al., 2008;
Skibinski et al., 2005), valosin containing protein (VCP/p97) (Johnson et al., 2010b),
SQSTM1/p62 (Hardy and Rogaeva, 2014; Le Ber et al., 2013), cathepsin F (C7SF) (van der
Zee et al., 2016), and major facilitator superfamily domain 8 (MFSD8) (Geier et al., 2019).
We will briefly discuss their role in the lysosome below.

CHMP2B is a component of the endosomal sorting complex required for transport-I11
(ESCRT-III), which is critical for the formation of endocytic multi-vesicular bodies (Tsang
et al., 2006). Like FTD-GRN cases, human brain tissue from FTD patients with CHMP2B
mutations have pathologic lipofuscin accumulation in the frontal cortex. Furthermore,
disruption of CHMP2B can prevent the recruitment of the late endosomal protein Rab7,
which inhibits the maturation of endosomes to lysosomes (Urwin et al., 2010). In addition, a
mouse model of FTD-CHMP2B displays LAMP1 and LAMP2 enriched intraneuronal
inclusions and lipofuscin, which is indicative of lysosome dysfunction (Clayton et al., 2015).

VCP is a ubiquitously expressed protein that is a member of the AAA+ (ATPases Associated
with diverse cellular Activities) family involved in DNA replication, cell cycle regulation,
organelle biogenesis, and protein degradation (Kakizuka, 2008; van den Boom and Meyer,
2018). VCP is involved in the extraction of ubiquitinated substrates from membranes and
participates in the sorting of proteins to the lysosome as well as clearance of damaged
lysosomes (Arhzaouy et al., 2019; Papadopoulos et al., 2017; Ramanathan and Ye, 2012;
Ritz et al., 2011). Mutations in VCP can cause various autosomal-dominant
neurodegenerative disorders (Tang and Xia, 2016) including FTD (Saracino et al., 2018;
Wong et al., 2018) and ALS (Abramzon et al., 2012; Johnson et al., 2010a; Koppers et al.,
2012). VCP mutations were first discovered to cause inclusion body myopathy (IBM) with
Paget’s disease of the bone (PDB) and frontotemporal dementia, abbreviated IBMPFD, but
now more commonly called multisystem proteinopathy (MSP) (Korb et al.; Watts et al.,
2004) In vitro studies suggest that VCP mutations underlying MSP lead to a toxic gain-of-
function by accelerating protein unfoldase activity (Blythe et al., 2019). Ubiquitinated
TDP-43 inclusions are the predominant neuropathology found in FTD or ALS associated
with VCP mutations (Matsubara et al.; Neumann et al., 2007b). However, a novel mutation
in VCP (p.Asp395Gly) was described recently that causes fFTD with a unique pathology
defined by accumulation of neuronal vacuoles and neurofibrillary tau tangles, not TDP-43
(Darwich et al., 2020). Intriguingly, a VCP-binding co-factor named SVIP (Small VCP-
Interacting Protein) was recently discovered that recruits VCP to lysosomes and is important
for lysosome homeostasis (Johnson et al., 2021). Moreover, the authors found a SV/P
mutation in an FTD patient that was pathogenic in a Drosophila model system. Although

Neurobiol Dis. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Root et al.

Page 25

this mutation was from a single FTD patient, and needs to be replicated in larger genetic
studies, the mechanistic link between VCP, SVIP, and lysosome function is compelling.

Interestingly, patients with SOQSTM1/p62 mutations may also develop PDB (Hocking et al.,
2002; Laurin et al., 2002). p62 is a scaffold protein and was the first autophagy receptor
identified in mammals (Bjorkoy et al., 2005). p62 interacts with misfolded or ubiquitinated
proteins and targets them for degradation through autophagic and proteasomal pathways
(Long et al., 2008; Tan et al., 2008). p62 also plays a role in autophagosome formation (Su
and Wang, 2011) and mTORCL regulation (Jain et al., 2010). Notably, rare mutations in
SQSTM1/p62 can cause FTD and present with FTD-TDP pathology (Kovacs et al., 2016).

