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Abstract

Autophagy is a process that maintains cellular homeostasis and monitors nutrient
requirements. During autophagy, cytoplasmic components are engulfed by autophagosomes.
These autophagosomes fuse with lysosomes, where lysosomal hydrolases degrade engulfed
material. Autophagic flux is regulated by a series of events, including autophagy initiation,
autophagosome-lysosome fusion, autolysosome/lysosome degradation, and autophagic lysosome
reformation. Disruption of any of them could lead to compromised autophagy and subsequent
abnormalities.

X-linked myotubular myopathy (XLMTM) is a severe form of centronuclear myopathy that
is caused by the loss of myotubularin 1 (MTM1), a member of the family of phosphoinositide
phosphatases that dephosphorylate PI3P and P13,5P2. MTM 1-deficient cells are characterized by
PI3P and PI3,5P2 accumulation and autophagic defects.

Amyotrophic lateral sclerosis (ALS) is a late-onset fatal neurodegenerative disorder
characterized by the loss of both upper and lower motoneurons in the central nervous system
(CNS). ALS is traditionally classified into two categories, i.e., familial ALS (fALS) and sporadic
ALS (sALS). Within all familial cases of ALS, approximately 20% have point mutations in the
gene encoding superoxide dismutase type 1 (SOD1), a redox enzyme. While it is believed that the
disease onset occurs inside motoneurons, different cell types, such as glial cells in CNS, may
control the disease progression. Microglia are resident immune cells of the CNS activated by
infection, neuronal injury, and inflammation. Since glial-mediated neuroinflammation is one of
the most striking hallmarks of ALS, much effort has been devoted to understanding the role of
microglia in ALS progression.

Transient receptor potential cation channel 1 (TRPMLI, also known as mucolipin 1) serves
as an ion channel on the lysosomal membrane, activated by PI3,5P2 and reactive oxygen species
(ROS). Mutations in the human TRPMLI1 gene cause Mucolipidosis type IV (ML-1V), a genetic
disease characterized by neurodegeneration and movement disorders. TRPML1 mutant cells are
characterized by abnormal autophagosome accumulation. Intriguingly, activation of TRPMLI
results in autophagosome accumulation due to increased autophagosome biogenesis or impaired
autophagic degradation.

In this study, we focused on understanding the role of TRPML1 in XLMTM and ALS, two
neuromuscular diseases associated with muscle and motoneuron, respectively. We reported that in
XLMTM, MTMI deficiency hyperactivated TRPML1 due to PI3,5P2 elevation, and this
suppressed autophagosome-lysosome fusion and myogenesis. The defective autophagosome-
lysosome fusion and myogenesis in MTM1 deficient cells were corrected by TRPML1 suppression.
Mechanistically, TRPML1 overactivation in MTM1 deficient cells led to a dynamin 2 increase due
to the activation of transcription factor EB (TFEB), which further caused muscle defects. In ALS,
we reported that SOD 15734 mutation activated TRPML1 in a ROS-dependent manner in microglia.
Activated TRPML1 in SOD19%# microglia impaired autophagic flux, potentially by inhibiting
autophagosome-lysosome fusion. Activated TRPML1 also increased proinflammatory cytokine
release from SOD1%**Amicroglia. Downregulating TRPMLI1 rescued the impaired autophagic flux
and proinflammatory cytokine release in SOD1%** microglia.

Taken together, our studies suggest that hyperactivation of TRPMLI, either by PI3,5P2 in
XLMTM muscle or by ROS in ALS microglia, disrupts autophagic flux, thereby affecting disease
progression. Inhibiting TRPML1 could be an approach to mitigate the progression of the disease.
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Statement

In this thesis, we used two neuromuscular disease models, i.e., XLMTM and ALS, to study
the effects of TRPML1 on autophagy and its relevance to disease progression and treatment. In
Chapter 1, we introduced autophagy, TRPML1, modulation of autophagy by TRPML1, XLMTM,
and ALS. In Chapter 2 and 3, we studied the role of TRPML1 in XLMTM and ALS, respectively.
In Chapter 4, we summarized and discussed the role of TRPMLI1 in myopathies and

neurodegenerative disorders.
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CHAPTER 1: INTRODUCTION
1.1 Autophagy

Autophagy is a fundamental cellular process that removes unnecessary or dysfunctional
components through a lysosome-dependent degradation mechanism. Under basal conditions, it
helps maintain cellular homeostasis by eliminating damaged organelles and protein aggregates. In
contrast, in stress such as nutrient deprivation, hypoxia, pathogen insult, and diseases, autophagy
supports cell survival by providing nutrients and energy and removing potentially dangerous

elements.

Autophagy is divided into several subtypes: macroautophagy, microautophagy, and
chaperon-mediated autophagy (CMA). Macroautophagy is a major subtype of autophagy that is
characterized by the enclosure of damaged cytoplasmic content within a double membraned
vesicle, autophagosome and delivered to lysosomes for degradation. Macroautophagy, from
hereon referred to as “autophagy,” comprises four main steps: (1) vesicle nucleation characterized
by engulfment of target material and formation of the phagophore, (2) elongation and enclosure in
doubled membraned autophagosome, (3) vesicle fusion with the lysosome to form autolysosome,
and (4) digestion of target material through lysosomal hydrolyses. The digested products are used
as nutrients for cell proliferation and intracellular signaling, which in turn also modulate autophagy

induction. (Codogno et al., 2011; Marshall & Vierstra, 2018).

The autophagy process commences with the downregulation of the mammalian target of
rapamycin (mTOR), which acts as a nutrient sensor (Marshall & Vierstra, 2018). mTOR forms two
multiprotein complexes, mTORC1 and mTORC2. mTORCI is a serine/threonine protein kinase
that belongs to the phosphatidylinositol kinase (PIKK) family (Noda & Ohsumi, 1998) and
negatively regulates autophagy by phosphorylating unc51-like kinase 1 (ULK1), which is an
integral member of autophagic protein complex for the initiation of autophagy (Hosokawa et al.,
2009; Zachary & Ganley, 2017). Interestingly, ULK1 is alternatively regulated by an energy sensor,
AMP-activated protein kinase (AMPK), which activates ULK 1 by phosphorylation at Ser 317 and
Ser 777 and promotes autophagy (J. Kim et al., 2011). ULK1 forms a complex with ATG13
(autophagy-related protein 13), ATG101, FIP200 (focal adhesion kinase family interacting protein
of 200 kDa) (Hosokawa et al., 2009; Zachari & Ganley, 2017). Upon activation, the ULK1

complex is free to translocate to the autophagy initiation site to sequester the targeted material in



a phagophore and recruit a second set of autophagic-protein complex, VPS 34 complex (Herman
& Emr, 1990; Mizushima, 2010). VPS34 is a phosphatidylinositol 3-kinase class III (PI3KC3)
responsible for producing PI3P at the phagophore formation site (Devereaux et al., 2013). PI3P
enables the recruitment of a third set of the protein complex, ATG16L1-ATG5-ATG12 (Dooley et
al., 2014; Russell et al., 2013), and promote phagophore elongation and closure to form a double
membraned autophagosome. ATG16L1-ATG5-ATG12 and PI3P mediate lipidation of ATGS, well
known as microtubule-associated protein 1 light chain 3 (LC3) (Dooley et al., 2014; Runwal et al.,
2019). LC3 further facilitates the sequestration of cytosolic material in autophagosomes through
proteins containing LC3-interacting region (LIR) domain such as SQSTM1/P62 (Sequestosome
1), plays a role in sequestering cytosolic material in autophagosome (W. J. Liu et al., 2016). LC3
recruitment and lipidation to LC3-1I marks the end of the first step of autophagy and the generation

of mature autophagosomes containing damaged material to be recycled.

The next stage of autophagy is characterized by the formation of single-membraned
autolysosomes, generated by the fusion of double-membrane autophagosomes and lysosomes.
Lysosomes are present at the perinuclear region of the cell, and autophagosomes need to be
transported toward lysosomes for the final degradation step to complete. Failure of this step leads
to the accumulation of toxic proteins, damaged organelles, and energy depletion (Ldrincz & Juhész,
2020a); hence, the delivery and fusion of autophagosome to the lysosome are necessary for
degradation in autophagy. This vesicle transport and fusion are coordinated by Soluble N-
ethylmaleimide—sensitive factor attachment protein receptor (SNARE) proteins, small GTPases,
membrane adapter proteins, and phosphoinositides (Stenmark, 2009; Wickner & Schekman, 2008).
SNARE proteins are the main components of membrane fusion of intracellular vesicles, and they
are present on both autophagosome and lysosome membranes to direct fusion. A well-established
autophagosome-lysosome fusion process is moderated by SNARE proteins, including Syntaxin 17
(STX17) that is present on autophagosome membrane, and Vamp7 or Vamp 8, which is localized
on lysosomes (Itakura et al., 2012a; Saleeb et al., 2019). STX17 localizes to LC3-positive
autophagosomes under starvation (Itakura et al., 2012a) and is essential for the fusion step to
proceed as it interacts with multiple other SNAREs on lysosome to drive autophagosome-
lysosome fusion (LOrincz & Juhasz, 2020b; Saleeb et al., 2019; Tian et al., 2020). Interestingly,
mTOR also regulates the fusion steps, disrupting STX17 and Vamp8 complex formation (H. Huang
et al., 2021; Liang et al., 2023). Moreover, mature autophagosomes are labeled with
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phosphoinositides, PI3P (Devereaux et al., 2013; Y. Liu et al., 2013; Nascimbeni et al., 2017),
which is not only crucial for autophagosome formation but also for fusion (Behrends et al., 2010;
Ogawa et al., 2011). PI3P forms a complex to tether autophagosomes to the lysosomal membrane
and acts upstream of the SNARE complex. PI3P provides binding platform to small GTPase Rab7
(Cabrera et al., 2014), and adaptor proteins such as FYVE and Coiled-Coil Domain Autophagy
Adaptor 1 (FYCOI) (Pankiv et al., 2010), homotypic fusion and vacuole protein sorting (HOPS)
(Cabrera et al., 2014) and tectonin beta-propeller repeat containing 1 (TECPR1) (D. Chen et al.,
2012) to facilitate the autophagosome-lysosome fusion. Similarly, PI3,5P2, another
phosphoinositide located on the lysosomal membrane, is also associated with autophagosome-
lysosome fusion (Fernandez-Mosquera et al., 2019; Rusten et al., 2007). Additionally, both PI3P
and PI3,5P2 modulate the function of mMTORCI1 by activating VPS34 and lysosomal TRPMLI1
channel (Nobukuni et al., 2005; X. Sun et al., 2018). Inversely, mMTORCI1 also acts on VPS34 to
control PIP synthesis and lysosomal reformation (Munson et al., 2015). This implies a feedback
mechanism of phosphoinositides and mTORC]1 to ensure proper autophagic flux. Proteolytic
degradation and macromolecule release in cytosol denotes autophagy's final step. Once
autophagosomes fuse with lysosomes, the lysosomal hydrolyses facilitate the active degradation
of autophagosomal cargo into small molecules and ions. Lysosomes contain approximately 70
hydrolytic enzymes active at low pH (Settembre et al., 2013; Settembre & Ballabio, 2014). Acidic
luminal pH is crucial for enzymes to function and perform the degradation, and this pH is achieved
by lysosomal membrane v-ATPase that pumps proton across the membrane (R. Chen et al., 2020).
The expression and translocation of v-ATPase are essential for lysosomal enzymes to function,
and dysfunction of v-ATPase affects lysosomal acidification, leading to disruption in the clearance
of autophagosomal cargo and defective autophagy (F. Chen et al., 2022; Song et al., 2020). The
assembly of v-ATPase on the lysosomal membrane is regulated by signaling cascades, which
control this process during different nutrient requirements. For example, mTORC1 mediates v-
ATPase expression through transcription factor EB (TFEB), a significant transcription regulator of
lysosome and autophagy pathway (Pefia-Llopis et al., 2011), and its assembly on lysosomes
through PI3K (Liberman et al.,, 2014). Immediately after proteolytic degradation, the
macromolecules are released in the cytosol or exocytosed, and mTORCI relocates on the
lysosomal membrane to abate further autophagy (L. Yu et al., 2010a). Later autophagic steps also

require abundant lysosomes to maintain autophagic flux. Lysosomes have de-novo biogenesis;



alternatively, lysosomes are formed by recycling autolysosomal membranes, the process termed
autophagic lysosome reformation (ALR) (L. Yu et al., 2010b). During this process, mTORCI
activity promotes proto-lysosome tubulation from autolysosome and maturation into functional

lysosomes (Yang et al., 2019; L. Yu et al., 2010a).

In conclusion, the autophagic process is systematically regulated by a series of events,
including autophagy initiation, autophagosome-lysosome fusion, and lysosome degradation.
Disruption of any of them could lead to compromised autophagy. The housekeeping role of
autophagy in protein and organelle quality control is essential for cell growth, proliferation, and
differentiation. Autophagy is especially important for postmitotic cells such as neurons and muscle
cells because garbage accumulation due to dysfunctional autophagy could lead to cell death in
those cells. Therefore, autophagic defects are the hallmark of neurodegenerative diseases and
muscle myopathies (F. Chen et al., 2022; Colacurcio & Nixon, 2016; Raben et al., 2008; Xia et al.,
2021).

1.2 Lysosomes

Lysosomes have been viewed as the degradation center of the cell, containing a large
number of acidic hydrolytic enzymes. Lysosomes supplies raw material for all kind of biosynthesis
in the cell, and this degradation center breaks down macromolecules to allow cell survival in
adverse conditions. Therefore, lysosomes provide a platform for various nutrient sensors,
including mTORCI that integrates amino acid levels (Zoncu et al., 2011), AMPK that acts as an
energy sensor, and solute carrier (SLC38A9)-Niemann-Pick C1 (NPC1) complex that functions as
a lipid sensor (Castellano et al., 2017b; C. S. Zhang et al., 2017). mTORCI1 is translocated onto
lysosomes to inhibit autophagy and lysosomal function in nutrient-rich conditions (Rabanal-Ruiz
et al., 2017; Zoncu et al., 2011), whereas AMPK acts antagonistically to mTORC1 during
starvation, specifically glucose depletion, and encourages autophagy (S.-C. Lin & Grahame Hardie,
2018; C. S. Zhang et al., 2017). Similarly, in the presence of cholesterol, NPC1, a cholesterol
transporter, binds to the SLC38A9, lysosomal transmembrane protein, to drive mTORCI1
activation (Castellano et al., 2017a; Davis et al., 2021). Considering lysosomes mediate the
degradation of proteins, carbohydrates, and lipids, more than 50 membrane proteins are equipped
to transport the digested material out of lysosomes (H. Xu & Ren, 2015), and subsequently

modulating the nutrient sensors on lysosomes. In addition to macromolecule transport, lysosomal



membrane ion channels also regulate luminal pH to facilitate the activity of lysosomal hydrolases

(J. H. Lee et al., 2015; W. Wang et al., 2015a).

Lysosomal ion conduction not only modulates the luminal pH and transport of material but
also lysosomal membrane fusion and fission, intracellular vesicle transport, and signaling (Samie
& Xu, 2014). For example, Ca?" concentration in the lysosome lumen is estimated to be about
0.5mM, which is about 5000 folds higher than cytosolic Ca?" levels. Therefore, the lysosome is
recognized as one of the significant Ca’* reservoirs. In alignment with this, a vast number of Ca>*
channels have been identified to control Ca?* efflux from lysosomes to cytosol firmly. These
include TRPMLI1, P2X4, and Two Pore Channels (TPC1 and TPC2) (Y. Wu et al., 2021; H. Xu &
Ren, 2015), with TRPMLI1 acting as a critical player in lysosomal Ca*>" conductance (X. Sun et al.,
2018;Y. Wu et al., 2021). Ca** release from the lysosomes has been implicated in autophagy, cell
proliferation, cell differentiation, protein expression, and disease (Christensen et al., 2002; Feng

& Yang, 2016; Medina et al., 2015a).

1.3 Lysosomal TRPML1 Channel

TRPMLI belongs to the mucolipin family and is encoded by the MCOLN1 gene (Cheng et
al., 2010). It is ubiquitously expressed in all types of tissues (Cheng et al., 2010). Immunostaining
and density gradient centrifugation confirmed that TRPMLI is predominantly localized on late
endosomes/lysosomes (Dong et al., 2010; H. J. Kim et al., 2009a). Loss of TRPML1 results in the
accumulation of lysosomal storage material that is characterized by enlarged lysosomes in ML-IV
patient cells (Bassi et al., 2000; Dong et al., 2008) and elevated lysosomal luminal pH
(Venkatachalam et al., 2008). The channel is permeable to Ca?" Na*, K*, Fe**, and Mg?* (Dong et
al., 2008; W. Wang et al., 2014). Physiologically, TRPMLI is potentiated by acidic luminal pH
(Liberman et al., 2014; H. Xu et al., 2007) and PI3,5P2, a lysosome-specific phosphoinositide
(Dong et al., 2010). Cellular stress conditions, including nutrient starvation and increased reactive
oxygen species (ROS), also activate TRPML1 (W. Wang et al., 2015b; X. Zhang, Cheng, et al.,

2016), implying its role in mediating cell adaptation in adverse conditions.

TRPML1-mediated Ca®" efflux from lysosomes is proposedly essential for lysosomal
homeostasis and signal transduction (Cheng et al., 2010; P. Huang et al., 2020; W. Wang et al.,
2014). Considering lysosomal luminal Ca*" concentration is believed to be 0.5mM, which is

significantly higher than cytosolic Ca** levels (50-100nM), making TRPMLI a strong contender
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for lysosomal Ca?" release and Ca**-dependent lysosomal fusion events and autophagy (H. J. Kim

et al., 2009b; Morgan et al., 2011) as discussed below.

1.4 TRPML1 Channel in Autophagy

TRPMLI has a multifaceted role in autophagic regulation, including autophagy induction,
autophagosome-lysosome fusion, lysosomal degradation, and autophagic lysosome reformation

(Huang et al., 2020; Xu et al., 2019; X. Zhang et al., 2016).

During nutrient starvation, TRPML1 mediates the nuclear translocation of a major
transcription regulator of autophagic genes, TFEB (Medina et al., 2015b), hence initiating the
transcription of genes required for autophagy and lysosomal function. In addition to TFEB
translocation, recent studies have provided another avenue of TRPMLI1’s involvement in
autophagy initiation as it activates calmodulin-dependent protein kinase kinase  (CaMKKJf) and
AMPK pathway to facilitate autophagosome biogenesis (Scotto Rosato et al., 2019). Similarly,
TRPMLI is sensitive to increased ROS released by damaged mitochondria. TRPML1 mitigates
this oxidative stress by promoting autophagy to remove damaged mitochondria (X. Zhang, Cheng,
et al., 2016). In addition to the autophagy initiation, TRPML1 also modulates the later autophagic
stage, autophagosome-lysosome fusion, and lysosomal degradation. Pollmanns et al. (2022)
showed that activating TRPMLI1 by its agonist ML-SA1 increased autophagosome maturation.
This finding was supported by other studies showing that TRPML 1-mediated Ca** efflux activates
apoptosis-linked gene 2 (ALG-2) in CaMKKJf dependent manner (Scotto Rosato et al., 2019a),
which then promotes centripetal movement of lysosomes towards the perinuclear region where
they fuse with autophagosomes (X. Li et al., 2016). TRPMLI1 controls lysosomal function as well,
as it has been suggested to regulate lysosomal degradation by modulating luminal pH. Furthermore,
TRPMLI is also necessary for autophagic lysosome reformation through mTORCI, it modulates
mTORCI activation and translocation on the lysosomal membrane in stress conditions (R.-J. Li et

al., 2016; X. Sun et al., 2018).

Interestingly, an inhibitory effect of TRPML1 on autophagy has also been reported, more
so in the context of disease conditions where cellular stress cues may activate TRPMLI
unfavorably. Wang's group (Qi et al., 2021) reported that TRPML1 activation via synthetic agonists,
ML-SAS5 or MK6-83, blocks the interaction of STX17 and Vamp8 and leads to blockage of
autophagosome-lysosome fusion. They further suggested that TRPMLI1-mediated autophagic
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arrest leads to the accumulation of damaged mitochondria and increased ROS, inhibiting cancer
cell invasion and metastasis (Xing et al., 2022). Considering that mTORC1 acts as a negative
regulator of autophagy (Hosokawa et al., 2009; Zachari & Ganley, 2017), increasing mTORCI
TRPMLI has also been suggested to inhibit autophagic flux (R.-J. Li et al., 2016; X. Sun et al.,
2018).

Overall, TRPMLI1 plays a dual role in the autophagic pathway. In some conditions, it

promotes autophagy, whereas in disease or stress conditions, it is shown to be inhibiting autophagy.

1.5 X-linked Myotubular Myopathy (XLMTM)

Heckmatt, Sewry, Hodes, and Dubowitz, in 1985, identified a myotubular myopathy in 6
patients. They observed that it has an X-linked inheritance pattern with early onset muscle
weakness, respiratory failure, and premature death, thus giving the disorder its name, XLMTM.
Laporte (2000) and colleagues used single-strand polymorphism to provide more insight into the
molecular mechanism and established the Myotubularin-1 (MTM1) gene to be the cause of
XLMTM. At present, there is no specific treatment for XLMTM, although MTM1 gene therapy
(Childers et al., 2014), inhibition of PI3 kinase class II (PI3KC2) (Sabha et al., 2016; Samso et al.,
2022), and dynamin 2 (DNM2) downregulation (Cowling et al., 2014; Tasfaout et al., 2018) are

being tested as potential therapeutics.

MTMI belongs to the family of phosphoinositide phosphatases that dephosphorylate PI3P
and PI3,5P2 (Dove et al., 2009; Tronchere et al., 2004a; Tsujita et al., 2004a). The absence of
MTMI causes the accumulation of two phospholipids, PI3P and PI3,5P2 (Kutchukian et al., 2016;
Sabha et al., 2016). Earlier studies suggested that MTM1 deficiency impaired EC coupling in
muscle cells by disrupting calcium homeostasis (Al-Qusairi et al., 2009; Dowling et al., 2009),
whereas later studies demonstrated that loss of MTM1 leads to autophagosome accumulation,
mTORCI activation and disruption in phosphoinositides metabolism that eventually plays a vital
role in pathological characteristics of XLMTM (Al-Qusairi et al., 2009; Dowling et al., 2010;
Fetalvero et al., 2013a, 2013b; Reifler et al., 2014).

1.5.1 Phosphoinositide Metabolism
Phosphoinositides (PIP) are important signaling molecules involved in a vast array of

cellular processes, including autophagy, vesicle trafficking, exocytosis, and signal transduction



(Falkenburger et al., 2010). These lipid molecules comprise 2 fatty acids and glycerol, attached to
an inositol ring that can be phosphorylated at up to 3 positions (3,4 and 5), giving rise to seven
distinct pools of phosphoinositides. All phosphoinositides share a common precursor, i.e.,
phosphatidylinositols, on the membrane (De Craene et al., 2017). The seven phosphoinositides are
widely distributed in cells, such as PI4,5P2, PI3,4,5P3, have been observed at the plasma
membrane, PI4P can be located on Golgi apparatus, and PI3P and PI3,5P2 shown to be localized
at endosomes, autophagosomes, and lysosomes (Burman & Ktistakis, 2010). Notably, PI4P is
located on the plasma membrane and involved in the exocytosis pathway, while PI3P and PI3,5P2
are localized on autophagosomes and lysosomes, regulating the autophagic pathway (Vergne &

Deretic, 2010; Wills & Hammond, 2022).

Phosphoinositide's synthesis and cellular concentration are regulated by phosphatase and
kinase enzymes. On the one hand, the generation of PIPs such as PI3P, PI4P, and PI5SP depends on
the action of various kinases. For example, Phosphoinositide 3-kinases (PI3Ks) are kinases
grouped into classes I, II, and III (Balla, 2013; De Craene et al., 2017; Falkenburger et al., 2010).
PI3P is an autophagosomal phosphoinositide that is mainly synthesized by VPS34, a PI3 kinase
class III (Devereaux et al., 2013) and PIK3C2B, a PI3 kinase class II (Yoshioka, 2021). On the other
hand, phosphatases, including myotubularins, are responsible for the degradation of
phosphoinositides by removing the phosphate group from the inositol ring. They play a huge role
in regulating the levels of PIPs in cells (Laporte et al., 2003; Mochizuki et al., 2013). For example,
the action of phosphatase MTM1 can dephosphorylate PI3,4P2 and PI3,5P2 to form PI3P (Liu &
Bankaitis, 2010).

PIPs modulate cellular processes by directly binding to effector proteins, including ion
channels present on the membrane. These membrane proteins or ion channels generally contain
PIP binding domains that allow compatible PIP to regulate their function. In response to PIP
binding, proteins could either have a direct effect on the membrane dynamics, for example,
budding, fission, fusion, or coordinate intracellular signaling by activating or inhibiting proteins
such as GTPase and Ca?" sensor proteins (Hasegawa et al., 2017). To elaborate on the previous
statement, P14,5P2 serves as a recruiter or activator of protein complexes in the plasma membrane,
which initiate membrane budding, exocytosis of a synaptic vesicle, endocytosis, and remodeling

of actin cytoskeleton (T. F. J. Martin, 2012; Wills & Hammond, 2022). Likewise, PI3P modulates



endocytotic pathways by interacting with membrane proteins on early endosomes and
autophagosomes (Cabrera et al., 2014; Dooley et al., 2014; Pankiv et al., 2010). It regulates
intracellular vesicle transport through small GTPase effector proteins, which enables tethering of
vesicles prior to fusion (Cabrera et al., 2014) and loading of vesicles to microtubule network for
transport towards lysosomes (Pankiv et al., 2010). Another less abundant PIP, P13,5P2, mitigates
cell adaptation to stress conditions by activating various cellular pathways by the modulation of
Ca?" signaling and binding to target proteins such as ATG18 and Raptor (mTORC]1) (Baskaran et
al., 2012; Bridges et al., 2012; Hasegawa et al., 2017). For example, PI3,5P2 binds and activates
TRPML1 on the lysosomal membrane (Dong et al., 2010) and TPC1-2 channels on the endosomal
membrane (X. Wang et al., 2012). It also recruits V-ATPase on the lysosomal membrane in salt
stress conditions (S. C. Li et al., 2014). Collectively, PIPs regulate through effector proteins and

ion channels.