Mutations in C75F (van der Zee et al., 2016) and MFSD8 (Geier et al., 2019) are the most
recent genes encoding lysosomal proteins to be linked to FTD. CTSFencodes cathepsin F, a
lysosomal cysteine protease (Tang et al., 2006; Wang et al., 1998). Homozygous mutations
in CTSFwere found to cause autosomal recessive adult-onset neuronal ceroid lipofuscinosis
(ANCL or Kufs disease [KD]) in a Belgian family. Whereas a heterozygous CTSF
p.Arg245His mutation was found in two FTD patients (van der Zee et al., 2016). The
neuropathology of one C7TSF mutation case revealed accumulation of autofluorescent
lipofuscin, abnormal neuronal axons, and hyperphosphorylated tau. Subsequently, a
missense variant (p.L465W) in frans with a macro-deletion in C7SFwere discovered in an
individual diagnosed with FTD (Blauwendraat et al., 2018). Additional studies are needed to
validate the pathogenicity of these specific C7SF mutations. Nevertheless, when considered
together, these studies support the concept that mutations in C7SF may contribute to the
development of FTD.

MFSD8 encodes the Major Facilitator Superfamily Domain Containing 8 (MFSDB8) protein,
which is a ubiquitous integral membrane protein of unknown function that localizes to the
lysosome (Siintola et al., 2007). MFSD8 mutations linked to FTD cause an increase in
lysosomal proteins, such as LAMP2 and CTSD, accumulation of autophagosomes, and a
decrease in the rate of protein degradation (Geier et al., 2019). Notably, homozygous loss-
of-function mutations in both CTSFand MFSD8 cause NCL (Aiello et al., 2009; Smith et
al., 2013) providing further evidence that lysosomal dysfunction can cause FTD.

In addition to the genes detailed in the preceding sections, a few additional genes of note
involved in lysosome/autophagy function have been implicated in FTD or ALS pathogenesis
including optineurin (OPTN), tank-binding kinase 1 (7TBKI), and ubiquilin 2 (UBQLN2).
The function of the proteins encoded by these three genes will be briefly discussed here, but
have reviewed in more detail recently (Mathis et al., 2019; Nguyen et al., 2018b; Sirkis et
al., 2019). Optineurin (OPTN) is a multi-functional adaptor protein that regulates vesicular
trafficking, intracellular signaling, and binds ubiquitinated cargo proteins to facilitate
autophagy (Ryan and Tumbarello, 2018). OPTN has also been shown to play an important
role in clearance of damaged lysosomes that functions to restore lysosomal quality control
(Bussi et al., 2018). Tank-binding kinase 1 (TBK1) is a ubiquitously expressed multi-
functional serine-threonine kinase, belonging to the family of non-canonical 1B kinase
(IKK) (Fitzgerald et al., 2003), that plays many important roles, including the initiation and
completion of autophagy (Pilli et al., 2012). In fact, TBK1 phosphorylates OPTN to regulate
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autophagy as well as recycling of damaged lysosomes (Bussi et al., 2018). Ubiquilin 2
(UBQLN2) is a member of the ubiquitin-like protein family (ubiquilins). UBQLN?2 binds
ubiquitinated proteins through a C-terminal ubiquitin-associated (UBA) domain and an N-
terminal ubiquitin-like (UBL) domain and facilitates protein degradation through the UPS
(Seok Ko et al., 2004). Recently, UBQLN2 has been found to regulate mTOR activity,
autophagy, and lysosomal acidification, which is impaired by UBQLN2 mutations that cause
ALS (Senturk et al., 2019). Our understanding of the role of the lysosome and autophagy in
FTD and ALS continues to develop and novel genes encoding proteins involved in these
processes are still being identified (Nakamura et al., 2020). Taken together, these findings
present additional evidence that genetic mutations that cause FTD or ALS initiate disease
through defects in the lysosome-autophagy pathway.