1.5.2 Phosphoinositides in Autophagy

Phosphoinositides are involved in all steps of autophagy, from phagophore formation to
autolysosome degradation. (Di Paolo & De Camilli, 2006). PI3P synthesis has been established as
one of the main events for initiation (Petiot et al., 2000). At the location of phagophore formation,
PI3P is produced by PI3KC3/VPS34 and PI3KC2 (S. He et al., 2013; Palamiuc et al., 2020). PI3P
synthesis is the hallmark of autophagy initiation as it is detected on the ER omegasome site, which
elongates to form a phagophore (Axe et al., 2008). The PI3P platform at ER leads to the recruitment
of the WIPI2 and ATG16L1-5-ATG12 complex (Hanada et al., 2007). WIP12-ATG16L1 mediates
phagophore expansion by recruitment and lipidation of LC3 (Dooley et al., 2014), which is
important for membrane closure autophagosome formation. Studies have shown that a substantial
distribution of PI3P pool is present on the cytoplasmic and luminal leaflets of the autophagosomal
membrane (Nascimbeni et al., 2017). Once autophagosome maturation completes, it fuses with
lysosome for the degradation of material by lysosomal protease. Membrane adaptor protein
FYCOI1 can bind to PI3P and microtubules. Under basal conditions, FYCO1 enables the loading
of PI3P-positive autophagosomes on microtubules to facilitate the transport of autophagosomes to
the cell periphery, where they fuse with lysosomes (Pankiv et al., 2010). PI3P clearance from
autophagosome in yeasts is critical for its fusion with the lysosome (Cebollero et al., 2012).
Contrarily, in mammals, PI3P is required for the fusion between autophagosomes and lysosomes

(Behrends et al., 2010; Ogawa et al., 2011).



In addition to PI3P, its derivative PI3,5P2 has also been reported to modulate the late stages
of autophagy. P13,5P2 is generated by the phosphorylation of PI3P by PIKfyve (Zolov et al., 2012).
It is a low abundance PI, estimated to comprise 0.1% of the total cellular phosphoinositide pool,
and mainly localized on late endosomes and lysosomes (Dove et al., 2009; X. Li et al., 2013).
During starve conditions, AMPK phosphorylates PIKfyve and mediates its translocation on
lysosome-initiate PI3,5P2 synthesis (Y. Liu et al., 2013). PI3,5P2 acts as a nutrient sensor through
mTORCI in the presence of insulin and amino acids. It is implicated in inhibiting autophagy by
directly interacting with mTORC1 and mediating the localization of mTORCI on lysosomes (N.
Jin et al.,, 2014). Sun et al. (2018) further demonstrated that PI3,5P2 mediates mTORCI
translocation on lysosomes in starved conditions by activating the lysosomal Ca?* channel
TRPMLI. Similar reports have shown that PI3,5P2 regulates lysosomal ion channels in the
autophagy pathway, and increased levels of PI3,5P2 leads to decreased autophagosome-lysosome
fusion, defective lysosomal reformation (Palamiuc et al., 2020), and accumulation of inclusion
bodies (Hasegawa et al., 2016). These reports suggest that failure of PI3,5P2 degradation results

in autophagic defects.

Other phosphoinositides, including PI4P and its subproducts, have been reported in various
stages of autophagy. PI4P autophagosomes facilitate fusion with lysosomes (H. Wang et al., 2015)
both PI4P and PI14,5P play a vital role in lysosome reformation under normal conditions (Rong et
al., 2012). Interestingly, despite its role in lysosome reformation, PI4,5P2 accumulation at

lysosomes inhibits autophagy in Lowe Syndrome (De Leo et al., 2016).

Collectively, phosphoinositide regulates autophagy at various steps. Their function largely
depends on the conditions and cell type; they could either carry out stimulatory or inhibitory effects
on the autophagic flux. Accumulation of these lipid molecules is implicated in different diseases,
including Lowe syndrome, Joubert syndrome, Amyotrophic lateral sclerosis, X-linked
myotubularin myopathy, and Charcot-Marie-Tooth diseases (Chow et al., 2009; Dove et al., 2009;
Tronchére et al., 2004a).

1.5.3 Phosphoinositides in XLMTM
Phosphoinositides are short-lived and low-abundant phospholipids that control a vast array
of cellular processes. Consequently, their cytosolic concentrations are regulated by the action of

phosphatase that mediates the dephosphorylation of PIPs immediately after they serve their
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purpose. Phosphatase ensures the inactivation of PIPs by removing the phosphate group (Dyson et
al., 2015). Although PIPs are essential for cellular processes, their rapid removal is equally
important. The mutation and loss of function of the myotubularin family of phosphoinositide
phosphatase have been implicated in neuromuscular diseases, obesity, and cancer (Dyson et al.,
2015; Hnia et al., 2012). For example, Charcot-Marie-Tooth neuropathy is caused by the mutation
in MTMR2 and MTMR13 (Raess et al., 2017), Creutzfeldt-Jakob disease and Epilepsy involves
MTMR7 mutation (Baulac et al., 2008; Sanchez-Juan et al., 2012) and X-linked myotubularin
myopathy is caused by MTM1 deficiency (Jocelyn Laporte et al., 2000; Oliveira et al., 2012).

MTMI is one of the phosphoinositide phosphatases that was discovered in relation to
myopathies (Blondeau et al., 2000). It was suggested that MTM1 may regulate autophagy by
binding to PIs on endosomes/lysosomes (Lorenzo et al., 2006), which was later supported by
another work showing MTM1 modulates endosomal trafficking and function by regulating PI3P
and PI3,5P2 levels on the vesicle(C. Cao et al., 2007). Generally, PI3P is produced by PI3KC3
determines autophagy induction (Backer, 2008; Nascimbeni et al., 2017; Petiot et al., 2000; Reifler
et al., 2014). Because MTM1 interacts with PI3KC3 and because PI3P accumulation induced by
MTMI1 deficiency (Blondeau et al., 2000; Petiot et al., 2000) is rescued by ablation of PI3KC3
(Velichkova et al., 2010), MTM1 was believed to control autophagosome formation. Indeed,
MTMI deficiency leads to autophagosome accumulation (Blondeau et al., 2000; G. S. Taylor et
al., 2000). On the other hand, muscle-specific ablation of PI3KC2B but not PI3KC3 prevents or
reverses the MTM1-KO phenotype (Reifler et al., 2014; Sabha et al., 2016). This suggests that
muscle cells have two distinct pools of PI3P generated by PI3KC3 and PI3KC2B, respectively.
Interestingly, PI3P is localized in both perinuclear regions, presumably lysosomes (Cabukusta &
Neefjes, 2018; Korolchuk & Rubinsztein, 2011) and endosomes (Posor et al., 2022; Sabha et al.,
2016)) in skeletal muscle; muscle-specific deletion of PI3KC3 reduces PI3P in endosomes,
whereas muscle-specific deletion of PI3KC2B reduces perinuclear PI3P but not endosomal PI3P
(Sabha et al., 2016). These data suggest that PI3KC3 may be responsible for producing PI3P in the
early endosomes/recycling endosomes for autophagosome formation while PI3KC2B regulates
PI3P production in the perinuclear region (Aung et al., 2019; Sabha et al., 2016) where PI3KC2B
and MTMI1 may coordinate PI3,5P2 homeostasis (Velichkova et al., 2010) to regulate
autophagosome-lysosome fusion (Cabukusta & Neefjes, 2018; Korolchuk & Rubinsztein, 2011;
Posor et al., 2022). In supporting this, both heterologous and endogenous perinuclear PI3KC2B
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are highly co-localized with autophagosome marker LC3-II and less frequently with early
endosome marker (Aung et al., 2019). This is also supported by previous studies showing a
genetical interaction between MTM1 and PI3KC2B (Sabha et al., 2016; Velichkova et al., 2010)
endolysosomal localization of MTM1 (Beggs et al., 2010; C. Cao et al., 2007; Tsujita et al., 2004a;
Velichkova et al., 2010) and MTM1 binding to PI3,5P2 and reducing PI3,5P2 (Berger et al., 2002;
Tronchére et al., 2004b; Tsujita et al., 2004a; Walker et al., 2001) Therefore, in XLMTM the loss
of MTM1 may cause PI3,5P2 increase in the perinuclear region, leading to autophagosome-

lysosome fusion defects (Hasegawa et al., 2016; Palamiuc et al., 2020).

The role of MTMI in autophagy is not only related to phosphoinositide metabolism but is
also suggested to be associated with mTORC1 modulation (Fetalvaro et al., 2013). Loss of MTM1
upregulates mTORCI1 and inhibits autophagy in XLMTM (Fetalvero et al., 2013; Al-Qusairi et al.,
2013). mTORCI1 upregulation could be associated with PI3P and PI3,5P2 dysregulation in the

perinuclear region or another pathway that is yet to be discovered.

1.6 Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disorder that is
characterized by the deterioration of motor function due to the rapid loss of motor neurons in the
brain and spinal cord (Al-Chalabi & Hardiman, 2013). The progressive degeneration of these
motor neurons leads to denervation at the neuromuscular junction, and muscular atrophy, paralysis,
and death are most commonly caused by respiratory failure. The global incidences of ALS are
estimated to be 1-3/100,000 within the ages of 50-75 years old (Chia et al., 2018). This fatal disease
progresses rapidly and has a 2-4 years average survival time post-diagnosis (Zarei et al., 2015).
ALS appears sporadically in the majority of cases, with suggested causatives to be infectious
disease, neuroinflammation, injury, or exposure to toxins. However, approximately 10% of ALS
cases have a familial history (Evans and Holzbaur, 2018). Various genetic loci have been
discovered to increase understanding of ALS's pathophysiology in recent years. A number of
mutated genes encode RNA-binding proteins such as transactivation response DNA-binding
protein 43 kDA (TDP43) and fused in sarcoma (FUS) (Suk & Rousseaux, 2020), mitochondrial
associated protein, SOD1 (Turner & Talbot, 2008) and genes related to autophagy including
ubiquitin protein such as TANK-binding kinase 1 (TBK1), P62, optineurin (OPTN), as well as
functional autophagic genes such as Ubiquilin-2 (UBQLN2), Valosin Containing Protein (VCP),
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and C9orf72 (Al-Chalabi & Hardiman, 2013; Nassif et al., 2017). The genetic causatives of ALS
suggest an alteration in mitochondrial function, intracellular transport, and proteolysis. The disease
commences with the degeneration of motor neurons that innervate muscle fibers and extends to
pathological changes in other neurons and glial cells (Kanning et al., 2010), likely due to protein

misfolding, fragmented mitochondria, impaired autophagy, and damaged cytoskeleton (J. P. Taylor

etal., 2016).

Autophagic defect is a common feature of ALS pathogenesis as the accumulation of P62
positive degradative material, termed as inclusion bodies, has been reported in several cases such
as SOD1, TDP43, FUS, and C9orf72 (Neumann et al., 2006; Kwiatkowski et al., 2009; May et al.,
2014), and accumulation of wild type TDP43 in the cytoplasm has also been implicated in sporadic
ALS cases (Hergesheimer et al., 2019). Alongside mutant protein accumulation, there is apparent
dysregulation of the protein quality control system, which could be due to the profuse number of
ALS genes associated with autophagy, such as p62, VCP, OPTN, and TBK1 (Chia et al., 2018).
The dysfunctional ubiquitination and accumulation of misfolded mutant proteins (Madinas et al.,

2017) validate the significance of impaired autophagy in the progression of ALS.

1.6.1 SOD1 Mutation in ALS

Despite an abundant number of genetic models of ALS, SOD1 mutations have received the
most attention due to the availability of rodent models recapitulating the pathological
characteristics of human ALS (Turner & Talbot, 2008). The various SOD1 mutations account for
20% of familial ALS and 2-7% of sporadic ALS cases (Chio et al., 2020). It was the first discovered
familial ALS mutation genetic loci, which further aided in establishing the genetic link to generate
transgenic mice lineage for in vivo studies (Turner & Talbot, 2008). At least 200 mutations in the
SODI1 gene are associated with ALS; some have been used to generate transgenic mice models.
SOD19%4 harbors a single amino acid mutation of glycine to alanine at residue 93 (Kreilaus et al.,
2020). The notable characteristics of the SOD1%"A mice are rapid disease progression,
significantly increased oxidative stress levels, and neuroinflammation by glial cells (Gurney et al.,

1994).

SOD1 is a cytosolic redox protein that catalyzes ROS and prevents harmful oxidative stress
to neurons. Expression of G93A mutant induces susceptibility to oxidative stress (Richardson et

al., 2013; Rosen et al., 1993). Other characteristics of SOD1%%** include the accumulation of
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insoluble protein due to autophagic inhibition, which furthers ALS pathogenesis. Several studies
suggest that mSOD1 may contribute to the hyperactive induction of autophagy (Kitamura et al.,
2014; Wei, 2014), but it could be associated with the type of SOD1 mutation. On the one hand,
ULK1 phosphorylation was significantly reduced in motor neurons of SODI19R rodents
(Bandyopadhyay et al., 2014), indicating uninhibited initiation of autophagy. On the other hand,
increased LC3-II turnover was also observed in vitro cell cultures of SOD19%*A expressing motor
neurons (Wei, 2014) and spinal cord and brain fractions of SOD1%%*4 mice (Li et al., 2008; An et
al., 2014), suggesting increased autophagy induction but decreased autophagic flux. The
detrimental effects of SODI are thought to involve autophagosome maturation and fusion with
lysosome steps in autophagy as evidence suggests that mSOD1 acquires gain-of-interaction with
dynein and impairs autophagosome transport process in neurons (Zhang et al., 2007). Similar

19%3A mice where mutant proteins colocalize with dynein, a

results were observed in SOD
microtubule adaptor protein, in motor neurons, disrupting the transport of autophagosomes at the
early symptomatic stage of ALS (Bilsland et al., 2010). This inhibition of autophagosome transport
results in the accumulation of autophagosomes carrying damaged mitochondria and harmful
material, which fail to reach the perinuclear of neurons and fuse with lysosomes (Lee et al., 2011).
These findings support the key phenotypical characteristics of SOD1-ALS pathogenesis, as the
accumulation of P62 and SOD1 positive inclusion bodies and increased LC3-II are observed in all
SOD1-ALS models. This suggests that autophagy initiation and autophagosome formation are

relatively not a problem here, and we might need to study the later stages, i.e., autophagosome-

lysosome fusion and lysosomal degradation.

1.6.2 Autophagy in ALS

Neurons, due to their large and widely distributed cellular structure, require active
autophagic machinery for the removal of accumulated substances in dendrites and axons. The
unique cellular structure and lack of cell division make neurons vulnerable to substance
accumulation. Therefore, failure in autophagic clearance is implicated in various
neurodegenerative disorders. Reportedly, the deletion of autophagic genes A7g5 and Azg7 in mice
generated spontaneous symptoms associated with several neurodegenerative diseases (Hara et al.,
2006; Komatsu et al., 2006). Downregulation of VPS34 has been observed in Alzheimer’s
(Lipinski et al., 2010), as evidenced by accumulated autophagosomes being seen in the neocortical

region of patients (Nixon et al., 2005). Increased mTORCI1 activity has also been reported in aging
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mouse brains and human fibroblasts (Ott et al., 2016). Similarly, in Parkinson’s Disease, nuclear
translocation of TFEB aids in removing a-synuclein inclusion bodies (Lewy bodies) from the
dopaminergic neurons (Decressac et al., 2013). Furthermore, autophagy is not only associated with
the ubiquitination of damaged proteins but is also involved in other neuronal activities, such as
presynaptic structure and function in dopaminergic neurons (Hernandez et al., 2012) and synaptic
pruning in cortical neurons (Tang et al., 2014). Therefore, autophagic defects result in damaged

organelles accumulation and compromise the function of neurons.

Proteotoxicity due to gene mutation leads to misfolding and accumulation in neurons, a
common characteristic of many forms of ALS. Proper autophagic flux has been observed to have
a neuroprotective role in this disease as it increases the removal of mutant protein aggregates

(Decressac et al., 2013).

1.6.3 Microglia in ALS

Earlier research had been predominantly focused on motor neurons due to phenotypical
evidence of degeneration of these cells in the brain and spinal cord and loss of motor function.
However, some recent approaches have directed attention toward activated microglia cells.
Microglia are resident immune cells of the central nervous system, and they constitute around 0.5-
16.6% of the total cell population of the human brain (Lawson et al., 1992). From the early
developmental stage to adult CNS, microglia are involved in multiple functions, such as clearance
of cell debris and synaptic pruning (Marin et al., 2004). The microglia cells acquire phenotypically
distinct “active” states while performing neuroprotective or neurotoxic tasks (Clark et al., 2015).
Due to both the neuroprotective, termed “M2” phenotype, and neurotoxic, “M1” phenotype,
microglia recently has gained much attention in studying the pathology of various
neurodegenerative disorders. For example, in vitro, studies have shown that activated microglia
cause motor neuron injury by increasing the susceptibility of the AMPA receptor to glutamate
toxicity (Zhao et al., 2004) and upregulation of inflammatory transcription factor nuclear-factor
kappa B (NF-kB) in SOD1%%*4 mice microglia resulted in motor neuron degeneration (Frakes et

al., 2014; Park et al., 2015).

Several pieces of evidence have provided novel insight into the non-cell-autonomous effect
of glial cells on motor neurons and ALS disease progression. Microglia isolated from SOD1%%34

mutant mice were shown to have a neurotoxic response in vitro co-culture with motor neurons
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compared to the wild type (Xiao et al., 2007). Reportedly, motor neurons contribute to glial
inflammation in a non-cell-autonomous manner, probably by the secretion of mSOD1 (Rudnick et
al., 2017), as extracellular mSOD1 was enough to stimulate microglia in vitro. These findings
could be further supported by the neurotoxic effect of microglia isolated from symptomatic SOD1
transgenic mice in vitro co-culture with motor neurons (Liao et al., 2012). Comparably, selective
expression of SOD19%*4 in microglial cells had little effect on disease onset (Boillee et al., 2006).
In contrast, decreased SOD1%%** expression in later stages in microglial cells slowed disease
progression (Beers et al., 2006). The study further revealed that selective expression of SOD1%%34
in microglia increased neuron death and oxidative stress. These results suggest microglia may
contribute to the propagation of disease rather than onset, both by motor neuron-mediated
activation of the neurotoxic state of microglia and accumulation of mSODI in microglia. As
mentioned earlier, the role of microglia in ALS has generated a new direction of ALS studies,
foregrounding the microglia-mediated neurotoxicity, pathogenicity, detrimental effects at later

stages of the disease, and disease progression.

Autophagy contributes to glial function, precisely the innate immune response of
microglial cells, by mediating the release of soluble inflammatory effectors and phagocytosis
(Sierraetal., 2013). Microglia autophagy not only contributes to the maintenance of the subcellular
environment but also to the degradation of misfolded proteins and other harmful contents produced
by neurons. Therefore, microglial autophagy modulates the intercellular homeostasis for neurons
and processes inflammatory activation of microglial cells to M1 or M2 phenotype (M. Lin et al.,
2022; Matarin et al., 2015). The M1 phenotype of microglia is predominant in promoting
neurotoxicity in neurodegenerative disorders such as Alzheimer’s disease, Huntington’s disease,
and ALS. Microglial neurotoxicity is detrimental to ALS pathogenesis, and there is growing
evidence supporting the activation of microglia due to impaired autophagy (Ilieva et al., 2009;

1G93A

Valenzuela et al., 2018). Interestingly, both extrinsic and intrinsic SOD mediate microglial

autophagy. SOD16%34

mutation increased ROS stress in microglia, which activates the pro-
inflammatory M1 phenotype by downregulating autophagy (Méndez-16pez et al., 2021;
Richardson et al., 2013; Rudnick et al., 2017; Yuan et al., 2019). In agreement with this study,
another group demonstrated that overexpression of mutant SOD1%%*A and SOD144V results in
autophagic-mediated microglial activation and neurotoxicity (Massenzio et al., 2018a). Together,

intracellular expression of mSOD1 mediates cellular stress conditions by ROS, autophagy
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inhibition, and toxic protein accumulation, which results in microglia-led neurodegeneration.

16934 secreted by motor neuron in the later disease stage also

Interestingly, extracellular SOD
promote the autophagic-dependent conversion of microglia to inflammatory phenotype (Ma et al.,
2020; K. Zhang et al., 2021; Zhao et al., 2010). Collectively, there is increasing evidence that
autophagic defects in microglia play an important role in ALS disease progression, and

manipulation of the microglial autophagic pathway could be a promising therapeutic target.
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CHAPTER 2: TRPML1 REGULATES X-LINKED
MYOTUBULARIN MYOPATHY BY CONTROLLING
AUTOPHAGIC FLUX IN SKELETAL MUSCLE

2.1 Rationale and Hypothesis

Because (A) XLMTM is a severe form of myopathy that is caused by the lipid phosphatase,
myotubularin (MTM1), and MTM1 is responsible for the dephosphorylation of PI3,5P2 (Y. Liu &
Bankaitis, 2010; Tronchére et al., 2004b; Tsujita et al., 2004b), (B) PI3,5P2 is essential for
autophagic flux, i.e., autophagosome-lysosome fusion, (C) Basal autophagy is especially
important in postmitotic cells such as muscles cells for differentiation and cell maintenance
(Masiero et al., 2009; Mizushima & Levine, 2010). Autophagy is required not only for muscle
mass maintenance in adults but also for muscle development before adulthood and injury (Fortini
et al., 2016b; McMillan & Quadrilatero, 2014; Raben et al., 2008), and (D) TRPMLI serves as an
ion channel on the lysosomal membrane, which is endogenously activated by PI3,5P2 (Cheng et
al., 2010; Dong et al., 2010). Indeed, both the activation of TRPML1 and an increase in PI3,5P2
has been show to result in autophagosome accumulation (Ferguson et al., 2009; Hasegawa et al.,
2016; Qi et al., 2021; Scotto Rosato et al., 2019b; T. Sun et al., 2011; X. Zhang, Cheng, et al.,
2016). We proposed that loss of MTM1 may increase TRPMLI1 activity due to the dysregulation
of PI3,5P2 metabolism and play an important role in muscle cell (myoblast) differentiation and

fusion by regulating autophagic flux.

In this study, we demonstrated that upregulating, but not suppressing, TRPML1 inhibited
myogenesis by compromising the last phase of autophagy, i.e., autophagosome-lysosome fusion.
In agreement with this, we found that inhibiting autophagosome-lysosome fusion by deleting
Syntaxin-17 (STX17), the autophagosomal SNARE that facilitates the fusion between
autophagosomes and lysosomes (Itakura et al., 2012b), compromised myogenesis. In addition, the
impaired myogenesis induced by upregulating TRPML1 was rescued by overexpressing STX17.
Significantly, deleting MTM1 activated TRPML1 and suppressed autophagosome-lysosome
fusion and, subsequently, myogenesis. The defects in MTM1 deficient cells were corrected by
inhibiting TRPMLI or overexpressing STX17. Mechanistically, TRPML1 upregulation or MTM1

deficiency activated TFEB to increase DNM2 expression, further compromising autophagy and
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myogenesis; suppressing DNM2 rescued the defective myogenesis and autophagy in both cells
with TRPML1 upregulation and MTM1 deletion. Consistently, DNM2 overexpression inhibited
autophagosome-lysosome fusion and myogenesis. Our study suggests that TRPML1 activates the
TFEB-DNM2 pathway to inhibit autophagosome-lysosome fusion in skeletal muscle. This further
compromises myogenesis. In XLMTM, TRPMLI is overactivated due to an increase in PI3,5P2.
This leads to aberrant activity of TFEB-DNM2, which further inhibits autophagosome-lysosome
fusion and myogenesis. Therefore, inhibiting TRPML1 could be a therapeutic approach for
XLMTM.

19



2.2 Methods

2.2.1 Cell Culture and Differentiation

C2C12 cells were cultured in the growth medium, i.e., high glucose (4.5 g/L) Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) at 37°C and 5% CO2.
When C2C12 cells reached 80-90% confluence, they were switched to a differentiation medium,
i.e., high glucose DMEM medium containing 2% horse serum, to induce myoblast differentiation
and myotube formation. Cells were grown in differentiation medium for 3-4 days until myotubes
can be seen. Cells on day 4 in the differentiation medium were used for myotube quantification,
cells on day 2 in the differentiation medium were used for myogenin and DNM2 western blot, and
cells on day 1 in the differentiation medium were used autophagosome quantification. HEK293

cells were grown in DMEM with 10% FBS.

2.2.2 Chemicals, Antibodies, and Plasmids

Chemicals used in this study include ML-SA1 (44820, Princeton BioMolecular Research
Inc), ML-SI1 (BML-CR112-0010, Enzo Life Sciences Inc), To-Pro-3 iodide (T3605, Life
Technologies), Propidium Iodide (P3566, Invitrogen), GPN (sc-252858, Santa Cruz
Biotechnology), lonomycin (11932-1, Cayman), Bafilomycin Al (1334, Tocris Bioscience Inc,
and EAA (11130051, Gibco).

Myogenin antibody (F5D), MHC antibody (MF 20), and Lampl antibody (1D4B) were
obtained from developmental studies hybridoma bank (DSHB) at the University of lowa. LC3
antibody (NB100-2220) was purchased from Novus Biochemicals Inc. Antibodies against
GAPDH (sc166574) and B-actin (sc-47778) were purchased from Santa Cruz Biotechnology Inc.
STX17 (HPA001204) antibodies were purchased from Sigma Aldrich. Antibody against dynamin
2 was purchased from Abcam (ab3457).

Plasmids of TRPML1-GFP, TRPML1-mCherry, TRPML1-HA, and Lamp1-GFP [52] were
obtained from Dr. Haoxing Xu at the University of Michigan. mRFP-EGFP-LC3 (or ptfLC3,
Plasmid #21074), wild-type HA-DNM2 pcDNA3.1 (Plasmid #34684) and K44A HA-DNM?2
pcDNA3.1 (Plasmid #34685), FLAG-STX17 (Plasmid #45911) were obtained from addgene.
GECO-TRPMLI1, LC3-mCherry, and STX17-mCherry were home-made. Plasmids were
introduced into C2C12 cells using a Neon electroporation system (Life Technologies) following

the manufacturer's instructions. Transfection efficiency reaches 90%, as observed after 24 hours.
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2.2.3 Gene deletion of TRPML1, MTM1, STX17, and TFEB

For the knockout of mouse TRPMLI, STX17, and MTM1, the CRISPR/Cas9 system was
used following the published protocol. Guide RNA sequence was designed by CRISPR design
online software (http://crispr.mit.edu/). After being annealed with their reverse complementary
sequences, the designed gDNA sequence was modified to link with Bbs I digested pX330-2A-GFP
(modified from pX330-U6-pSpCas9, Addgene #42230) or pX459-2A-Puro (Addgene #62988).
pX330-2A-GFP/TRPMLI (and STX17) gDNA or pX459-2A-Puro/MTM]1 was electroporated into
C2C12 cells using Neon Transfection System. The gDNA sequences used in this study are shown

in Table 1.
Table 1: gDNA sequences for gene knockdown

Gene gDNA sequence
TRPMLI-KOI ATCCTGGCACTGCTCGATGT
TRPMLI-KO2 GACATAGGCATACCGGCCC
STX17-KO1 GCGCTCCAATATCCGAGAAA
STX17-KO2 GGTCCCATCGGCCTCCTCGC
MTMI1-KOI CAACGTTTAGATCCCGAAAT
MTMI1-KO2 ATGGGAGGCGCGACAAGTAG

We constructed pLKO shRNA vectors (addgene #8453) encoding shRNAs that target
mMTMI for knockdown studies. Plasmids were linearized using Agel and EcoR1 to facilitate
directional  cloning. The sequences for mouse MTMI[ were: KDI, 5’-
CCTCTAGTCAATTCGCCTTAT-3’; KD2, 5’- CTTTGAGATATTGGTACAGAA-3’. Mouse
TFEB shRNA was purchased from Sigma (clone: TRCN0000085548). Lentivirus was made using
a using a 2" generation lentiviral packaging system. Briefly, shRNAs in the pLKO vector were
co-transfected into HEK293T cells along with psPAX2 and pMD2G. Lentivirus was harvested 48h
after transfection, filtered through a 0.45 um sterile filter, and stored at -80 °C. C2C12 were
infected with harvested lentivirus along with 8 pg/ml polybrene for 24 hours, and positive clones
containing shRNA were selected using 2pug/ml puromycin.

2.2.4 RNA isolation and RT-PCR analysis
Total RNA isolation was carried out with TRIzol Reagent from Life Technologies Inc.

C2C12 cells cultured in a 6 cm dish at 90% confluence were collected in 1 ml TRIzol. Detailed
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operation followed instructions of the manufacturer. cDNA was obtained from 2 pg total RNA
through iScript™ Advanced cDNA Synthesis Kit for RT-qPCR (1725037 Bio-Rad). Real-time
PCR was performed with Go Taq® qPCR Master Mix (A6001, Promega) and CFX96 Real-Time
PCR Detection System (BioRad). Relative quantification of gene expression is calculated via
formula 2 normalized to GAPDH. Following primers were applied in RT-TRPMLIF:
AAGCCCTGCAAGCTGATGC, RT-TRPMLIR: TGCTCCTGTGTGTAGGCTGC, RT-
GAPDHF: TGTCCGTCGTGGATCTGAC, RT-GAPDHR: GGAGTTGCTGTTGAAGTCGC.
MTMI1-F1: GCCCAATCACCATTGGAGGA, MTM1-R1: GACTGCAGCGCATAATGACC,
MTMI1-F2: TCCTTGGCCATGCTGATGTT, MTM1-R2: TTCGACATCTGCCACACACA.

2.2.5 Immunofluorescence

For muscle differentiation and fusion experiments, C2C12 cells were grown on glass
coverslips and washed with PBS twice before fixation with 4% paraformaldehyde at room
temperature for 10 minutes. Fixed cells were permeabilized with 0.3% Triton X-100 (T8787,
Sigma Aldrich) for 10 minutes and then blocked with 2.5% BSA in PBS buffer for 60 min at room
temperature. After 3 times washing with PBS, cells were incubated with MHC antibody (1: 200)
at 4 °C overnight. After three more washes with PBS, cells were incubated with Alexa Fluor 488
goat anti-mouse IgG (1: 1000) for 60 minutes at room temperature in the dark. Nuclear stain TO-
PRO-3 iodide (1: 500, Life Technologies) was added and washed three times with PBST 15
minutes before imaging. Images were acquired using an upright confocal microscope (LSM710,
Zeiss) with a 20 X plain objective lens (for C2C12 differentiation analysis) or 63X oil-immersion
objectives (for other analysis) and captured using ZEN 2009 software (Zeiss). Cells were counted
via nucleus, and MHC-positive cells are myotubes. The differentiation index was defined as the
number of nuclei in myotubes expressing MHC divided by the total number of nuclei in a field.
The fusion index was calculated as the percentage of nuclei in MHC-positive myotubes containing
at least 2 nuclei. Experiments were repeated with triplicated samples for differentiation and fusion
index analysis for all conditions. More than 10 fields and more than 20 cells were counted for each
condition.

For autophagosome-lysosome fusion experiments, cells were co-transfected with mRFP-
GFP-LC3 and TRPMLI1-HA/empty-HA or DNM2-K44A and DNM2-WT according to

experimental requirements.
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2.2.6 TFEB Translocation

To generate a TFEB stable cell line, lentivirus was made using a 2™ generation lentiviral
packaging system. Briefly, lentiviral plasmids pLIM1-EGFP (Addgene #19319) or pLIM1-EGFP-
N1-TFEB (EGFP cDNA was replaced by inserting the EGFP-N1-TFEB cDNA between Nhel and
EcoRI site of pLIM1-EGFP vector) were co-transfected into HEK293T cells along with psPAX2
and pMD?2.G. Lentivirus was harvested 48h after transfection, filtered through 0.45-um sterile
filter and stored at -80 °C. C2C12 cells were infected with harvested lentivirus along with 8 pg/ml
polybrene for 24 hours and then selected by 2 pg/ml puromycin until resistant colonies were
identified. TFEB stable cell line was maintained in DMEM medium supplemented with 10% FBS
(Life Technologies) and 1% penicillin/streptomycin at 37 °C in a humidified 5% CO2 incubator.
To examine TFEB nuclear translocation in MTM1-KD cells, a TFEB stable cell line was infected
with lentivirus expressing pLKO shRNA vector (addgene, 8453) or pPLKO-mMTM1 shRNA along
with 8 pg/ml polybrene for 24 hours. Cells were then changed to a growth medium and cultured
for 4 days. Cells were treated with DMSO or 10 uM SA1 in differentiation medium or 0.1 uM SI1
in DMEM supplemented with 0.1% EAA (Gibco) and 0.05% FBS for 2 hours before confocal

images were collected to show nuclear localization of TFEB.

2.2.7 GECO-Based Calcium Imaging

GECO-TRPMLI1 was made as described before (Q. Cao et al., 2015). C2C12 cells
transfected with the indicated constructs were trypsinized and plated onto glass coverslips for 4—-6
hours prior to experiments. The fluorescence intensity at 470 nm (F470) was monitored using the
EasyRatioPro system. Lysosomal Ca" release was measured under a ‘low’ external Ca®" solution
containing 145 mM NaCl, 5 mM KCl, 3 mM MgCl, 10 mM glucose, | mM EGTA, 20 mM HEPES,
pH 7.4). Ca®" concentration in the nominally free Ca** solution is estimated to be 1-10 mM. With
1 mM EGTA, the free Ca®>" concentration is estimated to be <10 nM based on the Maxchelator
software.
2.2.8 Western Blot

Cells were washed with cold phosphate saline buffer (PBS) and lysed with lysis buffer
containing protease and phosphatase inhibitors. After high-speed centrifugation, the protein in the
supernatant was subjected to protein quantification with the BCA method. For each sample, 10-20
ug of total protein was loaded into SDS-PAGE. Protein on the SDS-PAGE was transferred to the

PVDF membrane after electrophoresis. Specific primary antibodies and coordinated second
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antibodies (HRP conjugated) were applied for blotting. The membrane was carried on to
autoradiography after incubation in ECL solution for 1 minute. The films were scanned, and
protein bands were quantified by Image J.
2.2.9 Data Analysis

Data are presented as mean = SEM from at least three independent experiments. Statistical
comparisons were made using a two-way analysis of variance (ANOVA) or Student’s t-test. P

values of < 0.05 were considered statistically significant; *: P <0.05; **: P<0.01, ***: P <0.005.
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2.3 Results

2.3.1 Upregulating TRPML]1 Inhibits Muscle Differentiation and Fusion

Myosin Heavy Chain (MHC) is a motor protein that constitutes the thick filaments of
skeletal muscles (Schiaffino et al., 2015). This protein is used as a myomarker to visualize fused
myoblasts in vivo. In a similar manner, myogenin is a muscle-specific transcription factor that
promotes the transcription of muscle-specific target genes involved in the coordination of skeletal
muscle development. Myogenin expression is elevated during muscle differentiation and fusion
(Benavente-Diaz et al., 2021). In this study, we used these two myomarkers of differentiation, i.e.,
MHC-positive myotubes and myogenin levels, to determine myogenesis (Ganassi et al., 2018;
Millay et al., 2013).

It was first essential to establish whether activating TRPMLI1 facilitates muscle
differentiation; therefore, we treated C2C12 cells, myoblasts from mice that are commonly used
to study muscle differentiation, with ML-SAT1, a synthetic agonist of TRPML1. Myotubes were
indicated by MHC staining, and cell number was monitored by labeling the nucleus with To-Pro-
3 iodide. ML-SA1 significantly decreased muscle differentiation and fusion, as demonstrated by

reduced differentiation index and fusion index (Fig. 2.1A-C).

A

(=~
(@]

To-Pro-3 iodide

40- 25

*%k%k _kk%k

w

=3
I
N
i

Fusion Index(%)
@

Differentiation Index (%)
N
o

101
104
5.
o N N 0
-éo o_,‘?'
& 5 &
¥ A\ &)

Figure 2.1: TRPMLI1 activation decreases differentiation of C2C12 cells. (A-C) ML-SA1 (10 pM) treatment
reduced C2C12 cell differentiation. Myotubes were stained with myosin heavy chain antibody. Nucleus were labeled
with To-Pro-3 iodide. Muscle cell differentiation was indicated by differentiation index and fusion index. For
differentiation and fusion index analysis, experiments were repeated three times with triplicated samples each time
for all conditions. Totally, more than 10 fields were counted. The data represent the mean +£ SEM. NS: not significant;
*: P<0.05, **: P<0.01; ***: P <0.005.
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ML-SAT1 could act on targets other than TRPMLI to inhibit myogenesis. To exclude this
possibility, we generated Trpmll knockout (TRPML1-KO) C2C12 cells using the CRISPR/Cas9
genome editing system (Cong et al., 2013). We found that the effect of ML-SA1 on muscle
differentiation and fusion was prevented by TRPML1-KO (Fig. 2.2A-C), suggesting that ML-SA1
inhibits muscle differentiation by activating TRPMLI1. In agreement with MHC staining data,
myogenin levels were markedly reduced by ML-SA1 during muscle differentiation, and this was
corrected by TRPML1-KO (Fig. 2.2D). However, TRPML1-KO itself had little effect on muscle
differentiation. This agrees with previous reports showing normal muscle development in

TRPML1-KO mice (Cheng et al., 2014).
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Figure 2.2: TRPMLI1 specific effect of ML-SA1 (A-C) The effect of ML-SA1 was inhibited by TRPML1-KO, suggesting
that ML-SA1 regulates muscle differentiation is through activating TRPML1. Note that TRPML1-KO had no effect on
muscle differentiation (D) ML-SA1 treatment reduced myogenin expression in C2C12 cells during cellular differentiation.
ML-SAT1’s effect on myogenin expression was eliminated by TRPML1-KO. Myogenin western blotting experiments were
repeated three times for all conditions. The data represent the mean + SEM. NS: not significant; *: P <0.05. **: P <0.01.
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Consistently, ectopic expression of TRPMLI1-mCherry (Q. Cao et al., 2015; Dong et al.,
2008) also reduced muscle differentiation and fusion (Fig. 2.3A-C). TRPMLI1-GFP also reduced
myogenin expression (Fig. 2.3D). Taken together, these data suggest that upregulating, but not

downregulating, TRPMLI inhibits muscle differentiation and fusion.
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Figure 2.3: TRPMLI1 overexpression decreases C2C12 cell differentiation. (A-C) In accordance with ML-SA1 data,
TRPML1-mCherry overexpression reduced differentiation and fusion index. Please note that images from red channel
were not presented because mCherry signal was lost after 3-day in fusion medium. (D) TRPML1-GFP overexpression
reduced myogenin expression levels. Myogenin western blotting experiments were repeated three times for all
conditions. The data represent the mean £ SEM. NS: not significant; *: P <0.05, **: P <0.01; ***: P <(.005.

2.3.2 TRPML1 Upregulation Inhibits Autophagosome-Lysosome Fusion

To test whether TRPML1 inhibiting muscle differentiation is attributed to defective autophagy
(Fortini et al., 2016b; Masiero et al., 2009), we measured LC3-, which indicates autophagosome
accumulation. We found that ML-SAT treatment increased LC3-11 in C2C12 cells (Fig. 2.4A). This
is in agreement with the previous report that TRPML1 upregulation increases LC3-II levels (Cheng
etal., 2014; Qi et al., 2021).

Efficient autophagy is represented by the autophagic flux, which is often defined as a
measure of autophagic degradation activity but not autophagosome accumulation. A series of
events, including autophagy initiation, autophagosome-lysosome fusion, and autolysosome
degradation, regulate autophagic flux. LC3-II increase could be caused by an elevation in
autophagosome formation and a reduction in autophagosome-lysosome fusion and/or
autolysosome degradation (Klionsky et al., 2021) To differentiate these possibilities, Bafilomycin

Al (Baf-Al), an inhibitor of V-ATPase, was adopted to inhibit autolysosomal degradation. A
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comparable LC3-II between the control and ML-SA1 group in the presence of Baf-Al would
suggest that TRPML1 upregulation does not affect autophagosome formation. As shown in Figure
2.4A, Baf-Al treatment normalized LC3-II (lower band in the western blot image), suggesting that
ML-SA1 does not affect autophagosome formation. Consistently, although TRPMLI1-GFP
overexpression increased LC3-II levels, a comparable LC3-II level between the control and
TRPMLI1-GFP group was detected in the presence of Baf-A1 (Fig. 2.4B). These data suggest that
an increase in LC3-II (autophagosomes) by TRPMLI1 upregulation is likely due to a reduction in
autophagosome-lysosome fusion and/or autolysosomal degradation but not autophagosome
formation and autolysosomal degradation. Because TRPMLI1 upregulation does not affect

lysosome function (Cheng et al., 2010; W. Wang et al., 2015a).
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Figure 2.4: TRPML1 upregulation inhibits autophagy. (A) ML-SA1 (10 uM) treatment increased LC3-II
expression in C2C12 cells compared with DMSO treated cells. Although ML-SA1 increased LC3-II expression, a
comparable LC3-II expression between the control and ML-SA1 group in the presence of Baf-Al (200 nM),
suggesting that TRPML1 upregulation has no effect on autophagosome formation. LC3-II expression levels were
normalized to GAPDH. (B) Although TRPML1-GFP overexpression increased LC3-II levels, comparable LC3-1I
levels between the control and TRPML1-GFP group were detected in the presence of Baf-Al. LC3-II expression
levels were normalized to GAPDH. LC3-II western blotting experiments were repeated three times for all conditions.
The data represent the mean = SEM. NS: not significant; *: P < 0.05; **: P <0.01; ***: P <0.005.
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We suspected that TRPMLI activation might impair autophagosome-lysosome fusion and
lead to autophagosome accumulation. To test this hypothesis, C2C12 cells expressing mRFP-GFP-
LC3 (Kaizuka et al., 2016; Kimura et al., 2007) were used to quantitate autophagosome and
autolysosome. Because the low pH of autolysosome quenches the fluorescent signal of GFP but
not RFP, autophagosomes (high pH) and autolysosomes (low pH) will be labeled with yellow (i.e.,
RFP and GFP) and red (i.e., RFP only) signals, respectively. An increase in the yellow-to-red
puncta ratio represents a blockade of autophagosomes and lysosome fusion. As shown in Figure
2.5A-B, ML-SAL1 treatment significantly increased the ratio of autophagosomes to autolysosomes.
Consistently, TRPML1 overexpression significantly increased the ratio of autophagosomes to
autolysosomes (Fig. 2.5C-D). Altogether, these data suggest that TRPML1 upregulation results in

a compromised autophagosome-lysosome fusion but not autophagosome formation.
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Figure 2.5: TRPML1 upregulation inhibits autophagosome-lysosome fusion. (A-B) C2C12 cells expressing
mRFP-GFP-LC3 were used to quantitate autophagosome and lysosome fusion. ML-SA1 treatment increased the ratio
of autophagosomes (yellow) vs autolysosomes (red), suggesting a blockade of autophagosomes and lysosomes fusion
by ML-SAL1. (C-D) TRPMLI1-HA overexpression increased the ratio of autophagosomes (yellow) vs autolysosomes
(red). More than 20 cells were counted for each condition. The data represent the mean + SEM. NS: not significant;
* P<0.05; **: P<0.01; ***: P<0.005.
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2.3.3 Impaired Autophagosome-Lysosome Fusion Leads to Decreased Cell Differentiation
To test whether the compromised muscle differentiation induced by upregulating TRPML1
is associated with the later stages of autophagy, we inhibited autophagosome-lysosome by deleting
Stx17 (Itakura et al., 2012b). As shown in Fig. 2.6A-D, Stx17 knockout (STX17-KO) inhibited
muscle cell differentiation and fusion and caused a decrease in myogenin expression. These
phenocopied C2C12 cells with TRPMLI upregulation (Fig. 2.1). Importantly, STX17

overexpression was able to rescue the defective muscle differentiation induced by both ML-SA1
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Figure 2.6: Impaired autophagic flux suppresses C2C12 cell differentiation. (A-C) Loss of STX17 decreased
differentiation index and fusion index in C2C12 cells. (D) Suppression of autophagosome-lysosome fusion by STX17-
KD reduced myogenin expression. Myogenin expression was measured after 2 days in differentiation medium. (E-G)
Reduced differentiation index and fusion index induced by ML-SA1 were rescued by STX17-mCherry overexpression.
(H-I) Reduced differentiation index and fusion index induced by TRPML1-mCherry overexpression were rescued by
STX17-Flag overexpression. For differentiation and fusion index analysis, experiments were repeated three times with
triplicated samples each time for all conditions. Totally, more than 10 fields and more than 20 cells were counted for
each condition. The data represent the mean = SEM. NS: not significant; *: P <0.05; ***: P <(.005.

treatment (Fig 2.6E-G) and TRPMLI1 overexpression (Fig. 2.6H-I). Thus, we demonstrate that
proper autophagic flux is essential for muscle differentiation and provide genetic support that
TRPMLI upregulation inhibits muscle differentiation and fusion by suppressing autophagosome-
lysosome fusion.
2.3.4 MTM1 Deficiency Activates TRPML1 and Impairs Muscle Cell Differentiation
Because MTM1 deficiency may lead to elevated PI3,5P2 (Dong et al., 2010; Tronchére et
al., 2004b; Tsujita et al., 2004b), the endogenous agonist of TRPML1 (Dong et al., 2010) and
because TRPMLI1 activation inhibits muscle differentiation (Fig. 2.1) through suppressing
autophagic flux (Fig. 2.2) that is fundamental for muscle development (Dowling et al., 2010;
Fetalvero et al., 2013a; Masiero et al., 2009) (Fig. 2.3), we reasoned that PI3,5P2 accumulation
due to MTMI deficiency in XLMTM may activate TRPMLI1 to cause myopathy by inhibiting
autophagic pathway. As the first step toward understanding the role of TRPMLI in XLMTM, we
monitored PI3,5P2 in MTM1 knockdown (MTM1-KD) cells using the genetically encoded
fluorescent probe GFP-MLIN*2 (X. Li et al., 2013). MTM1-KD significantly increased GFP-

MLIN*2 signals in lysosomes, suggesting an increase of lysosomal PI13,5P2 (Fig. 2.7A-B).
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Figure 2.7: MTM1 deficiency elevates PI3,5P2 in lysosomes. MTM1-KD cells were co-transfected with Lamp1-
mCherry and GFP-ML1N*2, a PI13,5P2 probe, and maintained in growth media. Confocal images were taken 24 hours
post transfection. The data represent the mean = SEM (n = 3). *: P <0.05. **: P<0.01.

Next, we generated Mtml knockout (MTMI-KO) C2C12 cells using CRISPR/Cas9
method. As expected, MTMI1 deficiency in C2C12 cells markedly reduced muscle cell
differentiation and fusion index (Fig. 2.8 A-C) and myogenin expression (Fig. 2.8D). Consistently,
MTM1-KD cells also showed defects in muscle differentiation and fusion and reduced myogenin
expression (Fig. 2.8E-H).
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Figure 2.8: Loss of MTM1 suppresses muscle differentiation. (A-C) MTMI1 deletion inhibited muscle
differentiation as indicated by reduced differentiation index and fusion index. (D) MTM1-KO reduced myogenin
expression in C2C12 cells. Myogenin expression was measured after 2 days in differentiation medium.(D-G) MTM1
deficiency inhibited C2C12 cell differentiation and fusion. (H) MTM1 deficiency decreased myogenin expression in
C2C12 cells. The data represent the mean £ SEM (n = 3). *: P <0.05; **: P<0.01.

Since TRPMLI1 is a lysosomal Ca** permeable channel, to understand the mechanism
underlying the compromised muscle differentiation and fusion induced by MTM1 deficiency, we
measured TRPML1 activity using the lysosome-targeted genetically encoded Ca*" indicator, i.e.,
GECO-TRPMLI1, that we generated before (Q. Cao et al., 2015). We found that MTM 1 deficiency
resulted in increased TRPML1 activity (Fig. 2.9A-B) without altering lysosomal Ca®* content (Fig.
2.9C). Meanwhile, comparable GECO-TRPML1 signals were detected between the control and
MTMI1-KO cells, suggesting that the increased GECO-TRPML1 signals in MTM1-KO cells were
not caused by elevated GECO-TRPMLI1 expression. Altogether, we suggest that increased P13,5P2
levels due to MTMI deficiency activate TRPML1, subsequently leading to compromised muscle

differentiation and fusion.
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Figure 2.9: MTMI1 deficiency activates TRPMLI1. (A-B) Larger TRPML1 activity in MTM1-KO C2CI12 cells.
TRPMLI1 activity was indicated by ML-SA1-induced GECO-TRPML1 signal. (C) Comparable GECO signals induced
by GPN between the control and MTM1-KO cells, suggesting MTM1-KO has no effect on lysosomal Ca>* content and
the elevated TRPMLI1 activity in MTM1-KO cells is not due to an increased lysosomal Ca>" content. (D) Comparable
GECO signals induced by ionomycin between the control and MTM1-KO cells, suggesting elevated GECO signals in
MTM1-KO cells is not due to an increased GECO-TRPMLI1 expression in MTM1-KO cells. Experiments were repeated
three times and more than 100 cells were counted for each condition. The data represent the mean = SEM. NS: not
significant; **: P < 0.01; ***: P <0.005.
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2.3.5 Downregulation of TRPML1 Corrects the Impaired Muscle Differentiation and
Autophagy Induced by MTM1 Deficiency

If compromised muscle differentiation and fusion induced by MTMI1 deficiency is
attributed to elevated TRPMLI activity, suppressing TRPMLI1 is expected to correct the
phenotypes in MTM1 deficient cells. Indeed, TRPML1-KO corrected the defects in muscle
differentiation and fusion (Fig. 2.10A-C) and the reduction in myogenin expression (Fig. 2.10D)
induced by MTMI1 deficiency. To leverage the mechanistic understanding gained from our
experiments into drug development, we treated MTM1-KO C2C12 cells with TRPML1 inhibitor
ML-SI1. As expected, ML-SI1 rescued the impaired muscle differentiation and fusion in MTM1-
KO cells (Fig. 2.10E-G). Consistently, ML-SI1 also rescued the reduced myogenin expression (Fig.
2.10H) in MTM1-KO cells.
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Figure 2.10: Compromised muscle differentiation by MTMI1 deficiency is rescued by TRPML]1 inhibition. (A-
C) TRPML1-KO rescued the compromised muscle differentiation induced by MTM1-KO. DKO: double knockout.
(D) Myogenin expression was reduced by MTM1-KO, and this was rescued by TRPML1-KO. MTM1-KO1 and
TRPML1-KO2 were used to generate MTM1-TRPML1-DKO. (E-G) The impaired muscle differentiation induced by
MTM1 deficiency was rescued by inhibiting TRPML1 using ML-SI1 (0.1 puM). (H) Reduced myogenin expression
was rescued by ML-SI1 (0.1 uM). Totally, more than 10 fields were counted for each condition. The data represent
the mean £ SEM. NS: not significant; *: P <0.05; **: P <0.01; ***: P <0.005.