3. Conclusion

After decades of research, it is increasingly clear that lysosomal dysfunction is an important
pathogenic mechanism leading to neurodegeneration in FTD and ALS. Multiple genes that
cause, or increase the risk of developing, FTD, ALS, or a combined FTD-ALS phenotype,
functionally converge at the lysosome. For example, PGRN, granulins, TMEM106B,
MFSD8, CTSF, and C9orf72, all localize within the lumen or membrane of the lysosome.
Thus, mutations or altered function of these proteins could disrupt lysosomal homeostasis
and contribute to neurodegeneration. When considered together, many of the proteins we
have summarized contribute to lysosome homeostasis through modulation of lysosomal pH,
lysosomal trafficking, lysosomal fusion, or activity of hydrolases within the lysosome.

The impairment of lysosome function and protein clearance over time could cause the
accumulation of protein aggregates (i.e. TDP-43), which are defining neuropathological
features of FTD and ALS, and decrease neuronal and glial health and survival (Boland et al.,
2018). The precise mechanisms leading from lysosomal impairments in FTD or ALS to
overt neurodegeneration are beginning to be elucidated but are still an active area of study. In
particular, multiple possibilities have been proposed that suggest lysosome dysfunction can
directly or indirectly lead to synaptic defects and impaired synaptic transmission (Para et al.,
2020), impaired proteostasis and increased proteotoxicity (Hipp et al., 2019), autophagic
blockade (Darios and Stevanin, 2020; Menzies et al., 2017), mitochondrial impairment
(Moore and Holzbaur, 2016; Plotegher and Duchen, 2017; Richter et al., 2016), impaired
nucleocytoplasmic transport (Chou et al., 2018), and neuroinflammation (Fiorenza et al.,
2018; Huang et al., 2020; Zhang et al., 2020), which may ultimately cause
neurodegeneration. Despite the complicated downstream pathways, numerous studies
support the idea that activation of lysosome and autophagy can help clear protein aggregates
found in FTD and ALS, and improve neuronal survival (Barmada et al., 2014; Castillo et al.,
2013; Chen et al., 2020; Congdon et al., 2012; Holler et al., 2016; Ozcelik et al., 2013;
Schaeffer et al., 2012; Wang et al., 2012; West et al., 2020). Future studies should focus on
developing therapeutic interventions that restore lysosomal health and function as a method
to promote neuron survival and prevent neurodegeneration in FTD and ALS (Bonam et al.,
2019; Chen et al., 2020; Djajadikerta et al., 2020; Peng et al., 2019).
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Figure 1. Overview of the function of C9orf72 in the lysosome-autophagy pathway.
(A) C9orf72 forms a stable complex with SMCR8 and WDR41, shown here as a surface

representation of a cryo-EM structure (PDB 6V4U), colored by chain (WDR41-green,
SMCR8-cyan, C9orf72-blue). (B) The C9orf72-SMCR8-WDR41 complex functions as a
GTPase activating protein (GAP) for RABs, ARFs, and potentially other GTPases, leading
to conversion of GTP to GDP, and GTPase inactivation. (C) C9orf72 alone, or in complex
with SMCR8-WDRA41, has been functionally implicated in multiple parts of the lysosome-
autophagy pathway, including vesicle fusion, phagophore formation, autophagosome
maturation, and lysosome function, possibly by regulating mTORC1 activity. Finally, the
C90rf72-SMCR8-WDRA41 complex can be recruited to the surface of lysosomes by PQLC2/
LAAT1, a lysosomal cationic amino acid transporter, during amino acid deprivation.
Haploinsufficiency of C9orf72 induced by hexanucleotide repeat expansion (HRE)
mutations in C9orf72 may impair multiple aspects of lysosome autophagy function, thus
contributing to FTD and ALS pathogenesis. Created with BioRender.com.
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Figure 2. Model of lysosome dysfunction caused by progranulin deficiency due to pathogenic

GRN mutations.