As we noticed elevated TRPMI1 activity reduced autophagy, we measured autophagic flux
in MTM1-KO cells. MTMI deficiency increased LC3-II levels, which was normalized by Baf-Al
(Fig. 2.11A-B). Notably, ML-SI1 also corrected the increased LC3-II in MTM1-KO cells, which
was normalized by Baf-Al (Fig. 2.11A-B). In addition, autophagosome-lysosome fusion was
monitored using mRFP-GFP-LC3 in MTM1-KO cells. We found that MTM1 deficiency inhibited
autophagosome-lysosome fusion, which was rescued by ML-SI1 (Fig. 2.11C-D).
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Figure 2.11: Compromised autophagy in MTM1-KO cells was rescued by TRPML1 inhibition. (A-B) MTM1
deficiency increased LC3-II levels, and this was normalized by Baf-A1; ML-SI1 (1 uM) corrected the increased LC3-
II levels induced by MTM1 deficiency. (C-D) MTMI1 deficiency increased the ratio of autophagosome vs. lysosome,
and this was rescued by ML-SI1 (1 uM). These data suggest that loss of MTMI inhibits autophagosome-lysosome
fusion by activating TRPML1. LC3-II western blotting experiments were repeated three times. For the mRFP-GFP-
LC3 imaging, more than 20 cells were counted for each condition. The data represent the mean £ SEM. NS: not
significant; *: P < 0.05; **: P <0.01; ***: P <0.005.
2.3.5 STX17 Overexpression Corrects the Impaired Muscle Differentiation and Autophagy
Induced by MTM1 Deficiency

If XLMTM is due to impaired autophagosome-lysosome fusion induced by MTMI
deficiency, promoting autophagosome-lysosome fusion is expected to rescue the phenotypes in
MTMI1 deficient cells. Indeed, STX17-mCherry overexpression corrected the compromised
muscle differentiation and fusion (Fig. 2.12A-C) and the reduced expression of myogenin (Fig.
2.12D) induced by MTMI1-KO. STX17 overexpression also corrected the defective
autophagosome-lysosome fusion (Fig. 2.12E-F) in MTM1 deficient cells. Therefore, MTM1
deficiency activates TRPML1, subsequently inhibiting autophagosome-lysosome fusion, resulting

in compromised muscle differentiation.
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Figure 2.12: Compromised muscle differentiation by MTMI1 deficiency is rescued by promoting
autophagosome-lysosome fusion. (A-C) Impaired muscle differentiation in MTM1-KO cells were rescued by STX17
that promotes autophagosome-lysosome fusion. (D) STX17 overexpression rescued the reduced myogenin induced by
MTMI1 deficiency. (E, F) Impaired autophagosome-lysosome fusion in MTM1-KD cells was rescued by STX17
overexpression. For differentiation and fusion index analysis, experiments were repeated three times with triplicated
samples each time for all conditions. Totally, more than 10 fields were counted for each condition. For the mRFP-GFP-
LC3 imaging, more than 20 cells were counted for each condition. The data represent the mean + SEM. NS: not
significant; *: P < 0.05; **: P <0.01; ***: P <0.005.
2.3.6 MTM1 Deficiency Activates TRPMLI1-TFEB-DNM2 Pathway

Because 1) TRPMLI1 can stimulate autolysosomal protein expression by activating TFEB
(Medina et al., 2015a), 2) DNM2 is an autolysosomal protein (Koutsopoulos et al., 2011; Schulze
et al., 2013) that is upregulated by starvation (Durieux et al., 2012), and 3) DNM2 expression is
elevated in XLMTM patients and a mouse model of XLMTM (Cowling et al., 2014; Tasfaout et
al., 2018) and a reduction of DNM2 prevents and reverts myotubular myopathy in XLMTM mice
(Tasfaout et al., 2017, 2018); we predicted that in XLMTM hyperactive TRPML1 may increase
DNM2 by activating TFEB and eventually inducing impaired autophagosome-lysosome fusion
and defective muscle differentiation. If this is the case, DNM2 is likely an autolysosomal protein
that is regulated by TFEB upon starvation. To address the question, we performed immunoblot and
immunostaining of endogenous DNM2 in C2C12 cells. Our western blot data showed that

starvation significantly increased DNM2 protein levels, and this was reversed by deleting either

TRPMLI1 or TFEB (Fig. 2.13A-B).
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Figure 2.13: Starvation increases DNM2 expression, and this is rescued by TRPML1-KD and TFEB-KD.
Cells were starved in DMEM supplemented with 10% EAA (Gibco) and 1% FBS for 24h before western blotting.
Experiments were repeated three times. The data represent the mean = SEM. *: P < 0.05.
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In parallel, MTM1-KO activated TFEB (Fig. 14A), which was indicated by TFEB nuclear
translocation, and this was inhibited by TRPML1 inhibitor ML-SI1 (Fig. 2.14 A-B). MTM1-KO
also elevated DNM2 expression, and this was corrected by ML-SI1 (Fig. 2.14C-D), TRPML1-KO
(Fig. 2.14E-F), and TFEB-KD (Fig. 2.14G-H).
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Figure 2.14: MTM1 deletion increases DNM2 in a TRPML1- and TFEB-dependent manner. (A, B) MTM1
deletion caused TFEB nuclear translocation, and this was corrected by ML-SI1 (0.1 uM), suggesting that ML-SI1
inhibits the loss of MTM1 activated TFEB. Cells were treated with 0.1 uM SI1 in DMEM supplemented with 0.1%
EAA (Gibco) and 0.05% FBS for 2 hours before confocal images were collected to show nuclear localization of TFEB.
(C, D) DNM2 protein expression was increased in MTM1-KD C2C12 cells, and this was corrected by ML-SI1.
MTM1-KD cells were treated with ML-SI1 in DMEM supplemented with 10% EAA (Gibco) and 1% FBS for 24h
before western blotting. (E, F) Increased DNM2 level in MTM1-KO C2C12 cells was corrected by TRPML1-KO.
MTM1-KO1 and TRPML1-KO2 were used to generate MTM1-TRPML1-DKO. Cells were then cultured in DMEM
supplemented with 10% EAA (Gibco) and 1% FBS for 24h before western blotting. (G, H) Increased DNM2 level in
MTMI1-KD C2C12 cells was corrected by TFEB-KD. The data represent the mean = SEM. *: P < 0.05; **: P <0.01;
**%: P <0.005.

Furthermore, upregulating TRPML1 also activated TFEB (Fig. 2.15A-B) and increased
DNM2 levels (Fig. 2.15C-D) in C2C12 cells. The upregulated DNM2 by TRPML1 was inhibited
by TFEB-KD (Fig. 2.15C-D). Altogether, these data suggest that in MTM1-KO cells, TRPML1

activation stimulates TFEB to increase DNM2 expression.
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Figure 2.15: TRPMLI1 activation leads to TFEB nuclear translocation. Representative confocal images of GFP-
TFEB localization in C2C12 cells treated with DMSO or ML-SA1 in growth medium or differentiation medium for
2 hours. (K, L) DNM2 expression was elevated by ML-SA1 in C2C12 cells, and this was rescued by TFEB-KD. Cells
were then cultured in DMEM supplemented with 10% EAA (Gibco) and 1% FBS for 24h before western blotting)
The data represent the mean = SEM. *: P < (.05; **: P <0.01; ***: P <0.005.

2.3.7 Rescue of Defective Myogenesis in MTM1 Deficient Muscle by Inhibiting TRPML]1-
TFEB-Dynamin 2 Pathway

We first examined whether impaired muscle differentiation induced by TRPMLI1
overexpression was rescued by the dominant negative DNM2-K44A mutant (DNM2-DN). As
shown in Figure 2.16 A-D, DNM2-DN explicitly corrected the reduced muscle differentiation and
myogenin induced by TRPMLI1 overexpression. DNM2-DN rescued the impaired
autophagosome-lysosome fusion in cells expressing TRPMLI1 (Fig. 2.16E-F). In line with these
data, reduced myogenin induced by upregulating TRPML1 was also corrected by TFEB-KD (Fig.
2.16G)

To further support our hypothesis, we found that impaired muscle differentiation and fusion

(Fig.2.16F-J) and autophagosome-lysosome fusion (Fig. 2.16K-L) in MTM1-KO cells were
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rescued by DNM2-DN. Similarly, compromised myogenesis induced by MTM1-KD was corrected
by TFEB-KD (Fig. 2.16M) and ML1-KO (Fig 2.10).
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Figure 2.16: Suppressing DNM2 rescues the compromised muscle differentiation and autophagosome-lysosome
fusion induced by TRPML1 upregulation and MTM1 deficiency. (A-C) Impaired muscle differentiation induced by
TRPML1-mCherry overexpression was rescued by DNM2-DN. (D) DNM2-DN rescued the reduced myogenin induced
by TRPMLI overexpression. (E, F) Impaired autophagosome-lysosome fusion induced by TRPML1-HA was corrected
by DNM2-DN. (G) ML-SA1 reduced myogenin in C2C12 cells, and this was rescued by TFEB-KD. (H-J) Impaired
muscle differentiation induced by MTMI1 deficiency was rescued by DNM2-DN. (K, L) Impaired autophagosome-
lysosome fusion induced by MTM1-KO was rescued by DNM2-DN. (M) Reduced myogenin expression in MTM1-KD
cells were rescued by TFEB-KD. For differentiation and fusion index analysis, experiments were repeated three times
with triplicated samples each time for all conditions. Totally, more than 10 fields were counted for each condition. For the
mRFP-GFP-LC3 imaging, more than 20 cells were counted for each condition. The data represent the mean + SEM. *: P
<0.05; **: P<0.01; ***: P <0.005.
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In addition, DNM2 overexpression inhibited autophagosome-lysosome fusion (Fig. 2.17A-
B), muscle cell differentiation and fusion (Fig. 2.17C-E), and myogenin level (Fig. 2.17 F).
Altogether, our data suggest that in XLMTM, MTMI1 deficiency hyperactivates TRPMLI1 due to
elevated PI13,5P2, further increasing DNM2 levels via TFEB. Eventually, increased DNM2 leads

to impaired autophagosome-lysosome fusion and subsequent defects in muscle cell differentiation

and fusion.
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Figure 2.17: Dynamin 2 overexpression inhibits autophagosome-lysosome fusion and myogenesis. (A, B) Dynamin
2 overexpression inhibited autophagosome-lysosome fusion. The data represent the mean = SEM (n = 3). (C-E) Dynamin
2 overexpression inhibited cell differentiation and fusion. The data represent the mean + SEM (n = 3). (F) Dynamin 2
overexpression inhibited reduced myogenin level. *: P <0.05; **: P <0.01.
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2.4 Discussion

The lysosome plays a vital role in autophagy that is involved in the development and
differentiation of mammals (Mizushima & Levine, 2010). In this study, we found that upregulation
of the lysosomal ion channel, TRPMLI, compromised muscle differentiation by inhibiting the
fusion between autophagosomes and lysosomes. This was rescued by promoting autophagosome-
lysosome fusion with STX17 overexpression. Consistently inhibiting autophagosome and
lysosome fusion by deleting STX17 (Itakura et al., 2012b) causes defective muscle differentiation.
More importantly, deficiency in MTMI1 led to elevated TRPMLI1 activity, impaired
autophagosome-lysosome fusion, and defective muscle differentiation. The phenotypes in MTM1
deficient muscle cells were rescued by inhibiting TRPMLI or expressing STX17. Mechanistically,
either TRPML1 upregulation or MTM1 deficiency caused elevated DNM2 by activating TFEB.
Suppressing DNM2 rescued compromised autophagosome-lysosome fusion and impaired muscle
differentiation induced by MTMI1 deficiency and TRPML1 upregulation. These results suggest
that hyperactivation of TRPML1 and subsequently elevated DNM2 levels due to the loss of MTM 1
could contribute to muscle defect in XLMTM and that inhibiting TRPML1 and DNM2 may be a
strategy to cure XLMTM.

Previous studies have generated controversial results regarding TRPML1’s role in autophagy.
Earlier studies suggest that TRPML1 deletion impaired autophagic flux with characteristics of
accumulated autophagosomes (T. Sun et al., 2011; Venkatachalam et al., 2015). On the contrary, a
later study suggests that TRPML1 upregulation causes autophagosome accumulation by increasing
autophagosome formation (Scotto Rosato et al., 2019a). Interestingly, the present study and a
recent report (Qi et al., 2021) demonstrate that TRPML1 upregulation also causes autophagosome
accumulation by compromising the fusion between autophagosomes and lysosomes. The
observation of autophagosome accumulation induced by both upregulation and downregulation of
TRPMLI is in line with recent reports showing that both excess and inadequate PI3,5P2 levels on
lysosomes hamper autophagy (Ferguson et al., 2009; Hasegawa et al., 2016; S. Martin et al., 2013).
Therefore, we suspect that PI3,5P2/TRPMLI1 may regulate multiple steps of autophagy, and an
optimal level of lysosomal PI3,5P2/TRPMLI is likely essential for the cell to maintain high
autophagic flux and adapt to environment changes (P. Huang et al., 2020).

Earlier studies showed that autophagy is required for muscle maintenance (Masiero et al.,

2009; Mizushima & Levine, 2010). New evidence suggested a role of the canonical autophagy

42



pathway in myogenesis (Fortini et al., 2016a; McMillan & Quadrilatero, 2014; Rashid et al., 2015;
Sin et al., 2016). Consistently, we also show that inhibiting autophagy by ablating STX17 in
C2C12 cells results in compromised muscle differentiation and fusion (Figure 2.4). Therefore, the
canonical autophagy pathway (Codogno et al., 2011) is important not only for muscle maintenance
(Masiero et al., 2009; Mizushima & Levine, 2010; Raben et al., 2008) but also for muscle
development (Fortini et al., 2016a; McMillan & Quadrilatero, 2014; Rashid et al., 2015)
Previous studies also suggested that MTMI1 deficiency leads to autophagosome
accumulation (Al-Qusairi et al., 2009; Childers et al., 2014; Fetalvero et al., 2013a). In this study,
we further suggested that the autophagosome accumulation-induced MTM1 deficiency is
attributed to the inhibition of autophagosome-lysosome fusion, likely by activating the TRPMLI1-
TFEB-DNM2 pathway. Currently, it is unclear how elevated DNM2 inhibits autophagosome-
lysosome fusion. Given that DNM2 functions as an actin-remodeling protein (Gu et al., 2010;
Mooren et al., 2009; Ochoa et al., 2000) and regulates actin-dependent intracellular vesicular
trafficking actin/cortactin-associated vesicular trafficking (Gu et al., 2010; Hasegawa et al., 2016;
J. Y. Lee et al., 2010; Mooren et al., 2009; Nicoziani et al., 2000), DNM2 may inhibit
autophagosome-lysosome fusion by impairing actin-associated mechanism. DNM2 may also
inhibit muscle autophagosome-lysosome fusion by regulating the SNARE system, as in yeast

(Peters et al., 2004). These await further investigation.

The role of MTM1 in muscle development is also a long-standing debate. /n vivo studies
suggest that MTM1 is essential for skeletal muscle maintenance but not for muscle development
in mice (Sarikaya et al., 2022). Recently, a comprehensive longitudinal study of MTM1-KO mice
suggested an essential role of MTM1 in muscle development (Sarikaya et al., 2022). Myogenesis.
In this study, we show that MTM1 deficiency results in impaired muscle differentiation (Dowling
et al., 2010; Fetalvero et al., 2013a; Masiero et al., 2009; Vergne & Deretic, 2010) by elevating
TRPMLI activity and subsequent DNM2 expression. Given that during myogenic differentiation,
the expression of MTM 1 (Buj-Bello et al., 2002; Gupta et al., 2013; Hnia et al., 2011) and MTM1-
related proteins (Buj-Bello et al., 2002; Gupta et al., 2013) is elevated, and some myotubularin-
related 1 proteins have been implicated in myogenesis, we reason that the lack of myogenesis
phenotypes in MTM1 mutant mice could be attributed to the compensation of other MTM1 related
phosphatases (Hnia et al., 2011; S. A. Kim et al., 2002; Sarikaya et al., 2022).
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Adult skeletal muscle has a remarkable regenerative capacity attributable to satellite cells
(SCs) (Jan et al., 2016; Le Grand & Rudnicki, 2007). In response to muscle injury or certain
diseases, quiescent SCs become activated and then proliferate and differentiate into the mature
skeletal muscle to recover muscle function(Bryson-Richardson & Currie, 2008; Le Grand &
Rudnicki, 2007). Because during regeneration, many of the same transcription factors that control
embryonic myogenesis are redeployed to regulate SC differentiation and muscle regeneration
(Bryson-Richardson & Currie, 2008; van Wijngaarden et al., 1969; Wagers & Conboy, 2005), our
study suggests that the MTM1-TRPMLI1-TFEB-DNM2 pathway may also play an important role
in muscle regeneration in XLMTM (Buj-Bello et al., 2002; Childers et al., 2014; Hasegawa et al.,
2016; Spiro et al., 1966; van Wijngaarden et al., 1969). Altogether, we suspect that MTM1-
TRPMLI-TFEB-DNM2 is essential not only for skeletal muscle maintenance (Buj-Bello et al.,
2002) but also for myogenesis. MTM1 activation leads to a reduction in TRPML1 activity in
myoblasts due to a decrease in PI3,5P2 level, promoting muscle biogenesis and regeneration. In
XLMTM, PI3,5P2 accumulation due to MTM1 deficiency may hyperactivate TRPML1, inhibiting

autophagy, myogenesis, and regeneration.
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CHAPTER 3: TRPML1 REGULATES AMYOTROPHIC
LATERAL SCLEROSIS (ALS) PROGRESSION BY
MODULATING AUTOPHAGIC FLUX IN MICROGLIA

3.1 Rationale and Hypothesis

Amyotrophic lateral sclerosis is a late-onset fatal neurodegenerative disorder characterized
by the selective loss of both upper and lower motoneurons in the CNS. Currently, the precise
molecular mechanisms leading to motoneuron degeneration in ALS are unclear, and no cure has
yet been developed for ALS. However, it is generally accepted that abnormal aggregation and toxic
gain of function of the mutant SOD1 proteins are important contributors to the neuronal death
process (Chio et al., 2020; Teng et al., 2012). While it is believed that the disease onset takes place
inside motoneurons, different cell types in the CNS may control the progression during distinct
disease phases (Boillée, Vande Velde et al., 2006; Clement et al., 2003; J. Lee et al., 2016).
Microglia are activated by infection, neuronal injury, and inflammation. Because
neuroinflammation is one of the most striking hallmarks of ALS, much effort has been devoted to
understanding the role of microglia in ALS progression. Although it is widely accepted that
microglia contributed to ALS pathogenesis, the molecular mechanisms underlying microglial-
neuronal interactions that lead to motoneuron degeneration remain elusive. Cumulative evidence
suggests that mSOD1 accelerates ALS pathogenesis by inducing microglial Interleukin 1  (IL-18)
(Y. Hu et al., 2017; Meissner et al., 2010) and tumor necrosis factor a (TNF-a) secretion (Frakes
et al., 2014; Hu et al., 2017; Y. Liu et al., 2009), which further causes neurotoxicity (Takeuchi et
al., 2000).

Mounting evidence has suggested that autophagy regulates ALS progression by affecting
both motoneurons and microglia. In motoneurons, autophagy is important for the secretion and
clearance of abnormal aggregation of mutant SODI1 protein (Al-Chalabi & Hardiman, 2013;
Redmann et al., 2017; Tedeschi et al., 2019). In microglia, SOD19%3A results in the inhibition of
autophagic flux (Massenzio et al., 2018a), potentially by producing excessive ROS, thereby
promoting TNF-a and (Beers et al., 2006; Henkel et al., 2006; Q. Li et al., 2011; D. C. Wu et al.,
2006; Xiao et al., 2007) IL-1P secretion and subsequent motoneuron damage (Joshi et al., 2019;
X. Peng et al., 2019a; Saitoh et al., 2008a, 2008b). A direct link between autophagy genes and ALS
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has also been suggested. For example, mutations in p62 account for approximately 1% of ALS
cases (Le Ber et al., 2013; Rea et al., 2014). Similarly, autophagic core proteins OPTN and TBK1
(Toth & Atkin, 2018; Wong & Holzbaur, 2014) and C9orf72 (Balendra & Isaacs, 2018; Sellier et
al., 2016; Sivadasan et al., 2016; Sullivan et al., 2016) and UBQLN2 (Deng et al., 2011) have also
been associated with ALS. Therefore, autophagy has become an attractive therapeutic target for
preventing and treating ALS-associated neurodegeneration. Because 1) microglia SOD16%34
results in the inhibition of autophagic flux (Fabbrizio et al., 2017a; Massenzio et al., 2018a;
Rudnick et al., 2017; X. Zhang et al., 2011), potentially by producing excessive ROS (Joshi et al.,
2019; Obrador et al., 2020), 2) TRPMLI is activated by elevated ROS (X. Zhang, Cheng, et al.,
2016), and 3) TRPMLI1 activation inhibits autophagic flux (Qi et al., 2021; Xing et al., 2022).
Therefore, we hypothesized that in SOD194 microglia, elevated ROS activates TRPMLI1 to
promote IL-1p and TNF-a release by disrupting autophagic flux, thereby promoting ALS

progression.

In this study, we reported that SOD1%%*4 progressively activates TRPMLI1 in microglia.
SOD1%%**.mediated TRPML1 activation is eliminated by the antioxidant N-acetylcysteine (NAC).
SOD1%A microglia also display higher mTORC]1 activities and impaired autophagic flux, which
are inhibited by downregulating TRPML1 and NAC. Because ROS activates TRPML1 and
TRPMLI activation increases mTORCI, we suggest that SOD19%** activates TRPML1 by
increasing ROS, subsequently increasing mTORC1 and inhibiting autophagic flux. We also
showed that increased cytokine release from SOD19%*# microglia was corrected by inhibiting
TRPMLI. Altogether, our data suggest that TRPML1 plays an essential role in microglial
activation in SOD19%*4 microglia and that the ROS-TRPMLI1-mTORC -autophagy-cytokine

release pathway may be an important factor regulating ALS progression.
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3.2 Methods
3.2.1 Mice

The Protocol was approved by the Dalhousie University Committee on Laboratory
Animals (UCLA). All experiments were carried out according to the Canadian Council on Animal
Care (CCAC) principles and the National Institute of Health Guide to the Care and Use of
Experimental Animals. Mice were obtained from Jackson Lab (catalog # 004435), C57Bl1/6
transgenic hemizygous mice which express human SOD194 (B6.Cg-Tg(SOD1-G93A)1Gur/J).
Mice were housed in the LSRI animal facility in an Allentown IVC rack with irradiated corncob
bedding, autoclaved RMH 3500 feed, and municipal (chlorinated tap) water with 3% Colyte. In
accordance with the literature, mice were monitored for disease symptoms. Typically, SOD1-G93A
mice develop symptoms after 3 months (91 days). For experiments, we used adult mice distributed
in two categories, i.e., asymptomatic (30 days-60 days) and symptomatic (90 days and onwards).

Mice were euthanized when they reached a score of 3.

Evaluation of Disease Progression in the SOD19%3A;

Disease scoring was established to monitor mice for symptoms and humane endpoint.
0: No apparent signs

1: Weakness or trembling of hindlimbs during tail suspension or weakness in one hind limb with

a normal gait.

2: Swaying/weakness of back end when walking and/or dragging any part of foot/feet along cage

bottom or table.

3: Moderate to severe weakness of both hind limbs or paralysis of one hind limb or inability to

perform rearing motion

4: Mouse cannot right itself within 15 seconds after being placed on either side or functional

paralysis of both hind limbs.

3.2.2 Chemicals

Chemicals used in this study include ML-SA1 (44820, Princeton BioMolecular Research
Inc), ML-SI1 (BML-CR112-0010, Enzo Life Sciences Inc), Ionomycin (11932-1, Cayman),
Bafilomycin A1 (1334, Tocris Bioscience Inc and N-Acetyl-L-cysteine (A7250-5G).
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MLI1-SA1, ML2-SA2, and ML3-SA1 were kind gifts of Dr. Christian Grimm, Walther Straub
Institute of Pharmacology and Toxicology, Faculty of Medicine, Ludwig-Maximilians-University,

Munich, Germany (Kilpatrick, Yates, et al., 2016; Plesch et al., 2018; Spix et al., 2022).

3.2.3 Primary Microglia Culture

As reported, the spinal cord dissection protocol was followed (Yip et al., 2009). Briefly, 1-
to 4-month-old mice were anesthetized with Pentobarbital (100mg/kg) and transcardially perfused
with ice-cold 0.9% Saline. The whole spinal cord was dissected and placed in chilled Hibernate A
Media supplemented with 1 xB27 and 2 mM Glutamine. The spinal cord was cut into small pieces
before resuspending into a dissociation solution composed of Papain and Hibernate A Media
(25U/ml protein) and incubated at 30°c for 30 minutes on a shaking platform. After dissociation,
media was removed, and DMEM supplemented with 2 mM GlutaMAX, 15% FBS, and 1% P/S
(culture media, named DFP) was added. Tissue was triturated until a turbid single-cell suspension
was visible before centrifuging at 400xg for 5 minutes. Media was changed after 24 hours of

culture to allow attachment of mixed glial cells.

A confluent cell layer can be observed after 10 days, while floating microglia are visible
after 2-3 weeks of culture. Media was changed 24 hours prior to trypsin separation. The mixed
glial culture was washed with PBS before the addition of Trypsin-DMEM (0.25% Trypsin diluted
in serum-free DMEM, 1:3 ratio) and placed in an incubator at 37°C and 5% CO2. After 30 minutes,
the upper mixed glial layer, composed mainly of astrocytes and fibroblasts, separating from the
lower pure microglia cell layer, can be observed under the microscope (Fig 1A). The detachment
process takes approximately 30-45 minutes; the detached layer was discarded, and 0.25% Trypsin

was added to obtain pure microglia cells.

3.2.4 Cell Culture and Lentiviral Transduction

HEK293T and BV-2 cell lines were maintained in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% FBS and 1% Penicillin/Streptomycin. Cells were maintained at
37°c in a 5% CO2 incubator. For certain imaging experiments, cells were seeded on Poly-L-Lysine

coated slides 24 hours before the experiment.

To prepare the BV-2 cell line expressing SOD1WT and SOD1%%*4 we used plv-AcGFP-
SODI1-WT (add gene #27138) and plv-AcGFP-SOD1-G93A (addgene #27142), a kind gift from

Dr. Elizabeth Fisher. Lentivirus was made using a three-plasmid packaging system. Briefly, vectors
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were co-transfected into HEK293T cells along with psPAX2, and pMD2.G. Lentivirus was
harvested 48h after transfection and filtered. BV-2 cells were transduced with collected lentivirus

media for 24 hours, and the efficiency was determined by GFP-positive cells.

For knockdown studies, we constructed pLL3.7 shRNA vectors (addgene #11795)
encoding shRNAs that target mTRPMLI. The sequences for mouse TRPMLI were: KDI, 5’-
GCCTCAAGTACTTCTTTATGA-3’; KD2, 5’- GGTCACTGTGCAGCTCATTCT-3". Lentivirus
was made using a 2" generation lentiviral packaging system as mentioned above.

3.2.5 Calcium Imaging

Cells were loaded with 1mM Fura-2 AM and 20% Pluronic F-127 (1:1 ratio). Calcium
imaging was accomplished using a UV source connected to a monochromator system.
Fluorescence was recorded at two wavelengths (340 nm to 380 nm) using the EasyRatioPro system
(PTI) software. The ratio of F340 and F380 was used to determine intracellular calcium release
from lysosomes. TRPMLI1 channel-mediated calcium released was measured in low calcium
buffer composed of 145 mM NaCl, 5 mM KCI, 3 mM MgCl2, 10 mM glucose, 1 mM EGTA, and
20 mM HEPES (7.4 pH) ML-SA1 (50 uM). Ionomycin (1 uM) was added at the conclusion of all
experiments to induce a maximal response for comparison. Cells were plated 24-72 hours before

imaging.

3.2.6 Western Blot

Cells were lysed in RIPA buffer containing protease and phosphatase inhibitors. Total
protein in cell lysate was measured using BCA Protein Assay (or Smith Assay) to normalize
different samples. Cell lysates (1-4 mg/ml) were reconstituted in 4x Laemmli Sample Buffer and
boiled to linearize the proteins. Samples were resolved by SDS-PAGE and subjected to

immunoblotting. Standard Western analysis methods analyzed proteins.

3.2.7 ELISA

Pro-inflammatory cytokines, TNF-a, and IL-1f, were detected from cell culture media.
Cells were cultured at equal density in 24-well plates, and media was changed 24 hours and 3 days
before collection. Total protein was also calculated using BCA at the end of the experiment to

normalize ELISA results.
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TNF-a and IL-1B quantities were measured using Mouse TNF-alpha Quantikine ELISA
Kit (MTAO00B) and Mouse IL-1 beta/IL-1F2 Quantikine ELISA Kit (MLB006) by R&D systems,

following the manufacturer’s protocol.

3.2.8 ROS Detection

Reactive oxygen species in microglia cells were detected using the Cellular ROS Assay Kit
(Deep Red) (ab186029), following the manufacturer’s protocol. Briefly, cells cultured on glass
cover slips were treated with NAC (5mM) 30 minutes prior to staining with deep red dye. Images
were acquired using an upright confocal microscope (LSM710, Zeiss) with 40X oil-immersion

objective and captured using ZEN2009 software (Zeiss).

3.2.9 Data Analysis
Data are presented as mean + SEM from at least three independent experiments. Statistical
comparisons were made using a two-way analysis of variance (ANOVA) or Student’s t-test. P

values of < 0.05 were considered statistically significant; *: P <0.05; **: P<0.01, ***: P <0.005.
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3.3 Results

3.3.1 Isolation of Functional Primary Microglia from Adult Mice Spinal Cord

Primary microglia were isolated from mice's spinal cord at different ages and disease stages.
The main concern is purifying microglial cells from a mixed glial culture containing astrocytes,
oligodendrocytes, and fibroblasts. Figure 3.1A demonstrates the sequence of microglia isolation
by mild trypsinization from mixed confluent glial culture after separation of the upper layer
containing astrocytes and isolated microglial cells after trypsinization (40 minutes). The purity of
microglia was also confirmed using Iba-1, microglial marker, GFAP, astrocytes marker, and
staining (Fig 3.1B). After isolation, detecting whether cells were functionally viable was important,
so we adopted LPS-mediated microglial activation. Treatment with LPS (100ng/ml) induced
amoeboid morphology of cells, as reported before (Y. He et al., 2021; Saura et al., 2003). This

suggested that microglia isolated with our protocol can be used for further experiments.

A

Separatlon of upper cell Iayers Pure Microglia

Mixed Glial
culture

Isolated
microglia cells




Figure 3.1: Purified Primary Microglia cells from adult mice. (A) Microglia separated from mixed glial culture. 90%
of the purified cells were microglial cells. (B) Majority of the isolated cells were microglia as shown by the Iba-1,
microglia marker, and GFAP, astrocyte marker, staining. (C) Primary microglia responded to LPS stimulation.

3.3.2 Mutant SOD1 Activates TRPML1 in Primary Microglia as the Disease Progresses

To test whether TRPML in microglia is involved in ALS progression, we measured
TRPMLI activity in primary microglial cells from SOD1%** mice (Fig. 3.2). TRPMLI activity
was examined using Fura-2-based Ca®" imaging because TRPML1 activation induces lysosomal
Ca?" efflux. ML-SAL1, a synthetic TRPML agonist, activates TRPML1 (Dong et al., 2010; W. Wang
et al.,, 2015b). As in Figure 3.2 E-H, in the absence of LPS, TRPMLI activity was remarkedly

upregulated in SOD1%%34

microglia at both late asymptomatic and symptomatic stages but not
early asymptomatic stages P30 (Fig 3.2A-C). When microglia were activated using LPS, a
bacterial endotoxin, TRPMLI1 activity was increased in SOD1%%*4 at all three stages (Fig. 3.2B, E,
and H). Additionally, LPS was also able to increase ML-SA1-induced response in WT, indicating
that TRPML1 could be involved in the activated state of microglia. Increased TRPML activity
could be attributed to elevated endolysosomal Ca®" content or cell status changes. To exclude this
possibility, Fura-2 signals induced by lonomycin were measured. We found comparable

1G93A

Ionomycin-induced Fura-2 signals between WT and SOD microglial cells (Fig. 3.2C, F, and

I), suggesting that the more considerable TRPML activity in SOD19%34

microglia was not
attributed to a change in cell status induced by SOD1%%*A, Altogether, these data indicate that
SOD19%4 generates a toxic factor that activates TRPML in microglia as the disease progresses.

LPS can also induce this harmful factor at an early stage of the disease.
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Figure 3.2: TRPMLI1 activity is increased in SOD1%%A microglia. (A-C) A synthetic TRPML agonist ML-SA1
induced comparable Ca?* signals between the control and SOD1%%34 primary microglia at the early asymptomatic
stage (P30). However, when microglia were stimulated with Lipopolysaccharide (LPS) (100 ug/ml, 30 min)
SOD19%4 significantly increased TRPML activity. (D-F) Late asymptomatic (P60) showed increased Ca?" response.
(G-I) symptomatic (P100) stages TRPML activity was dramatically increased in SOD1%%34 microglia in both the
absence and presence of LPS. Experiments were repeated three times for each condition. The data represent the mean
+ SEM. NS: not significant; *: P <0.05, **: P <0.01; ***: P <0.005.

To differentiate which TRPML is regulated by SOD15%** in microglia, we adopted three
specific TRPML agonists targeting TRPML1-3, respectively. We found that in symptomatic
microglia, TRPML2-specific agonist ML2-SA1 (Plesch et al., 2018) induced little Ca** response
in both wild-type (WT) and SOD1%*# microglia (Fig. 3.2A-B). TRPML3-specific agonist ML3-
SA1 (Spix et al., 2022) generated Fura-2 signals. However, a comparable Ca®" response was
detected between WT and SOD1%%*A microglia. Notably, TRPML1-specific agonist ML1-SA1
(Spix et al., 2022) induced significantly larger Ca** responses in SOD1%%** microglial cells
compared with WT microglial cells. In addition, ionomycin-induced Fura-2 signals were
comparable between WT and SOD19%2 microglial cells (Fig. 3.2C). Altogether, we suggest that
SOD19%4 activates TRPML1 but not TRPML2 and TRPML3 in microglia.
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Figure 3.3: TRPML1 is responsible for increased Ca** response in SOD1%%3A microglia. (A) Fura 2-AM showed
increased endogenous TRPMLI1 response in SOD19%4 primary cells. (B) TRPML1 agonist ML1-SA1 induced
increased response in mutant SOD19%34 TRPML?2 agonist ML2-SA1 induced no response whereas TRPML3 agonist
had no difference between SOD19%34 and WT. (C) Ionomycin-induced Fura-2 signals were comparable between WT
and SOD19%34 microglial cells. Experiments were repeated three times for each condition. The data represent the
mean + SEM. NS: not significant; *: P <0.05, **: P <0.01; ***: P <0.005.

Furthermore, a commonly used microglial cell line BV-2 cell was adopted to consolidate
our conclusions. Consistent with those in primary microglial cells, ML-SA1 induced larger Fura-
2 responses in SOD1%A-expressing cells than cells expressing SODIWT without altering
endolysosomal Ca?" content and cell status (Fig 3.4A-B). To confirm ML-SA1 induced response
was through TRPML1, we knockdown TRPML1 in SOD15%*4 expressing BV-2 cells and observed
that KD abolished ML-SA1 induced response in SOD1%%34, Collectively, these data suggest that
TRPMLI is upregulated in SOD1%%** microglia. We also suggest that intrinsic but not extrinsic

SOD19%4 activates TRPMLI in microglia.
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Figure 3.4: TRPML1 knockdown abolishes increased TRPML1 response in SOD1¢%3* microglia. (A) SOD1%4
expression induced larger Fura-2 responses to ML-SA 1 compared with SOD1WT. (B-C) Increased Ca®* signals induced
by SOD1%%4 were eliminated by TRPML1-KD. (D) Comparable Ca?" signal was induced by ionomycin between
control and SOD1%%4 The experiment was repeated three times. The data represent the mean = SEM. NS: not
significant; *: P < 0.05, **: P<0.01; ***: P <0.005.

3.3.3 SOD16%3A Activates TRPML1 by Increasing ROS

The data above suggest that SOD19%*# in microglia induces a toxic factor to activate
TRPMLI. Recently, PI3,5P2 (Dong et al., 2010) and ROS (M. Xu et al., 2019; X. Zhang, Cheng,
et al., 2016) have been identified as two endogenous agonists of TRPMLI1. Because 1) ROS
actively affect microglia-associated neurodegenerative diseases through their role as pro-
inflammatory molecules and modulators of pro-inflammatory processes (Bordt & Polster, 2014;
Rojo et al., 2014; Shi et al., 2015a); 2) ROS is involved in microglia activation (Bordt & Polster,
2014; Joshi et al., 2019; Simpson & Oliver, 2020) 3) ROS is progressively elevated in SOD1%%34A

19934 mice secrete more ROS and NO than wild-type microglia

microglia, and microglia of SOD
and kill co-cultured motoneurons (Beers et al., 2006; D. C. Wu et al., 2006), 4) ROS is also induced
by LPS (De Bont et al., 2006; Y. He et al., 2021), 5) ROS activates only TRPML1 but not TRPML?2
and TRPML3 (X. Zhang, Cheng, et al., 2016)whereas all three TRPMLs are activated by PI3,5P2
(Dong et al., 2010), we suspected that ROS is the toxic factor that activates TRPML1 in SOD19%34
microglia. In support of our hypothesis, we compared ROS levels between the control and
SOD19%A microglia. As shown in Figure 5, SOD1%%*4 induced significantly higher ROS signals

than the control in both primary microglia (Fig 3.5A) and BV-2 cells (Fig 3.5B).
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Control SOD1693A

Control SOD1693A SOD16%3A + NAC

SOD1693A + NAC

10pum

Figure 3.5: SOD1%%*A increases ROS in microglia. (A) Primary cells isolated from symptomatic SOD1%%*A mice
showed increased fluorescence intensity of ROS detection dye, which was suppressed by 30 minutes treatement of
NAC (5mM), an antioxidant, treatment. (B) BV-2 cells expressing SOD1%%34 had notably increased fluorescence of
ROS detection dye than SOD1WT. The data is representative of three independent experiments.

Because we had suggested that ROS activates TRPML1 in SOD1%%*4 we conducted Fura-
2 imaging after treating SOD19** cells with NAC. We found NAC was able to reduce TRPML1
response in both BV-2 cells significantly (Fig 3.6A-C) and primary microglia (Fig 3.6-D-F)
expressing SOD199°A, Altogether, we suggest that SOD19%** accumulation in microglia increases

ROS (Joshi et al., 2019), subsequently activating TRPMLI.

57



Control SOD1S%A SOD1%%A + NAC
>
Ca®* Free lono S_Caz* Free lono . 5.Ca * Free lono
S = 2
3 2 3,
[T w 4 L
— —_— —
=] > =]
3 3 3 & 31 {
w w L /
< g ML-SA1 ~ ML-SA1
h 5 _— \ eont
® @ © 4 Moy, ,
5 5™ 51 P
w w w
v T T T T o T T T T v L T T L}
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time Time Time
D G93A
Control SOD16%3A sSoD1 + NAC
. Ca®* Free 2+
Ca?* Free lono e lono 4-Ca Free lono
4 = =]
=} @ =4
3 [T >
w s = 3 ML-SA1 L 34
‘é (=] o
3 3 3
b 2 w2 Tig X
ML-SA1
o 3 o
® 1 o1 @ 1
b— e
=] = =
m 0 m 0 T T T T 1 m 0
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Time Time Time
B C E F
0.25+ * %k *%*
©4) 3 NS 0.8 Je Je 3 NS
0.204 (623). 73 46
o P o 65, o o (i'lﬂ (39)
§ o5 P g ] s % -
3 = S 04 E
LL o.10- i - 3
> <, “ W I
005 - Gy«
08
N - - . o . |—L'_)—|
o
© & & ) & & [
& &
=)

Figure 3.6: NAC reduces the ROS induces TRPMLI1 activity in SOD16%* microglia. (A-C) BV-2 cells
expressing SOD1%%34 were pretreated with NAC before Fura-2 imaging, the cells showed decreased TRPML1 activity
(D-F) Pretreatment of primary microglia cells with NAC reduced TRPMLI1 activity in SOD1%%4 cells. The
experiment was repeated three times. The data represent the mean £ SEM. NS: not significant; *: P < 0.05, **: P <
0.01; ***: P <0.005.

3.3.4 SOD16%3A Activates TRPMLI1 to Increase MTORC1 Activity

TRPML1 has been shown to upregulate mTORCI activity in stress conditions (X. Sun et
al., 2018; M. Xu et al., 2019). Similarly, mMTORCI1 has been shown to be upregulated in SOD19%34
astrocytes (Granatiero et al., 2021), and its dysregulation has been reported in neurodegenerative
disorders (Querfurth & Lee, 2021). To test whether mTORCI is dysregulated in microglia, we
used the phosphorylation state of P70S6-kinase, a downstream target of mTORCI. Increased
phosphorylated P70S6K was observed in SOD15%3* expressing BV-2 cells (Fig. 3.7A) and primary
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microglia (Fig. 3.7C). This was abolished by TRPML inhibitor ML-SI1 (Fig 3.7A-F) and

TRPMLI1-KD (Fig 3.7B and 3.7E). NAC rescued hyperactive mTORC1 induced by SOD1G93A
(Fig. 3.7C and 3.7F). These results suggest that mTORC]1 is upregulated in SOD1%%# mutant

microglia due to hyperactive TRPMLI.
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Figure 3.7: TRPMLI1 inhibition reduces increased mTORC1 in SOD1%%*4 microglia. (A-B) TRPMLI1 inhibition
through ML-SI1 (10uM) and TRPML1-knocdown reduced hyperactive mTORC1 in SOD19%3 expressing BV-2. (C)
Both ML-SI1 (10uM) and NAC (5mM) reduced mTORC1 in primary microglia isolated from symptomatic SOD1%34
mice. (D) Statistical representation of figure A. (E) Statistical representation of figure B. (F) Statistical representation
of figure C. Cells were treated with DMEM (no amino acid), 10% FBS for 30 minutes prior to protein collection. The

data represent the mean = SEM. NS: not significant; *: P <0.05, **: P <0.01; ***: P <0.005.

3.3.5 Inhibition of TRPML1 Rescues Autophagic Defects in SOD16¢%34
LC3 lipidation to LC3-II enables it to recruit ubiquitin p62 to degradative cargo. LC3-II is

present on the autophagosomal membrane; once autophagosomes fuse with lysosomes to form
autolysosomes, LC3-II is degraded by the lysosomal hydrolyses (Nath et al., 2014; Tanida et al.,
2008). Therefore, increased LC3-I1 is indicative of defective autophagy and accumulation of LC3-
IT positive vesicles in cells. In addition, mTOR suppresses autophagy initiation. The increased

mTORC1 in SOD1%%** microglia suggests reduced autophagy. Surprisingly, LC3-II levels were
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increased by SOD1%%*4 and this was eliminated by both ML-SI1 and TRPML1-KD (Fig 3.8A-B),
may inhibit autophagosome maturation and degradation but not

suggesting that SOD19%34
autophagy induction in a TRPMLI-dependent manner. Additionally, P62 accumulation is

associated with autophagy inhibition (Bjerkey et al., 2009; Kumar et al., 2022) and ALS-linked
pathology (Trist et al., 2022). We monitored P62 levels in the SOD1%*~ microglia cells and found
an accumulation of P62. This phenotype was rescued by inhibition of TRPMLI1 through

knockdown and ML-SI1 (Fig 8C-D).
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Figure 3.8: Defective autophagy in SOD1%A is corrected by TRPMLI1 inhibition (A-B) Increased LC3-II
levels in SOD1%%3A were corrected by ML-SI1 (10uM) and TRPML1-KD1 (C-D) P62 accumulation in SOD19%34
was rescued by ML-SI1 (10uM) treatment and TRPML1-KDI1. Cells were treated with DMEM (no AA), 10% FBS

for 30 minutes prior to protein collection.

To further test whether elevated TRPML1 in ALS inhibited autophagy, we adopted an
autophagic flux assay by measuring LC3-II levels in the presence of bafilomycin A1, which
inhibits autolysosomal degradation as well as the fusion of lysosomes with autophagosomes (S. W.

Kim et al., 2022; Mauvezin & Neufeld, 2015). We found that SOD1%*# impaired autophagic flux
BV-2 cells (Fig. 3.9A-B), and both ML-SI1 and NAC corrected this.
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Figure 3.9: Inhibition of TRPML1 and ROS corrects autophagic defects in SOD1%%A microglia. (A) BV-2 cells
stably expressing SOD1%%34 were treated with ML-SI1 (10uM) and NAC (5mM), both reduced increased LC3-1I
levels which were comparable to Baf-A1 (200nM) treated SOD1%¥T and SOD19%34, (B) Statistical representation of A.
Cells were treated with DMEM (no AA), 10% FBS for 30 minutes prior to protein collection. The data represent the
mean + SEM. NS: not significant; *: P <0.05, **: P<0.01.
3.3.6 TRPML1 Regulates Pro-Inflammatory Cytokine Release from SOD15%34 Microglia
Microglia secret neuroprotective or neurotoxic cytokine in response to specific stimuli
(Orihuela et al., 2016). The phenotypical polarization is critical for neurons, and the classic “M1”
phenotype is associated with pro-inflammatory mediators, while “M2” polarization promotes
neural repair and anti-inflammation (Guo et al., 2022; Orihuela et al., 2016). It has been noted that
autophagy is a crucial regulator of the immune system and microglial polarization (Redmann et
al., 2017). Decreased autophagy has emerged as a significant factor in brain diseases
(Vivekanantham et al., 2015; Wyss-Coray & Rogers, 2012). In ALS, microglial activation has been
shown to modulate disease progression. Neurotoxic microglia in later disease stages secrete pro-
inflammatory effectors (Frakes et al., 2014), leading to the activation of other cells, including
astrocytes, and rapid motor neuron death (Banerjee et al., n.d.; Joshi et al., 2019; J. Lee et al.,
2016). Because in microglia, TRPML1 is progressively activated by ROS as the disease develops,
and because TRPMLI1 activation inhibits autophagy, we suspected that TRPML1 might be
involved in microglial activation and cytokine secretion in SOD1%%*4 microglia. We monitored
TNF-a and IL-1B levels in the culture medium to test our hypothesis. Symptomatic SOD19%34
microglia released more cytokines than the control, which was eliminated by ML-SI1 (Fig. 3.10A-

B). Similarly, in BV-2 cells, SOD19%** significantly increased cytokine release, which was
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corrected by ML-SI1 (Fig 3.10C-D) and TRPML1-KD (Fig 3.10 E). Taken together, these data
suggest that SOD19”*A promotes cytokine release by activating TRPMLI1.
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Figure 3.10: Elevated pro-inflammatory cytokines in SOD1¢%*4 are reduced by TRPMLI1 inhibition. (A-B)
Both pro-inflammatory cytokine TNFa and IL-1f were increased in primary microglia from symptomatic
SOD1934 which were rescued by ML-SI1 (10uM). The cytokines were measured from cell culture media
collected after 3 days. (C-D) SOD1%%** increased TNFa and IL-1p in BV-2 cells, which was corrected by ML-SI1
and (D) TNFa was also decreased by TRPMLI1-KD. The cytokines were measured from cell culture media
collected after 24 hours. The data represent the mean = SEM. NS: not significant; *: P < 0.05, **: P <0.01; ***:

P <0.005.
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3.4 Discussion

In the nervous system, microglial cells outnumber neurons by a 10:1 ratio (Herculano-Houzel,
2014). They provide the necessary support to neural function under normal conditions. However,
microglia could be neurotoxic depending on cell conditions and stimuli (Rasband, 2016). Earlier
studies have provided evidence of microglial toxicity in the symptomatic stage of ALS, i.e.,
activated microglia increase the release of pro-inflammatory cytokines, accelerating disease
progression (Alexianu et al., 2001; Andrus et al., 1998; Frakes et al., 2014; Henkel et al., 2006;
Meissner et al., 2010). By using an ALS mouse model and a cell model, in this study, we found
that SOD19%*4 progressively activates TRPML1 in microglia due to an increase in ROS. TRPMLI1
activation increases mMTORC]1 activity, thereby suppressing autophagic flux. This further facilitates
cytokine release. Inhibition of TRPMLI rescued the increased cytokine release in SOD19%%4
microglia by correcting the impaired autophagy.

The neurotoxic potential of mSODI1 microglia in ALS has been well documented. Early
studies suggest that mSOD1 released from motoneuron leads to microglial mSOD1 accumulation,
and this further promotes cytokine release from microglia to facilitate ALS progression (Frakes et
al., 2014; J. Lee et al., 2016; Meissner et al., 2010). Later studies highlighted that microglia are
activated in later disease stages rather than early, as the conditional expression of mSODI in
microglia did not cause disease onset (Boillée, Yamanaka, et al., 2006) or in vitro co-culture of
neonatal SOD1%%** microglia with motor neurons did not cause neurotoxicity (Frakes et al., 2014).
In agreement with these findings, we observed that, in the absence of motorneurons, microglial
SOD19%4 is sufficient to activate microglia and causes cytokine release in a TRPML1-dependent
manner. One of the important features of ALS is a progressive disease (Boillée, Vande Velde, et
al., 2006; Huber & Yeo, 2022). Using the SOD1%%** mouse model, we observed that TRPMLI1
was activated at late asymptomatic and symptomatic disease stages but not early asymptomatic
(Fig 3.2A-I). These data suggest that TRPML1 may be involved in the progressive development
of ALS, i.e., progressive activation of TRPML1 by SOD1%%** in microglia increases cytokine
release to execute their neurotoxic effect.

Mechanistically, we suggest that SOD1%%** activates TRPML1 by increasing ROS.
Interestingly, TRPMLI1 is also activated by LPS (30 min) to a lesser extent than SOD15%34,
Because LPS induces ROS within several minutes (Hsu & Wen, 2002a; Qin et al., 2005) and LPS-
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activated WT microglia are cytotoxic to motoneurons owing to the production of ROS (Zhao et al.,
2004), we believe that LPS (30 min) may activate TRPML1 by producing ROS (Hsu & Wen,
2002b; L. Li et al., 2010; Park et al., 2015). Considering that TRPML1 activation induces the M1
phenotype of macrophages (D. Chen et al., 2018), TRPMLI1 could be a player in microglial M1
polarization that is commonly induced by LPS (M. M. Jin et al., 2018; Ribeiro et al., 2018; Ye et
al., 2020a). In alignment with this, LPS phenocopies TRPML1 (W. Wang et al., 2015a; Xing et al.,
2022) (Fig. 3.7A-F and 3.9A-B) to increase mTORCI activity and inhibit autophagy (M. M. Jin et
al., 2018; Park et al., 2015; Ribeiro et al., 2018; Ye et al., 2020b).