(Left panel) Under normal conditions (GRN**, no mutations) progranulin (PGRN) can be

trafficked to the lysosome by sortilin-1 directly from the Golgi apparatus or following

endocytosis. PSAP also binds PGRN and facilitates trafficking to the lysosome via LRP1 or
MG6PR pathways. In the lysosome, PGRN and PSAP are rapidly cleaved into individual
granulins and saposins, which contribute to optimal lysosome function and protein
homeostasis, potentially through regulation of lysosomal enzymes, such as GBA, HexA,
CTSD, or other unknown lysosomal hydrolases. (Right panel) Pathogenic GRN mutations
that cause FTD lead to haploinsufficiency (GRN*") resulting in an overall 50% reduction of
PGRN in the cell and granulins in the lysosome, which may also decrease PSAP endocytosis

and lysosomal saposins. Reduction of granulins may cause reduced lysosomal enzyme

activity and substrate degradation, which ultimately leads to accumulation of undigested
material and accumulation of phosphorylated-TDP-43 and lipofuscin.
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Figure 3. Aggregation of TDP-43 impairs lysosome-autophagy function.
(Upper panel) In healthy cells, optimum levels of TDP-43 are maintained by 1) degradation

through the ubiquitin—proteasome system (UPS) or 2) degradation through chaperone
mediated autophagy (CMA) by binding to Hsc70 and import into the lysosome through
LAMP2A. (Lower panel) TARDBP gene mutations or other causes (i.e. lysosome
dysfunction cause by GRN or C9orf72 mutations) lead to accumulation and aggregation of
TDP-43, which ultimately form insoluble inclusions. TDP-43 aggregates are not efficiently
cleared by the proteasome which leads to their clearance through autophagosomes that
required fusion with lysosomes. TDP-43 aggregates can block CMA and impair lysosome
function, leading to a feed-forward toxic mechanism causing loss of TDP-43 function,
TDP-43 inclusion formation, lysosome dysfunction, impaired protein homeostasis in the
cell, and ultimately neurodegeneration.
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Figure 4. Dysfunction of TMEMZ106B impairs formation, transport, and function of lysosomes.
(Left panel) TMEM106B plays an important regulatory role in lysosome function, possibly

through interaction with CHMP2B, a member of the ESCRT-111 complex, and with V-
ATPase, which is critical for proper lysosome formation. TMEMZ106B is also thought to
bind microtubule-associated protein 6 (MAP6), a protein that stabilizes microtubules and
regulates lysosome trafficking in neurons. (Right panel) Elevated TMEMZ106B levels,
thought to be increased by the TMEM106B risk allele, or loss of TMEMZ106B function,
causes impaired lysosome acidification and transport, leading to dysfunction and
accumulation of swollen vacuoles and lysosomes.
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Figure 5. Tau aggregation and accumulation impairs lysosome function through multiple
mechanisms.

(Upper panel) In normal, healthy conditions, one function of tau is to stabilize microtubules,
which facilitates proper trafficking and maintenance of lysosomes. Homeostatic levels of tau
are maintained by degradation through two pathways: 1) the proteasome via the ubiquitin—
proteasome system (UPS) and 2) in the lysosome through chaperone mediated autophagy
(CMA) via Hsc70/LAMP2A.. (Lower panel) In pathogenic conditions, such as FTD caused
by MAPT mutations, tau is prone to aggregation leading to hyper-phosphorylation,
ubiquitination, and microtubule destabilization. Smaller tau aggregates and larger
neurofibrillary tangles (NFTs) inhibit the proteasome and are shunted to autophagosomes for
degradation. Tau aggregates also inhibit IST1 of the ESCRT complex, block CMA, impair
lysosome function leading to enlarged, dysfunctional lysosomes, and lysosome rupture.
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Summary of genes associated with FTD and ALS and their role in lysosome function

Table 1 -

Page 52

Role(s) in Clinical
Genome  lysosome Type of Pheno- Mutation Effect of genetic
Gene Protein location  function mutation types(s)  Frequency mutation/variant References
C9orf72 C9orf72 9p21.2 GTPase- G4C,-repeat FTD, Common; Loss of C9orf72 (DeJesus-
activating expansion ALS Varies by function; gain of Hernandez
protein (GAP) population; DPR and RNA etal., 2011;
complex with ~421% % toxicity Le Ber et
SMCR9-WD41, al., 2009;
lysosome Shao et al.,
trafficking; 2020; Su et
mTORC1 al., 2020;
signaling Tang etal.,
2020)
GRN Progranulin 17921.31  Lysosome Haplo- FTD, Common; Loss of function; (Arai etal.,
homeostasis; insufficiency; NCL Varies by Lysosome 2006;
Hydrolase nonsense (CLN11) population; impairment Baker et
trafficking and ~34.6% al., 2006;
function Holler et
al., 2017;
Neumann
et al., 2006)
MAPT Tau 17 Trafficking of Missense/ FTD Common; Tau (Hutton et
autophagic deletion Varies by hyperphosphorylation  al., 1998;
vesicles and Intronic population;  and protein Limetal,
autolysosome ~23.206 % aggregation 2001;
fusion Pacheco et
al., 2009)
TARDBP  TDP-43 1p36 Lysosomal Mainly FTD, ~3% TDP-43 (Arai etal.,
fusion and missense ALS hyperubiquitination 2006; Gao
regulation of Truncating and aggregate etal., 2018;
lysosomal formation Neumann
protein etal., 2006)
expression [14, 15,
216]
TMEM Transmembrane  7p21.3 Lysosomal Polymorphism;  FTD, Risk Increased (Brady et
106B protein 106B membrane Missense HLD factor; TMEM106B levels?; al., 2013;
protein, (HLD) Rare impaired Lysosome: Nicholson
lysosome (HLD) Loss of function etal., 2013;
trafficking (HLD) Simons et
al., 2017;
Van
Deerlin et
al., 2010)
CHMP2B  Charged 3pll.2 Endocytic C-terminal FTD Rare Loss of function (Lindquist
multivesicular multivesicular truncation etal., 2008;
body protein 2B body formation Skibinski et
al., 2005)
TBK1 TANK Binding 12q14.2 autophagy; Missense; FTD, ~1.0% Loss of function (Abramzon
Kinase 1 lysophagy; truncation ALS ALS; etal., 2020;
phosphorylates ~1.8% Cirulli et
OPTN FTD al., 2015;
Freischmidt
etal., 2015)
OPTN Optineurin 10p13 Autophagy Missense FTD, Rare Loss of function (Bussi et
receptor; ALS al., 2018;
Clearance Maruyama
protein etal., 2010;
aggregates; Moore and
damaged Holzbaur,
organelles 2016;
Pottier et
al., 2015)
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Role(s) in Clinical
Genome  lysosome Type of Pheno- Mutation Effect of genetic
Gene Protein location  function mutation types(s)  Frequency mutation/variant References
vcpP Valosin 9p13.3 Lysophagy; Missense FTD, Rare Loss of function (Johnson et
containing Sorting of ALS al., 2010)
protein proteins/ MSP
aggregates to
lysosomes
MFSD8 Major facilitator ~ 4¢28.2 Likely transports ~ Missense FTD, Rare Loss of function (Geier et
superfamily solutes across NCL al., 2019)
domain lysosome (CLN7)
containing 8 membrane;
substrate
unknown
CTSF Cathepsin F 11913 Lysosomal Missense FTD, Rare Loss of function (van der
cysteine NCL Zeeetal,
protease; (CLN13) 2016)
multiple
substrates
SQSTMI1/ Sequestosome-1/  5g35.3 Facilitating Missense; FTD, ~3% Loss of function (Hardy and
p62 p62 protein nonsense ALS Rogaeva,
aggregate 2014; Le
degradation in Beretal.,
lysosome; 2013)
Autophagosome;
mTORC1
regulation

*
Population described in (Moore et al., 2020)
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