Although our data suggest an intrinsic SOD194 activates TRPML1 in microglia, the

1G93A

contribution of extrinsic SOD may also make a significant contribution to the activation of

1G93A

TRPMLI in microglia in vivo because microglia reportedly internalize SOD that was released

from motoneurons and other cell types (Sargsyan et al., 2009; Zhao et al., 2010). Treating WT

microglia with purified SOD19%34

proteins may help address this question. Similarly, although we
suggest that microglial TRPMLI1 is activated by ROS generated in microglia, under an in vivo
setting, ROS generated by surrounding cells may also contribute to microglial TRPMLI1 activation
and ALS progression. On the other hand, in addition to cytokines, free radicals generated by
activated microglia may spread and initiate motoneuron injury by activating the signaling pathway
in motoneurons (Xiao et al., 2007b; Zhao et al., 2004)

Although ALS-linked SOD1%%*4 typically increases the production and release of cytokines
such as IL-1P (Joshi et al., 2019; Meissner et al., 2010) and TNF-a to damage motoneurons, it
remains unclear how TNF-a and IL-1P are released to extracellular space. Emerging evidence
suggests that autophagy/lysosome-based unconventional secretory pathway for extracellular
delivery of IL-1p and TNF-a is attracting more attention. On the one hand, autophagy activity
facilitates autolysosomal degradation of cytokines (Andrei et al., 1999a; Harris et al., 2011; Lopez-
Castejon & Brough, 2011a), thus impaired autophagic flux increases cytokine release from
microglia (Andrei et al., 1999a; Harris et al., 2011; Netea-Maier et al., 2016). In this scenario,
autophagy-mediated exosome formation and release have taken a large part in controlling IL-13
and TNF-a secretion from microglia (X. Peng et al., 2019b; Pu et al., 2017; Shi et al., 2015b; Zheng
etal.,2017). In agreement with this, a growing body of evidence has suggested increased exosomes
in ALS tissues and microglia (McCluskey et al., 2022; Pinto et al., 2017; Silverman et al., 2019;
Vaz et al., 2019). Therefore, SOD1%%** may activate TRPMLI1 to secrete IL-1p (Joshi et al., 2019;

64



Meissner et al., 2010) and TNF-a (Frakes et al., 2014; Joshi et al., 2019; Tortelli et al., 2020). On
the other hand, cytokines can be translocated into lysosomes through the autophagy pathway
(Andrei et al., 1999b; Lopez-Castejon & Brough, 2011b), where lysosomal enzymes process them.
Mature TNF-a (Han et al., 2013; Jiang et al., 2016) and IL-1B (Andrei et al., 1999b; Lopez-
Castejon & Brough, 2011c) are then released into the extracellular space via lysosomal
exocytosis(Andrei et al., 2004; Monif et al., 2016; Rubartelli et al., 1990; Takenouchi et al., 2011).
Interestingly, new evidence suggests that both exosome release (M. S. Kim et al., 2019; G. Li et
al., 2019) and lysosomal exocytosis (Samie & Xu, 2014) are regulated by TRPMLI. Therefore,
more work must be done to determine which release pathway is regulated by TRPMLI1 in
SOD1%4 microglia.

Increased release of cytokines from mSODI microglia could also be due to increased
cytokine biogenesis induced by mSODI1. Nuclear factor-kB (NF-kB), a master regulator of
inflammation, is a ubiquitously expressed transcription factor regulating the expression of many
inflammatory genes upon various stimuli such as nutrient starvation, bacterial and viral infection,
neuronal injury, inflammation, and oxidative stress. Previous studies suggest that the expression
of IL-1B and TNF-a (Carta et al., 2013; M. M. Hu et al., 2014; Monif et al., 2016; Renard et al.,
1997; Semino et al., 2018) is modulated by transcription factor NF-kB (Hayden & Ghosh, 2014;
T. Liu et al., 2017), and NF-kB is upregulated in spinal cords of ALS patients and SOD1%%** mice
(Frakes et al., 2014). By using primary microglia isolated from ALS mice, it is further suggested
that NF-kB in adult microglia but not in neonatal microglia or astrocytes promotes motoneuron
death in AL S (Crosio et al., 2011; Frakes et al., 2014; Xiao et al., 2007b), and selective NF-xB
inhibition in ALS microglia but not in ALS astrocytes is sufficient to rescue motoneuron death
(Frakes et al., 2014). Interestingly, impairing autophagy by deleting ATG genes results in enhanced
NF-kB activation and proinflammatory cytokines production (X. Peng et al., 2019a; Saitoh et al.,
2008b; Shi et al., 2015b). Because TRPMLI1 has been shown to direct the M1 phenotype of
macrophages by modulating NF-kB nuclear translocation (D. Chen et al., 2018), and because
TRPML1 inhibits autophagic flux, TRPML1 may also regulate cytokine biogenesis via activating
NF-«xB in microglia. In addition, microglial TRPML1 may also activate TFEB pathway (Crosio et
al., 2011; Iyer et al., 2022; Medina et al., 2015b) to increase cytokine expression because TFEB is
required for the expression and secretion of several pro-inflammatory cytokines in response to

lipopolysaccharide (LPS) (Pastore et al., 2016) and the function of microglia (Iyer et al., 2022).
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Overall, our data suggest that TRPML1 plays an important role in microglial activation. In
ALS microglia, elevated ROS stimulates TRPML1, which activates microglia to release cytokines
by disrupting autophagy; activated microglia with impaired autophagy, in turn, produce more ROS
(Wolfetal.,2017), forming a positive feedback loop to promote cytokine release. Excess cytokines
eventually lead to motoneuron degeneration in ALS. Therefore, inhibiting microglial TRPML1
could break the feedback loop, thereby alleviating ALS progression. Considering TRPMLI1 is
ubiquitously expressed in all cell types, TRPMLI1 in motoneurons and other cell types, such as

astrocytes, could also contribute to ALS progression.
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CHAPTER 4: DISCUSSION

Earlier studies have suggested that TRPMLI1 positively regulates autophagy (Tedeschi,
Petrozziello, Sisalli, et al., 2019a) by modulating the Ca*" efflux from the lysosomal lumen. It is
reported that Ca®" release through TRPMLI1 binds to calmodulin to activate mTORC]1 and to
calcineurin to activate TFEB, respectively (R.-J. Li et al., 2016; Medina et al., 2015b; Scotto
Rosato et al., 2019a). TRPML1 also regulates VPS34 activation by activating Ca**/calmodulin-
dependent kinase (Scotto Rosato et al., 2019a). By regulating these Ca*"-dependent downstream
factors, TRPMLI1 controls autophagosome formation (Medina, 2023; Medina et al., 2015b),
autophagosome-lysosome fusion (Scotto Rosato et al., 2019a), lysosomal degradation (Kendall &
Holian, 2021), and autophagic lysosome reformation (L. Yu et al., 2010a). Moreover, we and others
(J.H. Leeetal.,, 2015; Qietal., 2021; Xing et al., 2022) suggest that TRPML]1 negatively regulates

autophagy when hyperactivated in disease conditions.

4.1 TRPMLI1 in Myopathies

Myogenesis is a fine-tuned process that governs skeletal muscle development and
maintenance. Quiescent myoblasts respond to intrinsic or extrinsic stimuli and undergo a metabolic
switch to activate proliferation, followed by differentiation (Bentzinger et al., 2012; D. Yu et al.,
2021). Herein, autophagy fulfills the energy requirements of cells for differentiation and fusion
(Le Grand & Rudnicki, 2007; Masiero et al., 2009; Raben et al., 2008; Xia et al., 2021). As we
have shown, TRPMLI1 seems to be dispensable for muscle differentiation and fusion in normal
conditions (Fig. 2.2). However, nutrient stress and disease conditions such as XLMTM (Fig 2.5
and Fig 2.11) lead to TRPMLI activation to inhibit autophagic flux, causing impaired muscle
differentiation and fusion (X. Sun et al., 2018). This is in agreement with our previous studies

showing that TRPML1 is activated explicitly in stress conditions but not in normal conditions.

Mechanistically, TRPML1 activation results in TFEB nuclear translocation and activation,
which further induces the overexpression of DNM2. By an unknown mechanism, elevated DNM2
leads to defects in autophagosome-lysosome fusion and myoblast fusion (Fig. 2.16 and 2.17). This
study not only shows how TRPMLI activation negatively regulates autophagy and myogenesis
but also suggests a pathological mechanism of XLMTM, potentially offering a new therapeutic

target for the disease, i.e., inhibiting TRPMLI1.
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In addition to XLMTM, our studies also suggest that TRPML1 inhibition is a potential
approach to mitigate centronuclear myopathies (CNM) and muscle defects that are associated with
DNM2 overexpression or gain-of-function mutations (Goémez-Oca et al., 2022). Similarly,
decreased autophagosome-lysosome fusion has been reported in Nonaka myopathy, characterized
by increased ROS (Cho et al., 2017; T. Zhang et al., 2022, 2023). We predict that TRPML1 could

be involved in the disease.

At present, no treatment for XLMTM is available, and preclinical trials are being conducted
based on MTM1 gene therapy (Childers et al., 2014), PI3KC2B inhibition (Sabha et al., 2016), and
dynamin 2 downregulation (Cowling et al., 2014; Tasfaout et al., 2017, 2018). Interestingly, recent
studies have suggested that two clinical drugs, estradiol and tamoxifen, could be beneficial to
XLMTM (Gayi et al., 2018; Maani et al., 2018; McMillin et al., 2022), and both estradiol (Riihl et
al., 2021) and tamoxifen (our unpublished data) inhibit TRPML1, suggesting a role of TRPML1
in estradiol- and tamoxifen-based XLMTM treatment. Moreover, because of the importance of
TRPMLI in myopathies, some industries are interested in developing drugs targeting TRPML1.
For example, Casma Therapeutics announced in 2022 that they are using a TRPML1-TFEB model

in muscle therapies.

4.2 TRPMLI1 in Neurodegenerative Disorders

Lysosomal Ca?" storage regulates the cellular process by timed and tuned Ca" efflux to the
cytosol, and dysregulation of lysosomal Ca®" has been associated with neurotoxicity. Abnormal
lysosomal Ca?" homeostasis causes autophagic defects, which are predominant pathological
hallmarks of proteinopathic neurodegenerative disorders (Koh et al., 2019; Santoni et al., 2020;
Udayar et al., 2022) such as Alzheimer’s disease, Parkinson’s disease, and ALS which are
characterized by toxic protein accumulation. In Alzheimer’s disease, hyperactivation of
endogenous TRPML1 has been suggested to cause autophagic impairment in the PS1 deficit model
due to abnormal Ca®" efflux from lysosomes (J. H. Lee et al., 2015). Similarly, two models of
Parkinson’s disease (i.e., mutations in glucocerebrosidase (GBA-1), a lysosomal enzyme, and
leucine-rich repeat kinase 2 (LRRK2), an endolysosomal protein) have shown depleted lysosomal
Ca®" levels and eventual defective toxic protein clearance (Hockey et al., 2015; Kilpatrick,

Magalhaes, et al., 2016). These suggest that TRPMLI is probably hyperactive in both GBA-1 and
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LRRK2 deficient cells to deplete lysosomal Ca?*, similar to what has been reported in the PS1-KO
model of AD.

Lysosome and mitochondria modulate cellular homeostasis and constitute a functional
relationship; hence, mitochondrial defects impact lysosomal function (Burbulla et al., 2017;
Obrador et al., 2020; W. Peng et al., 2020a, 2020b; Plotegher & Duchen, 2017; Siow et al., 2022).
For example, damaged mitochondrial results in elevated ROS (Joshi et al., 2019; Siow et al., 2022)
and disturbed Ca®" signaling in lysosomal storage disorders (Burbulla et al., 2017; Plotegher &
Duchen, 2017). Because ROS is an endogenous agonist of TRPMLI1 (X. Zhang, Cheng, et al.,
2016), TRPML1 hyperactivation and subsequent autophagic defect are potentially involved in the
neurodegenerative disorders exhibiting mitochondrial dysfunction. Therefore, it would be
interesting to study if TRPML1 is hyperactivated in dopaminergic neurons derived from PD
patients that exhibit mitochondria-induced oxidative stress and autophagic defects (Burbulla et al.,
2017). Because motor neurons (Chamberlain et al., 2021; Duan et al., 2010; Obrador et al., 2020;
Pollari et al., 2014; Xie et al., 2015) and astrocytes (Birger et al., 2019; Harlan et al., 2016; Hoang
etal., 2019) in ALS also exhibit oxidative stress and decreased autophagy (Bordt & Polster, 2014;
Fabbrizio et al., 2017; Granatiero et al., 2021; Simpson & Oliver, 2020; D. C. Wu et al., 2006; Ye
et al., 2020b), investigation of TRPMLI1 in both motoneurons and astrocytes would provide a

whole picture of TRPMLI in ALS.

Various studies have suggested autophagy being a prospective target in ALS treatment;
however, the reproducibility of these approaches and potential clinical application cannot be
stipulated because both beneficial and detrimental effects of autophagy inducers have been
implicated in ALS progression. On the one hand, inducing autophagy using rapamycin has been
shown to exacerbate disease progression in the SOD1%%* mice model (X. Zhang et al., 2011). On
the other hand, another autophagy inducer, Trehalose, delays the disease pathogenesis and reduces
motor neuron degeneration in SOD194A (Castillo et al., 2013). These differences in therapy
targeting autophagy may be attributed to the stage of the disease and neuroinflammation. However,
because rapamycin directly activates TRPMLI1 (X. Zhang et al., 2019), the unfavorable effect of
rapamycin could be due to hyperactivation of TRPML1 and subsequent impairment of
autophagosome-lysosome fusion and neurinflammation. Another mTOR-dependent drug,

tamoxifen, has been tested in the TDP43 model of ALS, where it showed promising results in
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rodents (I. F. Wang et al., 2012). Our unpublished data revealed that tamoxifen acts as an antagonist
of TRPMLI, highlighting that tamoxifen may target TRPMLI1 to mitigate ALS. Due to the
important role of TRPMLI1 in autophagy and neurodegeneration, some pharmaceuticals have
announced preclinical trials for TRPML1 in neurodegenerative disorders. One example is Caraway
Therapeutics’ TRPML1 program, although conclusive results have not been reported. We believe

that TRPML1 antagonists could be an option to cure some diseases.

Future Direction

Overall, we have suggested that TRPML1 is hyperactivated to impair autophagic flux in
both XLMTM and ALS, subsequently contributing to the disease progression. Inhibiting TRPML1
could be an approach to mitigate the conditions. Despite all the results, certain limitations and

future directions are worth mentioning.

For the XLMTM project, most of our experiments were done in C2C12, a mouse myoblast
cell line. Data from primary satellite cells and in vivo models to reconfirm our findings will be
essential. We also need to focus on blocking upstream of P13,5P2, such as PIKfyve and mTORCI,
to evaluate the contribution of PI3,5P2 accumulation and mTORC]1 activation in this disease. It is
also essential to test whether lysosomal pH or other ion channels, such as TRPML2 and TRPML3,
are compromised in XLMTM.

For the ALS project, it is important to exclude the contribution of PI3,5P2 and test our
hypothesis using a microglia-motoneuron coculture system and an in vivo animal model.
Additionally, since LPS activates TRPML1, more work is needed to establish its role in microglial

M1 polarization and cytokine transcription and secretion regulation.

70



REFERENCE

Al-Chalabi, A., & Hardiman, O. (2013). The epidemiology of ALS: a conspiracy of genes, environment
and time. Nature Reviews. Neurology, 9(11), 617-628.
https://doi.org/10.1038/NRNEUROL.2013.203

Alexianu, M. E., Kozovska, M., & Appel, S. H. (2001). Immune reactivity in a mouse model of familial
ALS correlates with disease progression. Neurology, 57(7), 1282—1289.
https://doi.org/10.1212/WNL.57.7.1282

Al-Qusairi, L., Weiss, N., Toussaint, A., Berbey, C., Messaddeq, N., Kretz, C., Sanoudou, D., Beggs, A.
H., Allard, B., Mandel, J. L., Laporte, J., Jacquemond, V., & Buj-Bello, A. (2009). T-tubule
disorganization and defective excitation-contraction coupling in muscle fibers lacking myotubularin
lipid phosphatase. Proceedings of the National Academy of Sciences of the United States of America,
106(44), 18763. https://doi.org/10.1073/PNAS.0900705106

Andrei, C., Dazzi, C., Lotti, L., Torrisi, M. R., Chimini, G., & Rubartelli, A. (1999a). The secretory route
of the leaderless protein interleukin 1beta involves exocytosis of endolysosome-related vesicles.

Molecular Biology of the Cell, 10(5), 1463—1475. https://doi.org/10.1091/MBC.10.5.1463

Andprei, C., Dazzi, C., Lotti, L., Torrisi, M. R., Chimini, G., & Rubartelli, A. (1999b). The secretory route
of the leaderless protein interleukin 1beta involves exocytosis of endolysosome-related vesicles.

Molecular Biology of the Cell, 10(5), 1463—1475. https://doi.org/10.1091/MBC.10.5.1463

Andrei, C., Margiocco, P., Poggi, A., Lotti, L. V., Torrisi, M. R., & Rubartelli, A. (2004). Phospholipases
C and A2 control lysosome-mediated IL-1 beta secretion: Implications for inflammatory processes.
Proceedings of the National Academy of Sciences of the United States of America, 101(26), 9745—
9750. https://doi.org/10.1073/PNAS.0308558101

Andrus, P. K., Fleck, T. J., Gurney, M. E., & Hall, E. D. (1998). Protein oxidative damage in a transgenic
mouse model of familial amyotrophic lateral sclerosis. Journal of Neurochemistry, 71(5), 2041—

2048. https://doi.org/10.1046/7.1471-4159.1998.71052041.x

Aung, K. T., Yoshioka, K., Aki, S., Ishimaru, K., Takuwa, N., & Takuwa, Y. (2019). The class II
phosphoinositide 3-kinases PI3K-C2a and PI3K-C2f differentially regulate clathrin-dependent
pinocytosis in human vascular endothelial cells. The Journal of Physiological Sciences : JPS, 69(2),

263-280. https://doi.org/10.1007/S12576-018-0644-2

71



Axe, E. L., Walker, S. A., Manifava, M., Chandra, P., Roderick, H. L., Habermann, A., Griffiths, G., &
Ktistakis, N. T. (2008). Autophagosome formation from membrane compartments enriched in
phosphatidylinositol 3-phosphate and dynamically connected to the endoplasmic reticulum. The
Journal of Cell Biology, 182(4), 685—701. https://doi.org/10.1083/JCB.200803137

Backer, J. M. (2008). The regulation and function of Class III PI3Ks: novel roles for Vps34. The
Biochemical Journal, 410(1), 1-17. https://doi.org/10.1042/BJ20071427

Balendra, R., & Isaacs, A. M. (2018). C9orf72-mediated ALS and FTD: multiple pathways to disease.
Nature Reviews. Neurology, 14(9), 544. https://doi.org/10.1038/S41582-018-0047-2

Balla, T. (2013). Phosphoinositides: Tiny Lipids With Giant Impact on Cell Regulation. Physiological
Reviews, 93(3), 1019. https://doi.org/10.1152/PHYSREV.00028.2012

Bandyopadhyay, U., Nagy, M., Fenton, W. A., & Horwich, A. L. (2014). Absence of lipofuscin in motor
neurons of SOD1-linked ALS mice. Proceedings of the National Academy of Sciences of the United
States of America, 111(30), 11055-11060. https://doi.org/10.1073/PNAS.1409314111

Banerjee, P., Mehta, A. R., Nirujogi, R. S., Cooper, J., James, O. G., Nanda, J., Longden, J., Burr, K.,
Salzinger, A., Paza, E., Newton, J., Story, D., Pal, S., Smith, C., Alessi, D. R., Selvaraj, B. T, Priller,
J., Chandran, S., & Priller, P. J. (n.d.). Cell-autonomous immune dysfunction driven by disrupted
autophagy in C9orf72-ALS iPSC-derived microglia contributes to neurodegeneration. Running title:
C90rf72 mutation leads to phagocytic deficit and exaggerated immune response in human

microglia. https://doi.org/10.1101/2022.05.12.491675

Baskaran, S., Ragusa, M. J., Boura, E., & Hurley, J. H. (2012). Two-site recognition of
phosphatidylinositol 3-phosphate by PROPPINs in autophagy. Molecular Cell, 47(3), 339-348.
https://doi.org/10.1016/J.MOLCEL.2012.05.027

Bassi, M. T., Manzoni, M., Monti, E., Pizzo, M. T., Ballabio, A., & Borsani, G. (2000). Cloning of the
gene encoding a novel integral membrane protein, mucolipidin - And identification of the two major
founder mutations causing mucolipidosis type IV. American Journal of Human Genetics, 67(5),

1110-1120. https://doi.org/10.1016/S0002-9297(07)62941-3

Baulac, S., Gourfinkel-An, 1., Couarch, P., Depienne, C., Kaminska, A., Dulac, O., Baulac, M., LeGuern,
E., & Nabbout, R. (2008). A novel locus for generalized epilepsy with febrile seizures plus in French
families. Archives of Neurology, 65(7), 943-951. https://doi.org/10.1001/ARCHNEUR.65.7.943

72



Beers, D. R., Henkel, J. S., Xiao, Q., Zhao, W., Wang, J., Yen, A. A., Siklos, L., McKercher, S. R., &
Appel, S. H. (2006). Wild-type microglia extend survival in PU.1 knockout mice with familial
amyotrophic lateral sclerosis. Proceedings of the National Academy of Sciences of the United States

of America, 103(43), 16021-16026. https://doi.org/10.1073/PNAS.0607423103

Beggs, A. H., Bohm, J., Snead, E., Kozlowski, M., Maurer, M., Minor, K., Childers, M. K., Taylor, S. M.,
Hitte, C., Mickelson, J. R., Guo, L. T., Mizisin, A. P., Buj-Bello, A., Tiret, L., Laporte, J., & Shelton,
G. D. (2010). MTM1 mutation associated with X-linked myotubular myopathy in Labrador
Retrievers. Proceedings of the National Academy of Sciences of the United States of America,
107(33), 14697—-14702. https://doi.org/10.1073/PNAS.1003677107

Behrends, C., Sowa, M. E., Gygi, S. P., & Harper, J. W. (2010). Network organization of the human
autophagy system. Nature, 466(7302), 68—76. https://doi.org/10.1038/NATURE09204

Benavente-Diaz, M., Comai, G., Di Girolamo, D., Langa, F., & Tajbakhsh, S. (2021). Dynamics of
myogenic differentiation using a novel Myogenin knock-in reporter mouse. Skeletal Muscle, 11(1),

1-13. https://doi.org/10.1186/S13395-021-00260-X/FIGURES/4

Bentzinger, C. F., Wang, Y. X., & Rudnicki, M. A. (2012). Building Muscle: Molecular Regulation of
Myogenesis. Cold Spring Harbor Perspectives in Biology, 4(2).
https://doi.org/10.1101/CSHPERSPECT.A008342

Berger, P., Bonneick, S., Willi, S., Wymann, M., & Suter, U. (2002). Loss of phosphatase activity in
myotubularin-related protein 2 is associated with Charcot-Marie-Tooth disease type 4B1. Human

Molecular Genetics, 11(13), 1569—1579. https://doi.org/10.1093/HMG/11.13.1569

Bilsland, L. G., Sahai, E., Kelly, G., Golding, M., Greensmith, L., & Schiavo, G. (2010). Deficits in
axonal transport precede ALS symptoms in vivo. Proceedings of the National Academy of Sciences

of the United States of America, 107(47), 20523-20528. https://doi.org/10.1073/PNAS.1006869107

Birger, A., Ben-Dor, 1., Ottolenghi, M., Turetsky, T., Gil, Y., Sweetat, S., Perez, L., Belzer, V., Casden, N.,
Steiner, D., Izrael, M., Galun, E., Feldman, E., Behar, O., & Reubinoff, B. (2019). Human iPSC-
derived astrocytes from ALS patients with mutated C9ORF72 show increased oxidative stress and

neurotoxicity. EBioMedicine, 50, 274-289. https://doi.org/10.1016/J.EBIOM.2019.11.026

Bjerkey, G., Lamark, T., Pankiv, S., @vervatn, A., Brech, A., & Johansen, T. (2009). Monitoring
autophagic degradation of p62/SQSTMI1. Methods in Enzymology, 452(C), 181-197.
https://doi.org/10.1016/S0076-6879(08)03612-4

73



Blondeau, F., Laporte, J., Bodin, S., Superti-Furga, G., Payrastre, B., & Mandel, J. L. (2000).
Myotubularin, a phosphatase deficient in myotubular myopathy, acts on phosphatidylinositol 3-
kinase and phosphatidylinositol 3-phosphate pathway. Human Molecular Genetics, 9(15), 2223—
2229. https://doi.org/10.1093/OXFORDJOURNALS.HMG.A018913

Boillée, S., Vande Velde, C., & Cleveland, D. W. W. (2006). ALS: A Disease of Motor Neurons and Their
Nonneuronal Neighbors. Neuron, 52(1), 39-59. https://doi.org/10.1016/J.NEURON.2006.09.018

Boillée, S., Yamanaka, K., Lobsiger, C. S., Copeland, N. G., Jenkins, N. A., Kassiotis, G., Kollias, G., &
Cleveland, D. W. (2006). Onset and progression in inherited ALS determined by motor neurons and
microglia. Science (New York, N.Y)), 312(5778), 1389-1392.
https://doi.org/10.1126/SCIENCE.1123511

Bordt, E. A., & Polster, B. M. (2014). NADPH oxidase- and mitochondria-derived reactive oxygen
species in proinflammatory microglial activation: a bipartisan affair? Free Radical Biology &

Medicine, 76(1), 34-46. https://doi.org/10.1016/J. FREERADBIOMED.2014.07.033

Bridges, D., Ma, J. T., Park, S., Inoki, K., Weisman, L. S., & Saltiel, A. R. (2012). Phosphatidylinositol
3,5-bisphosphate plays a role in the activation and subcellular localization of mechanistic target of
rapamycin 1. Molecular Biology of the Cell, 23(15), 2955-2962. https://doi.org/10.1091/MBC.E11-
12-1034

Bryson-Richardson, R. J., & Currie, P. D. (2008). The genetics of vertebrate myogenesis. Nature Reviews.
Genetics, 9(8), 632—646. https://doi.org/10.1038/NRG2369

Buj-Bello, A., Furling, D., Tronchére, H., Laporte, J., Lerouge, T., Butler-Browne, G. S., & Mandel, J. L.
(2002). Muscle-specific alternative splicing of myotubularin-related 1 gene is impaired in DM1
muscle cells. Human Molecular Genetics, 11(19), 2297-2307.
https://doi.org/10.1093/HMG/11.19.2297

Burbulla, L. F., Song, P., Mazzulli, J. R., Zampese, E., Wong, Y. C., Jeon, S., Santos, D. P., Blanz, J.,
Obermaier, C. D., Strojny, C., Savas, J. N., Kiskinis, E., Zhuang, X., Kriiger, R., Surmeier, D. J., &
Krainc, D. (2017). Dopamine oxidation mediates mitochondrial and lysosomal dysfunction in
Parkinson’s disease. Science, 357(6357), 1255-1261.
https://doi.org/10.1126/SCIENCE.AAM9080/SUPPL FILE/AAM9080 BURBULLA SM.PDF

Burman, C., & Ktistakis, N. T. (2010). Regulation of autophagy by phosphatidylinositol 3-phosphate.
FEBS Letters, 584(7), 1302—1312. https://doi.org/10.1016/J.FEBSLET.2010.01.011

74



Cabrera, M., Nordmann, M., Perz, A., Schmedt, D., Gerondopoulos, A., Barr, F., Pichler, J., Engelbrecht-
Vandré, S., & Ungermann, C. (2014). The monl-cczl gef activates the rab7 gtpase ypt7 via a longin-
fold-rab interface and association with pi3p-positive membranes. Journal of Cell Science, 127(5),

1043-1051. https://doi.org/10.1242/JCS.140921/-/DC1

Cabukusta, B., & Neefjes, J. (2018). Mechanisms of lysosomal positioning and movement. Traffic
(Copenhagen, Denmark), 19(10), 761-769. https://doi.org/10.1111/TRA.12587

Cao, C., Laporte, J., Backer, J. M., Wandinger-Ness, A., & Stein, M. P. (2007). Myotubularin Lipid
Phosphatase Binds the hVPS15/hVPS34 Lipid Kinase Complex on Endosomes. Traffic, 8(8), 1052—
1067. https://doi.org/10.1111/J.1600-0854.2007.00586.X

Cao, Q., Zhong, X. Z., Zou, Y., Zhang, Z., Toro, L., & Dong, X. P. (2015). BK Channels Alleviate
Lysosomal Storage Diseases by Providing Positive Feedback Regulation of Lysosomal Ca2+
Release. Developmental Cell, 33(4), 427-441. https://doi.org/10.1016/J.DEVCEL.2015.04.010

Carta, S., Lavieri, R., & Rubartelli, A. (2013). Different members of the IL-1 family come out in different
ways: DAMPs vs. cytokines? Frontiers in Immunology, 4(MAY), 52760.
https://doi.org/10.3389/FIMMU.2013.00123/BIBTEX

Castellano, B. M., Thelen, A. M., Moldavski, O., Feltes, M., Van Der Welle, R. E. N., Mydock-McGrane,
L., Jiang, X., Van Eijkeren, R. J., Davis, O. B., Louie, S. M., Perera, R. M., Covey, D. F., Nomura,
D. K., Ory, D. S., & Zoncu, R. (2017a). Lysosomal Cholesterol Activates mTORC]1 via an
SLC38A9-Niemann Pick C1 Signaling Complex. Science (New York, N.Y.), 355(6331), 1306.
https://doi.org/10.1126/SCIENCE.AAG1417

Castellano, B. M., Thelen, A. M., Moldavski, O., Feltes, M., Van Der Welle, R. E. N., Mydock-McGrane,
L., Jiang, X., Van Eijkeren, R. J., Davis, O. B., Louie, S. M., Perera, R. M., Covey, D. F., Nomura,
D. K., Ory, D. S., & Zoncu, R. (2017b). Lysosomal cholesterol activates mTORC1 via an SLC38A9-
Niemann-Pick C1 signaling complex. Science (New York, N.Y.), 355(6331), 1306—-1311.
https://doi.org/10.1126/SCIENCE.AAG1417

Castillo, K., Nassif, M., Valenzuela, V., Rojas, F., Matus, S., Mercado, G., Court, F. A., Van Zundert, B.,
& Hetz, C. (2013). Trehalose delays the progression of amyotrophic lateral sclerosis by enhancing
autophagy in motoneurons. Autophagy, 9(9), 1308—1320. https://doi.org/10.4161/AUTO.25188

Cebollero, E., Van Der Vaart, A., Zhao, M., Rieter, E., Klionsky, D. J., Helms, J. B., & Reggiori, F.
(2012). Phosphatidylinositol-3-phosphate clearance plays a key role in autophagosome completion.
Current Biology : CB, 22(17), 1545-1553. https://doi.org/10.1016/J.CUB.2012.06.029

75



Chamberlain, K. A., Huang, N., Xie, Y., Licausi, F., Li, S., Li, Y., & Sheng, Z.-H. (2021).
Oligodendrocytes enhance axonal energy metabolism by deacetylation of mitochondrial proteins
through transcellular delivery of SIRT2 Graphical abstract Highlights d Oligodendrocyte-to-neuron
signaling enhances axonal mitochondria ATP production d Elevating neuronal deacetylase SIRT2
facilitates mitochondria ATP production d SIRT? is transcellularly delivered from oligodendrocytes
to axons via exosomes d In vivo delivery of OL-EXOs rescues axonal mitochondrial integrity in

spinal cords. Neuron, 109, 3456-3472.e8. https://doi.org/10.1016/j.neuron.2021.08.011

Chen, D., Fan, W,, Lu, Y., Ding, X., Chen, S., & Zhong, Q. (2012). A Mammalian Autophagosome
Maturation Mechanism Mediated by TECPR1 and the Atg12-AtgS Conjugate. Molecular Cell,
45(5), 629-641. https://doi.org/10.1016/J. MOLCEL.2011.12.036

Chen, D., Xie, J., Fiskesund, R., Dong, W., Liang, X., Lv, J., Jin, X., Liu, J., Mo, S., Zhang, T., Cheng, F.,
Zhou, Y., Zhang, H., Tang, K., Ma, J., Liu, Y., & Huang, B. (2018). Chloroquine modulates
antitumor immune response by resetting tumor-associated macrophages toward M1 phenotype.

Nature Communications 2018 9:1, 9(1), 1-15. https://doi.org/10.1038/s41467-018-03225-9

Chen, F., Kang, R., Liu, J., & Tang, D. (2022). The V-ATPases in cancer and cell death. Cancer Gene
Therapy 2022 29:11, 29(11), 1529—-1541. https://doi.org/10.1038/s41417-022-00477-y

Chen, R., Jaitteld, M., & Liu, B. (2020). Lysosome as a Central Hub for Rewiring PH Homeostasis in
Tumors. Cancers, 12(9), 1-12. https://doi.org/10.3390/CANCERS12092437

Cheng, X., Shen, D., Samie, M., & Xu, H. (2010). Mucolipins: Intracellular TRPML1-3 channels. FEBS
Letters, 584(10), 2013-2021. https://doi.org/10.1016/J. FEBSLET.2009.12.056

Cheng, X., Zhang, X., Gao, Q., Samie, M. A., Azar, M., Tsang, W. L., Dong, L., Sahoo, N., Li, X., Zhuo,
Y., Garrity, A. G., Wang, X., Ferrer, M., Dowling, J., Xu, L., Han, R., & Xu, H. (2014). The
intracellular Ca*>" channel MCOLNTI is required for sarcolemma repair to prevent muscular

dystrophy. Nature Medicine, 20(10), 1187—1192. https://doi.org/10.1038/NM.3611

Chia, R., Chio, A., & Traynor, B. J. (2018). Novel genes associated with amyotrophic lateral sclerosis:
diagnostic and clinical implications. The Lancet. Neurology, 17(1), 94-102.
https://doi.org/10.1016/S1474-4422(17)30401-5

Childers, M. K., Joubert, R., Poulard, K., Moal, C., Grange, R. W., Doering, J. A., Lawlor, M. W., Rider,
B. E., Jamet, T., Dani¢le, N., Martin, S., Riviére, C., Soker, T., Hammer, C., Van Wittenberghe, L.,
Lockard, M., Guan, X., Goddard, M., Mitchell, E., ... Buj-Bello, A. (2014). Gene therapy prolongs

76



survival and restores function in murine and canine models of myotubular myopathy. Science

Translational Medicine, 6(220). https://doi.org/10.1126/SCITRANSLMED.3007523

Chio, A., Mazzini, L., & Mora, G. (2020). Disease-modifying therapies in amyotrophic lateral sclerosis.
Neuropharmacology, 167. https://doi.org/10.1016/JNEUROPHARM.2020.107986

Cho, A., Christine, M., Malicdan, V., Miyakawa, M., Nonaka, 1., Nishino, I., & Noguchi, S. (2017). Sialic
acid deficiency is associated with oxidative stress leading to muscle atrophy and weakness in GNE

myopathy. Human Molecular Genetics, 26(16), 3081-3093. https://doi.org/10.1093/HMG/DDX192

Chow, C. Y., Landers, J. E., Bergren, S. K., Sapp, P. C., Grant, A. E., Jones, J. M., Everett, L., Lenk, G.
M., McKenna-Yasek, D. M., Weisman, L. S., Figlewicz, D., Brown, R. H., & Meisler, M. H. (2009).
Deleterious variants of FIG4, a phosphoinositide phosphatase, in patients with ALS. American

Journal of Human Genetics, 84(1), 85-88. https://doi.org/10.1016/J.AJHG.2008.12.010

Christensen, K. A., Myers, J. T., & Swanson, J. A. (2002). pH-dependent regulation of lysosomal calcium
in macrophages. Journal of Cell Science, 115(Pt 3), 599-607. https://doi.org/10.1242/JCS.115.3.599

Clement, A. M., Nguyen, M. D., Roberts, E. A., Garcia, M. L., Boillée, S., Rule, M., McMahon, A. P.,
Doucette, W., Siwek, D., Ferrante, R. J., Brown, R. H., Julien, J. P., Goldstein, L. S. B., &
Cleveland, D. W. (2003). Wild-type nonneuronal cells extend survival of SOD1 mutant motor
neurons in ALS mice. Science (New York, N.Y.), 302(5642), 113—117.
https://doi.org/10.1126/SCIENCE.1086071

Codogno, P., Mehrpour, M., & Proikas-Cezanne, T. (2011). Canonical and non-canonical autophagy:
variations on a common theme of self-eating? Nature Reviews Molecular Cell Biology 2011 13:1,

13(1), 7-12. https://doi.org/10.1038/nrm3249

Colacurcio, D. J., & Nixon, R. A. (2016). Disorders of lysosomal acidification - the emerging role of v-
ATPase in aging and neurodegenerative disease. Ageing Research Reviews, 32, 75.

https://doi.org/10.1016/J.ARR.2016.05.004

Cong, L., Ran, F. A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P. D., Wu, X., Jiang, W., Marraffini,
L. A., & Zhang, F. (2013). Multiplex genome engineering using CRISPR/Cas systems. Science (New
York, N.Y.), 339(6121), 819—823. https://doi.org/10.1126/SCIENCE.1231143

Cowling, B. S., Chevremont, T., Prokic, 1., Kretz, C., Ferry, A., Coirault, C., Koutsopoulos, O., Laugel,
V., Romero, N. B., & Laporte, J. (2014). Reducing dynamin 2 expression rescues X-linked

77



centronuclear myopathy. The Journal of Clinical Investigation, 124(3), 1350-1363.
https://doi.org/10.1172/JC171206

Crosio, C., Valle, C., Casciati, A., laccarino, C., & Carri, M. T. (2011). Astroglial Inhibition of NF-kB
Does Not Ameliorate Disease Onset and Progression in a Mouse Model for Amyotrophic Lateral

Sclerosis (ALS). PLOS ONE, 6(3), e17187. https://doi.org/10.1371/JOURNAL.PONE.0017187

Davis, O. B., Shin, H. R., Lim, C. Y., Wu, E. Y., Kukurugya, M., Maher, C. F., Perera, R. M., Ordonez, M.
P., & Zoncu, R. (2021). NPC1-mTORCI1 Signaling Couples Cholesterol Sensing to Organelle
Homeostasis and Is a Targetable Pathway in Niemann-Pick Type C. Developmental Cell, 56(3), 260-
276.¢7. https://doi.org/10.1016/J.DEVCEL.2020.11.016

De Bont, N., Netea, M. G., Rovers, C., Smilde, T., Hijmans, A., Demacker, P. N. M., Van Der Meer, J. W.
M., & Stalenhoef, A. F. H. (2006). LPS-induced release of IL-1 beta, IL-1Ra, IL-6, and TNF-alpha
in whole blood from patients with familial hypercholesterolemia: no effect of cholesterol-lowering
treatment. Journal of Interferon & Cytokine Research : The Olfficial Journal of the International
Society for Interferon and Cytokine Research, 26(2), 101-107.
https://doi.org/10.1089/JIR.2006.26.101

De Craene, J. O., Bertazzi, D. L., Bér, S., & Friant, S. (2017). Phosphoinositides, Major Actors in
Membrane Trafficking and Lipid Signaling Pathways. International Journal of Molecular Sciences

2017, Vol. 18, Page 634, 18(3), 634. https://doi.org/10.3390/1JIMS18030634

De Leo, M. G., Staiano, L., Vicinanza, M., Luciani, A., Carissimo, A., Mutarelli, M., Di Campli, A.,
Polishchuk, E., Di Tullio, G., Morra, V., Levtchenko, E., Oltrabella, F., Starborg, T., Santoro, M., Di
Bernardo, D., Devuyst, O., Lowe, M., Medina, D. L., Ballabio, A., & De Matteis, M. A. (2016).
Autophagosome-lysosome fusion triggers a lysosomal response mediated by TLR9 and controlled

by OCRL. Nature Cell Biology, 18(8), 839-850. https://doi.org/10.1038/NCB3386

Deng, H. X., Chen, W., Hong, S. T., Boycott, K. M., Gorrie, G. H., Siddique, N., Yang, Y., Fecto, F., Shi,
Y., Zhai, H., Jiang, H., Hirano, M., Rampersaud, E., Jansen, G. H., Donkervoort, S., Bigio, E. H.,
Brooks, B. R., Ajroud, K., Sufit, R. L., ... Siddique, T. (2011). Mutations in UBQLN?2 cause
dominant X-linked juvenile and adult onset ALS and ALS/dementia. Nature, 477(7363), 211.
https://doi.org/10.1038/NATURE10353

Devereaux, K., Dall’Armi, C., Alcazar-Roman, A., Ogasawara, Y., Zhou, X., Wang, F., Yamamoto, A., de
Camiilli, P., & Di Paolo, G. (2013). Regulation of mammalian autophagy by class II and III PI 3-

78



kinases through PI3P synthesis. PloS One, 8(10).
https://doi.org/10.1371/JOURNAL.PONE.0076405

Di Paolo, G., & De Camilli, P. (2006). Phosphoinositides in cell regulation and membrane dynamics.
Nature 2006 443:7112, 443(7112), 651-657. https://doi.org/10.1038/nature05185

Dong, X. P, Cheng, X., Mills, E., Delling, M., Wang, F., Kurz, T., & Xu, H. (2008). The type IV
mucolipidosis-associated protein TRPML1 is an endolysosomal iron release channel. Nature,

455(7215), 992-996. https://doi.org/10.1038/NATURE(07311

Dong, X. P., Shen, D., Wang, X., Dawson, T., Li, X., Zhang, Q., Cheng, X., Zhang, Y., Weisman, L. S.,
Delling, M., & Xu, H. (2010). PI(3,5)P2 controls membrane trafficking by direct activation of
mucolipin Ca2+ release channels in the endolysosome. Nature Communications 2010 1:1, 1(1), 1-

11. https://doi.org/10.1038/ncomms1037

Dooley, H. C., Razi, M., Polson, H. E. J., Girardin, S. E., Wilson, M. L., & Tooze, S. A. (2014). WIPI2
links LC3 conjugation with PI3P, autophagosome formation, and pathogen clearance by recruiting

Atgl2-5-16L1. Molecular Cell, 55(2), 238-252. https://doi.org/10.1016/J.MOLCEL.2014.05.021

Dove, S. K., Dong, K., Kobayashi, T., Williams, F. K., & Michell, R. H. (2009). Phosphatidylinositol 3,5-
bisphosphate and Fab1p/PIKfyve underPPIn endo-lysosome function. The Biochemical Journal,
419(1), 1-13. https://doi.org/10.1042/BJ20081950

Dowling, J. J., Low, S. E., Busta, A. S., & Feldman, E. L. (2010). Zebrafish MTMR 14 is required for
excitation-contraction coupling, developmental motor function and the regulation of autophagy.

Human Molecular Genetics, 19(13), 2668-2681. https://doi.org/10.1093/HMG/DDQ153

Dowling, J. J., Vreede, A. P., Low, S. E., Gibbs, E. M., Kuwada, J. Y., Bonnemann, C. G., & Feldman, E.
L. (2009). Loss of myotubularin function results in T-tubule disorganization in zebrafish and human

myotubular myopathy. PLoS Genetics, 5(2). https://doi.org/10.1371/JOURNAL.PGEN.1000372

Duan, W., Li, X., Shi, J., Guo, Y., Li, Z., & Li, C. (2010). Mutant TAR DNA-binding protein-43 induces
oxidative injury in motor neuron-like cell. Neuroscience, 169(4), 1621-1629.

https://doi.org/10.1016/j.neuroscience.2010.06.018

Durieux, A. C., Vassilopoulos, S., Lainé, J., Fraysse, B., Brifias, L., Prudhon, B., Castells, J., Freyssenet,
D., Bonne, G., Guicheney, P., & Bitoun, M. (2012). A centronuclear myopathy--dynamin 2 mutation
impairs autophagy in mice. Traffic (Copenhagen, Denmark), 13(6), 869—879.
https://doi.org/10.1111/J.1600-0854.2012.01348.X

79



Dyson, J. M., Fedele, C. G., Davies, E. M., & Mitchell, C. A. (2015). Phosphoinositide phosphatases: Just
as important as the kinases. Subcellular Biochemistry, 58, 215-279. https://doi.org/10.1007/978-94-
007-3012-0_7/TABLES/3

Fabbrizio, P., Amadio, S., Apolloni, S., & Volont¢, C. (2017a). P2X7 Receptor Activation Modulates
Autophagy in SOD1-G93A Mouse Microglia. Frontiers in Cellular Neuroscience, 11.
https://doi.org/10.3389/FNCEL.2017.00249

Fabbrizio, P., Amadio, S., Apolloni, S., & Volonté, C. (2017b). P2X7 receptor activation modulates
autophagy in SOD1-g93a mouse microglia. Frontiers in Cellular Neuroscience, 11,284181.
https://doi.org/10.3389/FNCEL.2017.00249/BIBTEX

Falkenburger, B. H., Jensen, J. B., Dickson, E. J., Suh, B. C., & Hille, B. (2010). Phosphoinositides: lipid
regulators of membrane proteins. The Journal of Physiology, 588(Pt 17), 3179.
https://doi.org/10.1113/JPHYSIOL.2010.192153

Feng, X., & Yang, J. (2016). Lysosomal Calcium in Neurodegeneration. Messenger (Los Angeles, Calif. :
Print), 5(1-2), 56. https://doi.org/10.1166/MSR.2016.1055

Ferguson, C. J., Lenk, G. M., & Meisler, M. H. (2009). Defective autophagy in neurons and astrocytes
from mice deficient in PI(3,5)P2. Human Molecular Genetics, 18(24), 4868—4878.
https://doi.org/10.1093/HMG/DDP460

Fernandez-Mosquera, L., Yambire, K. F., Couto, R., Pereyra, L., Pabis, K., Ponsford, A. H., Diogo, C. V.,
Stagi, M., Milosevic, 1., & Raimundo, N. (2019). Mitochondrial respiratory chain deficiency inhibits
lysosomal hydrolysis. Autophagy, 15(9), 1572—1591.
https://doi.org/10.1080/15548627.2019.1586256

Fetalvero, K. M., Yu, Y., Goetschkes, M., Liang, G., Valdez, R. A., Gould, T., Triantafellow, E., Bergling,
S., Loureiro, J., Eash, J., Lin, V., Porter, J. A., Finan, P. M., Walsh, K., Yang, Y., Mao, X., & Murphy,
L. O. (2013a). Defective autophagy and mTORCI1 signaling in myotubularin null mice. Molecular
and Cellular Biology, 33(1), 98—110. https://doi.org/10.1128/MCB.01075-12

Fetalvero, K. M., Yu, Y., Goetschkes, M., Liang, G., Valdez, R. A., Gould, T., Triantafellow, E., Bergling,
S., Loureiro, J., Eash, J., Lin, V., Porter, J. A., Finan, P. M., Walsh, K., Yang, Y., Mao, X., & Murphy,
L. O. (2013Db). Defective Autophagy and mTORCI1 Signaling in Myotubularin Null Mice. Molecular
and Cellular Biology, 33(1), 98. https://doi.org/10.1128/MCB.01075-12

80



Fortini, P., Ferretti, C., lorio, E., Cagnin, M., Garribba, L., Pietraforte, D., Falchi, M., Pascucci, B.,
Baccarini, S., Morani, F., Phadngam, S., De Luca, G., Isidoro, C., & Dogliotti, E. (2016a). The fine
tuning of metabolism, autophagy and differentiation during in vitro myogenesis. Cell Death &

Disease, 7(3). https://doi.org/10.1038/CDDIS.2016.50

Fortini, P., Ferretti, C., lorio, E., Cagnin, M., Garribba, L., Pietraforte, D., Falchi, M., Pascucci, B.,
Baccarini, S., Morani, F., Phadngam, S., De Luca, G., Isidoro, C., & Dogliotti, E. (2016b). The fine
tuning of metabolism, autophagy and differentiation during in vitro myogenesis. Cell Death &

Disease 2016 7:3, 7(3), €2168—e2168. https://doi.org/10.1038/cddis.2016.50

Frakes, A. E., Ferraiuolo, L., Haidet-Phillips, A. M., Schmelzer, L., Braun, L., Miranda, C. J., Ladner, K.
J., Bevan, A. K., Foust, K. D., Godbout, J. P., Popovich, P. G., Guttridge, D. C., & Kaspar, B. K.
(2014). Microglia induce motor neuron death via the classical NF-kB pathway in amyotrophic

lateral sclerosis. Neuron, 81(5), 1009—-1023. https://doi.org/10.1016/J.NEURON.2014.01.013

Ganassi, M., Badodi, S., Ortuste Quiroga, H. P., Zammit, P. S., Hinits, Y., & Hughes, S. M. (2018).
Myogenin promotes myocyte fusion to balance fibre number and size. Nature Communications 2018

9:1, 9(1), 1-17. https://doi.org/10.1038/s41467-018-06583-6

Gayi, E., Neff, L. A., Massana Muiioz, X., Ismail, H. M., Sierra, M., Mercier, T., Décosterd, L. A.,
Laporte, J., Cowling, B. S., Dorchies, O. M., & Scapozza, L. (2018). Tamoxifen prolongs survival
and alleviates symptoms in mice with fatal X-linked myotubular myopathy. Nature

Communications, 9(1). https://doi.org/10.1038/S41467-018-07058-4

Gomez-Oca, R., Edelweiss, E., Djeddi, S., Gerbier, M., Massana-Muioz, X., Oulad-Abdelghani, M.,
Crucifix, C., Spiegelhalter, C., Messaddeq, N., Poussin-Courmontagne, P., Koebel, P., Cowling, B.
S., & Laporte, J. (2022). Differential impact of ubiquitous and muscle dynamin 2 isoforms in muscle
physiology and centronuclear myopathy. Nature Communications 2022 13:1, 13(1), 1-20.
https://doi.org/10.1038/s41467-022-34490-4

Granatiero, V., Sayles, N. M., Savino, A. M., Konrad, C., Kharas, M. G., Kawamata, H., & Manfredi, G.
(2021). Modulation of the IGF1R-MTOR pathway attenuates motor neuron toxicity of human ALS
SOD1G93A astrocytes. Autophagy, 17(12), 4029. https://doi.org/10.1080/15548627.2021.1899682

Gu, C., Yaddanapudi, S., Weins, A., Osborn, T., Reiser, J., Pollak, M., Hartwig, J., & Sever, S. (2010).
Direct dynamin-actin interactions regulate the actin cytoskeleton. The EMBO Journal, 29(21),
3593-3606. https://doi.org/10.1038/EMB0J.2010.249

81



Guo, S., Wang, H., & Yin, Y. (2022). Microglia Polarization From M1 to M2 in Neurodegenerative
Diseases. Frontiers in Aging Neuroscience, 14, 815347,

https://doi.org/10.3389/FNAGI.2022.815347/BIBTEX

Gupta, V. A., Hnia, K., Smith, L. L., Gundry, S. R., Mclntire, J. E., Shimazu, J., Bass, J. R., Talbot, E. A.,
Amoasii, L., Goldman, N. E., Laporte, J., & Beggs, A. H. (2013). Loss of catalytically inactive lipid
phosphatase myotubularin-related protein 12 impairs myotubularin stability and promotes
centronuclear myopathy in zebrafish. PLoS Genetics, 9(6).
https://doi.org/10.1371/JOURNAL.PGEN.1003583

Gurney, M. E., Pu, H., Chiu, A. Y., Dal Canto, M. C., Polchow, C. Y., Alexander, D. D., Caliendo, J.,
Hentati, A., Kwon, Y. W., Deng, H. X., Chen, W., Zhai, P., Sufit, R. L., & Siddique, T. (1994). Motor
neuron degeneration in mice that express a human Cu,Zn superoxide dismutase mutation. Science

(New York, N.Y.), 264(5166), 1772—1775. https://doi.org/10.1126/SCIENCE.8209258

Han, J., Sridevi, P., Ramirez, M., Ludwig, K. J., & Wang, J. Y. J. (2013). B-Catenin-dependent lysosomal
targeting of internalized tumor necrosis factor-a suppresses caspase-8 activation in apoptosis-
resistant colon cancer cells. Molecular Biology of the Cell, 24(4), 465-473.
https://doi.org/10.1091/MBC.E12-09-0662

Hanada, T., Noda, N. N., Satomi, Y., Ichimura, Y., Fujioka, Y., Takao, T., Inagaki, F., & Ohsumi, Y.
(2007). The Atgl2-Atg5 conjugate has a novel E3-like activity for protein lipidation in autophagy.
The Journal of Biological Chemistry, 282(52), 37298-37302.
https://doi.org/10.1074/JBC.C700195200

Harlan, B. A., Pehar, M., Sharma, D. R., Beeson, G., Beeson, C. C., & Vargas, M. R. (2016). Enhancing
NAD+ Salvage Pathway Reverts the Toxicity of Primary Astrocytes Expressing Amyotrophic
Lateral Sclerosis-linked Mutant Superoxide Dismutase 1 (SOD1). The Journal of Biological
Chemistry, 291(20), 10836—10846. https://doi.org/10.1074/JBC.M115.698779

Harris, J., Hartman, M., Roche, C., Zeng, S. G., O’Shea, A., Sharp, F. A., Lambe, E. M., Creagh, E. M.,
Golenbock, D. T., Tschopp, J., & Kornfeld, H. (2011). Autophagy Controls IL-1p Secretion by
Targeting Pro-IL-1p for Degradation. Journal of Biological Chemistry, 286(11), 9587-9597.
https://doi.org/10.1074/JBC.M110.202911

82



Hasegawa, J., Iwamoto, R., Otomo, T., Nezu, A., Hamasaki, M., & Yoshimori, T. (2016).
Autophagosome-lysosome fusion in neurons requires INPP5SE, a protein associated with Joubert

syndrome. The EMBO Journal, 35(17), 1853—1867. https://doi.org/10.15252/EMBJ.201593148

Hasegawa, J., Strunk, B. S., & Weisman, L. S. (2017). PI5SP and PI(3,5)P2: Minor, but Essential
Phosphoinositides. Cell Structure and Function, 42(1), 49. https://doi.org/10.1247/CSF.17003

Hayden, M. S., & Ghosh, S. (2014). Regulation of NF-kB by TNF Family Cytokines. Seminars in
Immunology, 26(3), 253. https://doi.org/10.1016/J.SMIM.2014.05.004

He, S., Ni, D., Ma, B., Lee, J. H., Zhang, T., Ghozalli, 1., Pirooz, S. D., Zhao, Z., Bharatham, N., Li, B.,
Oh, S., Lee, W. H., Takahashi, Y., Wang, H. G., Minassian, A., Feng, P., Deretic, V., Pepperkok, R.,
Tagaya, M., ... Liang, C. (2013). PtdIns(3)P-bound UVRAG coordinates Golgi-ER retrograde and
Atg9 transport by differential interactions with the ER tether and the beclin 1 complex. Nature Cell
Biology, 15(10), 1206—1219. https://doi.org/10.1038/NCB2848

He, Y., Taylor, N., Yao, X., & Bhattacharya, A. (2021). Mouse primary microglia respond differently to
LPS and poly(I:C) in vitro. Scientific Reports 2021 11:1, 11(1), 1-14.
https://doi.org/10.1038/s41598-021-89777-1

Henkel, J. S., Beers, D. R., Siklos, L., & Appel, S. H. (2006). The chemokine MCP-1 and the dendritic
and myeloid cells it attracts are increased in the mSOD1 mouse model of ALS. Molecular and

Cellular Neurosciences, 31(3), 427-437. https://doi.org/10.1016/J.MCN.2005.10.016

Herculano-Houzel, S. (2014). The glia/neuron ratio: how it varies uniformly across brain structures and
species and what that means for brain physiology and evolution. Glia, 62(9), 1377-1391.
https://doi.org/10.1002/GLIA.22683

Herman, P. K., & Emr, S. D. (1990). Characterization of VPS34, a gene required for vacuolar protein
sorting and vacuole segregation in Saccharomyces cerevisiae. Molecular and Cellular Biology,

10(12), 6742—6754. https://doi.org/10.1128/MCB.10.12.6742-6754.1990

Hnia, K., Tronchére, H., Tomczak, K. K., Amoasii, L., Schultz, P., Beggs, A. H., Payrastre, B., Mandel, J.
L., & Laporte, J. (2011). Myotubularin controls desmin intermediate filament architecture and
mitochondrial dynamics in human and mouse skeletal muscle. The Journal of Clinical Investigation,

121(1), 70-85. https://doi.org/10.1172/JC144021

83



Hnia, K., Vaccari, 1., Bolino, A., & Laporte, J. (2012). Myotubularin phosphoinositide phosphatases:
cellular functions and disease pathophysiology. Trends in Molecular Medicine, 18(6), 317-327.
https://doi.org/10.1016/J. MOLMED.2012.04.004

Hoang, T. T., Johnson, D. A., Raines, R. T., & Johnson, J. A. (2019). Angiogenin activates the astrocytic
Nrf2/antioxidant-response element pathway and thereby protects murine neurons from oxidative
stress. The Journal of Biological Chemistry, 294(41), 15095-15103.
https://doi.org/10.1074/JBC.RA119.008491

Hockey, L. N., Kilpatrick, B. S., Eden, E. R., Lin-Moshier, Y., Cristina Brailoiu, G., Brailoiu, E., Futter,
C. E., Schapira, A. H., Marchant, J. S., & Patel, S. (2015). Dysregulation of lysosomal morphology
by pathogenic LRRK?2 is corrected by TPC2 inhibition. Journal of Cell Science, 128(2), 232-238.
https://doi.org/10.1242/JCS.164152/260411/AM/DY SREGULATION-OF-LYSOSOMAL-
MORPHOLOGY-BY

Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C., Takamura, A., Miura, Y., Iemura, S. I., Natsume, T.,
Takehana, K., Yamada, N., Guan, J. L., Oshiro, N., & Mizushima, N. (2009). Nutrient-dependent
mTORCI1 Association with the ULK1-Atg13—FIP200 Complex Required for Autophagy. Molecular
Biology of the Cell, 20(7), 1981. https://doi.org/10.1091/MBC.E08-12-1248

Hsu, H. Y., & Wen, M. H. (2002a). Lipopolysaccharide-mediated reactive oxygen species and signal
transduction in the regulation of interleukin-1 gene expression. The Journal of Biological Chemistry,

277(25), 22131-22139. https://doi.org/10.1074/JBC.M 111883200

Hsu, H. Y., & Wen, M. H. (2002b). Lipopolysaccharide-mediated reactive oxygen species and signal
transduction in the regulation of interleukin-1 gene expression. The Journal of Biological Chemistry,

277(25),22131-22139. https://doi.org/10.1074/JBC.M 111883200

Hu, M. M., Yang, Q., Zhang, J., Liu, S. M., Zhang, Y., Lin, H., Huang, Z. F., Wang, Y. Y., Zhang, X. D.,
Zhong, B., & Shu, H. B. (2014). TRIM38 inhibits TNFa- and IL-1p-triggered NF-«xB activation by
mediating lysosome-dependent degradation of TAB2/3. Proceedings of the National Academy of
Sciences of the United States of America, 111(4), 1509-1514.
https://doi.org/10.1073/PNAS.1318227111

Hu, Y., Cao, C., Qin, X. Y., Yu, Y., Yuan, J., Zhao, Y., & Cheng, Y. (2017). Increased peripheral blood
inflammatory cytokine levels in amyotrophic lateral sclerosis: a meta-analysis study. Scientific

Reports, 7(1). https://doi.org/10.1038/S41598-017-09097-1

84



Huang, H., Ouyang, Q., Zhu, M., Yu, H., Mei, K., & Liu, R. (2021). mTOR-mediated phosphorylation of
VAMPS8 and SCFDI1 regulates autophagosome maturation. Nature Communications 2021 12:1,
12(1), 1-15. https://doi.org/10.1038/s41467-021-26824-5

Huang, P., Xu, M., Wu, Y., Rizvi Syeda, A. K., & Dong, X. P. (2020). Multiple facets of TRPML1 in
autophagy. Cell Calcium, 88. https://doi.org/10.1016/J.CECA.2020.102196

Huber, R., & Yeo, C. J. J. (2022). Fast Progression in Amyotrophic Lateral Sclerosis: Pathways and
Biomarkers from Multi-Omics Analysis (P1-1.Virtual). Neurology, 98(18 Supplement).

Itakura, E., Kishi-Itakura, C., & Mizushima, N. (2012a). The Hairpin-type Tail-Anchored SNARE
Syntaxin 17 Targets to Autophagosomes for Fusion with Endosomes/Lysosomes. Cell, 151(6),
1256-1269. https://doi.org/10.1016/J.CELL.2012.11.001

Itakura, E., Kishi-Itakura, C., & Mizushima, N. (2012b). The hairpin-type tail-anchored SNARE syntaxin
17 targets to autophagosomes for fusion with endosomes/lysosomes. Cell, 151(6), 1256—1269.
https://doi.org/10.1016/J.CELL.2012.11.001

Iyer, H., Shen, K., Meireles, A. M., & Talbot, W. S. (2022). A lysosomal regulatory circuit essential for
the development and function of microglia. Science Advances, 8(35), 31.
https://doi.org/10.1126/SCIADV.ABP8321/SUPPL_FILE/SCIADV.ABP8321 MOVIES S1 TO S
4.71P

Jan, A. T, Lee, E. J., Ahmad, S., & Choi, L. (2016). Meeting the meat: delineating the molecular
machinery of muscle development. Journal of Animal Science and Technology, 58.

https://doi.org/10.1186/S40781-016-0100-X

Jiang, H., Zhang, X., & Lin, H. (2016). Lysine fatty acylation promotes lysosomal targeting of TNF-a.
Scientific Reports 2016 6:1, 6(1), 1-10. https://doi.org/10.1038/srep24371

Jin, M. M., Wang, F., Qi, D., Liu, W. W., Gu, C., Mao, C. J., Yang, Y. P, Zhao, Z., Hu, L. F., & Liu, C. F.
(2018). A Critical Role of Autophagy in Regulating Microglia Polarization in Neurodegeneration.
Frontiers in Aging Neuroscience, 10, 404810. https://doi.org/10.3389/FNAGI.2018.00378/BIBTEX

Jin, N., Mao, K., Jin, Y., Tevzadze, G., Kauffman, E. J., Park, S., Bridges, D., Loewith, R., Saltiel, A. R.,
Klionsky, D. J., & Weisman, L. S. (2014). Roles for PI(3,5)P2 in nutrient sensing through TORCI.
Molecular Biology of the Cell, 25(7), 1171. https://doi.org/10.1091/MBC.E14-01-0021

Jocelyn Laporte, Valérie Biancalana, Stephan Tanner Wolfram, Kress Vreni Schneider, Carina Wallgren-

Pettersson, Franziska HergerAnna Buj-Bello, Frangois Blondeau, Sabina Liechti-Gallati, & Jean

85



Louis Mandel. (2000). MTM1 mutations in X-linked myotubular myopathy. Human Mutation.
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1098-1004(200005)15:5%3C393::AID-
HUMU1%3E3.0.CO;2-R

Joshi, A. U., Minhas, P. S., Liddelow, S. A., Haileselassie, B., Andreasson, K. L., Dorn, G. W., & Mochly-
Rosen, D. (2019). Fragmented mitochondria released from microglia trigger A1 astrocytic response
and propagate inflammatory neurodegeneration. Nature Neuroscience 2019 22:10, 22(10), 1635—
1648. https://doi.org/10.1038/s41593-019-0486-0

Kaizuka, T., Morishita, H., Hama, Y., Tsukamoto, S., Matsui, T., Toyota, Y., Kodama, A., Ishihara, T.,
Mizushima, T., & Mizushima, N. (2016). An Autophagic Flux Probe that Releases an Internal
Control. Molecular Cell, 64(4), 835-849. https://doi.org/10.1016/J.MOLCEL.2016.09.037

Kanning, K. C., Kaplan, A., & Henderson, C. E. (2010). Motor neuron diversity in development and
disease. Annual Review of Neuroscience, 33, 409—440.
https://doi.org/10.1146/ANNUREV.NEURO.051508.135722

Kendall, R. L., & Holian, A. (2021). The role of lysosomal ion channels in lysosome dysfunction.
Https://Doi.Org/10.1080/08958378.2021.1876188, 33(2), 41-54.
https://doi.org/10.1080/08958378.2021.1876188

Kilpatrick, B. S., Magalhaes, J., Beavan, M. S., McNeill, A., Gegg, M. E., Cleeter, M. W. J., Bloor-Young,
D., Churchill, G. C., Duchen, M. R., Schapira, A. H., & Patel, S. (2016). Endoplasmic reticulum and
lysosomal Ca2+ stores are remodelled in GBA1-linked Parkinson disease patient fibroblasts. Cel/
Calcium, 59(1), 12. https://doi.org/10.1016/J.CECA.2015.11.002

Kilpatrick, B. S., Yates, E., Grimm, C., Schapira, A. H., & Patel, S. (2016). Endo-lysosomal TRP
mucolipin-1 channels trigger global ER Ca2+ release and Ca2+ influx. Journal of Cell Science,
129(20), 3859-3867. https://doi.org/10.1242/JCS.190322/VIDEO-2

Kim, H. J., Soyombo, A. A., Tjon-Kon-Sang, S., So, 1., & Muallem, S. (2009a). The Ca2+ Channel
TRPML3 Regulates Membrane Trafficking and Autophagy. Traffic, 10(8), 1157-1167.
https://doi.org/10.1111/J.1600-0854.2009.00924.X

Kim, H. J., Soyombo, A. A., Tjon-Kon-Sang, S., So, I., & Muallem, S. (2009b). The Ca2+ Channel
TRPML3 Regulates Membrane Trafficking and Autophagy. Traffic, 10(8), 1157-1167.
https://doi.org/10.1111/J.1600-0854.2009.00924.X

86



Kim, J., Kundu, M., Viollet, B., & Guan, K. L. (2011). AMPK and mTOR regulate autophagy through
direct phosphorylation of Ulk1. Nature Cell Biology 2011 13:2, 13(2), 132—-141.
https://doi.org/10.1038/ncb2152

Kim, M. S., Muallem, S., Kim, S. H., Kwon, K. B., & Kim, M. S. (2019). Exosomal release through
TRPML1-mediated lysosomal exocytosis is required for adipogenesis. Biochemical and Biophysical

Research Communications, 510(3), 409-415. https://doi.org/10.1016/J.BBRC.2019.01.115

Kim, S. A., Taylor, G. S., Torgersen, K. M., & Dixon, J. E. (2002). Myotubularin and MTMR2,
phosphatidylinositol 3-phosphatases mutated in myotubular myopathy and type 4B Charcot-Marie-
Tooth disease. The Journal of Biological Chemistry, 277(6), 4526—4531.
https://doi.org/10.1074/JBC.M 111087200

Kim, S. W,, Kim, M. K., Hong, S., Choi, A., Choi, J. H., Muallem, S., So, L., Yang, D., & Kim, H. J.
(2022). The intracellular Ca2+ channel TRPML3 is a PI3P effector that regulates autophagosome
biogenesis. Proceedings of the National Academy of Sciences of the United States of America,
119(43), €2200085119.
https://doi.org/10.1073/PNAS.2200085119/SUPPL_FILE/PNAS.2200085119.SAPP.PDF

Kimura, S., Noda, T., & Yoshimori, T. (2007). Dissection of the autophagosome maturation process by a
novel reporter protein, tandem fluorescent-tagged LC3. Autophagy, 3(5), 452—460.
https://doi.org/10.4161/AUTO.4451

Kitamura, A., Inada, N., Kubota, H., Matsumoto, G., Kinjo, M., Morimoto, R. 1., & Nagata, K. (2014).
Dysregulation of the proteasome increases the toxicity of ALS-linked mutant SOD1. Genes to Cells,
19(3), 209-224. https://doi.org/10.1111/GTC.12125

Klionsky, D. J., Abdel-Aziz, A. K., Abdelfatah, S., Abdellatif, M., Abdoli, A., Abel, S., Abeliovich, H.,
Abildgaard, M. H., Abudu, Y. P., Acevedo-Arozena, A., Adamopoulos, 1. E., Adeli, K., Adolph, T.
E., Adornetto, A., Aflaki, E., Agam, G., Agarwal, A., Aggarwal, B. B., Agnello, M., ... Tong, C. K.
(2021). Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition)1.
Autophagy, 17(1), 1-382. https://doi.org/10.1080/15548627.2020.1797280

Koh, J. Y., Kim, H. N., Hwang, J. J., Kim, Y. H., & Park, S. E. (2019). Lysosomal dysfunction in
proteinopathic neurodegenerative disorders: possible therapeutic roles of cAMP and zinc. Molecular

Brain 2019 12:1, 12(1), 1-11. https://doi.org/10.1186/S13041-019-0439-2

Korolchuk, V. 1., & Rubinsztein, D. C. (2011). Regulation of autophagy by lysosomal positioning.
Autophagy, 7(8), 927. https://doi.org/10.4161/AUTO.7.8.15862

87



Koutsopoulos, O. S., Koch, C., Tosch, V., Bohm, J., North, K. N., & Laporte, J. (2011). Mild functional
differences of dynamin 2 mutations associated to centronuclear myopathy and Charcot-Marie Tooth

peripheral neuropathy. PloS One, 6(11). https://doi.org/10.1371/JOURNAL.PONE.0027498

Kreilaus, F., Guerra, S., Masanetz, R., Menne, V., Yerbury, J., & Karl, T. (2020). Novel behavioural
characteristics of the superoxide dismutase 1 G93A (SOD1G93A) mouse model of amyotrophic

lateral sclerosis include sex-dependent phenotypes. Genes, Brain and Behavior, 19(2), e12604.

https://doi.org/10.1111/GBB.12604

Kumar, A. V., Mills, J., & Lapierre, L. R. (2022). Selective Autophagy Receptor p62/SQSTM1, a Pivotal
Player in Stress and Aging. Frontiers in Cell and Developmental Biology, 10, 793328.
https://doi.org/10.3389/FCELL.2022.793328/BIBTEX

Kutchukian, C., Scrudato, M. Lo, Tourneur, Y., Poulard, K., Vignaud, A., Berthier, C., Allard, B., Lawlor,
M. W., Buj-Bello, A., Jacquemond, V., & Kunkel, L. M. (2016). Phosphatidylinositol 3-kinase
inhibition restores Ca2+ release defects and prolongs survival in myotubularin-deficient mice.

Proceedings of the National Academy of Sciences of the United States of America, 113(50), 14432—
14437. https://doi.org/10.1073/PNAS.1604099113

Laporte, J., Bedez, F., Bolino, A., & Mandel, J. L. (2003). Myotubularins, a large disease-associated
family of cooperating catalytically active and inactive phosphoinositides phosphatases. Human

Molecular Genetics, 12 Spec No 2(REV. ISS. 2). https://doi.org/10.1093/HMG/DDG273

Le Ber, ., Camuzat, A., Guerreiro, R., Bouya-Ahmed, K., Bras, J., Nicolas, G., Gabelle, A., Didic, M., De
Septenville, A., Millecamps, S., Lenglet, T., Latouche, M., Kabashi, E., Campion, D., Hannequin,
D., Hardy, J., & Brice, A. (2013). SQSTM1 mutations in French patients with frontotemporal
dementia or frontotemporal dementia with amyotrophic lateral sclerosis. JAMA Neurology, 70(11),

1403-1410. https://doi.org/10.1001/JAMANEUROL.2013.3849

Le Grand, F., & Rudnicki, M. A. (2007). Skeletal muscle satellite cells and adult myogenesis. Current
Opinion in Cell Biology, 19(6), 628—633. https://doi.org/10.1016/J.CEB.2007.09.012

Lee, J. H., McBrayer, M. K., Wolfe, D. M., Haslett, L. J., Kumar, A., Sato, Y., Lie, P. P. Y., Mohan, P.,
Coffey, E. E., Kompella, U., Mitchell, C. H., Lloyd-Evans, E., & Nixon, R. A. (2015). Presenilin 1
Maintains Lysosomal Ca2+ Homeostasis via TRPML1 by Regulating vATPase-Mediated Lysosome
Acidification. Cell Reports, 12(9), 1430—1444. https://doi.org/10.1016/J.CELREP.2015.07.050

88



Lee, J., Hyeon, S. J., Im, H., Ryu, H., Kim, Y., & Ryu, H. (2016). Astrocytes and Microglia as Non-cell
Autonomous Players in the Pathogenesis of ALS. Experimental Neurobiology, 25(5), 233.
https://doi.org/10.5607/EN.2016.25.5.233

Lee, J. Y., Koga, H., Kawaguchi, Y., Tang, W., Wong, E., Gao, Y. S., Pandey, U. B., Kaushik, S., Tresse,
E., Lu, J., Taylor, J. P., Cuervo, A. M., & Yao, T. P. (2010). HDACG6 controls autophagosome
maturation essential for ubiquitin-selective quality-control autophagy. The EMBO Journal, 29(5),
969-980. https://doi.org/10.1038/EMB0J.2009.405

Li, G., Huang, D., Hong, J., Bhat, O. M., Yuan, X., & Li, P. L. (2019). Control of lysosomal TRPMLI1
channel activity and exosome release by acid ceramidase in mouse podocytes. American Journal of

Physiology. Cell Physiology, 317(3), C481-C494. https://doi.org/10.1152/AJPCELL.00150.2019

Li, L., Maitra, U., Singh, N., & Gan, L. (2010). Molecular mechanism underlying LPS-induced
generation of reactive oxygen species in macrophages. The FASEB Journal, 24(S1), 422.3-422.3.
https://doi.org/10.1096/FASEBJ.24.1 SUPPLEMENT.422.3

Li, Q., Spencer, N. Y., Pantazis, N. J., & Engelhardt, J. F. (2011). Alsin and SOD1(G93A) proteins
regulate endosomal reactive oxygen species production by glial cells and proinflammatory pathways
responsible for neurotoxicity. The Journal of Biological Chemistry, 286(46), 40151-40162.
https://doi.org/10.1074/JBC.M111.279711

Li, R.-J., Xu, J., Fu, C., Zhang, J., Zheng, Y. G., Jia, H., & Liu, J. O. (2016). Regulation of mTORCI1 by
lysosomal calcium and calmodulin. ELife, 5. https://doi.org/10.7554/ELIFE.19360

Li, S. C., Diakov, T. T., Xu, T., Tarsio, M., Zhu, W., Couoh-Cardel, S., Weisman, L. S., & Kane, P. M.
(2014). The signaling lipid PI(3,5)P2 stabilizes V1—Vo sector interactions and activates the V-
ATPase. Molecular Biology of the Cell, 25(8), 1251. https://doi.org/10.1091/MBC.E13-10-0563

Li, X., Rydzewski, N., Hider, A., Zhang, X., Yang, J., Wang, W., Gao, Q., Cheng, X., & Xu, H. (2016). A
molecular mechanism to regulate lysosome motility for lysosome positioning and tubulation. Nature

Cell Biology 2016 18:4, 18(4), 404—417. https://doi.org/10.1038/ncb3324

Li, X., Wang, X., Zhang, X., Zhao, M., Tsang, W. L., Zhang, Y., Yau, R. G. W., Weisman, L. S., & Xu, H.
(2013). Genetically encoded fluorescent probe to visualize intracellular phosphatidylinositol 3,5-
bisphosphate localization and dynamics. Proceedings of the National Academy of Sciences of the
United States of America, 110(52), 21165-21170. https://doi.org/10.1073/PNAS.1311864110/-
/DCSUPPLEMENTAL/PNAS.201311864SI.PDF

89



Liang, X., Yu, C., Tian, Y., Xiang, X., & Luo, Y. (2023). Inhibition of STX17-SNAP29—VAMPS complex
formation by costunolide sensitizes ovarian cancer cells to cisplatin via the AMPK/mTOR signaling

pathway. Biochemical Pharmacology, 212, 115549. https://doi.org/10.1016/J.BCP.2023.115549

Liberman, R., Bond, S., Shainheit, M. G., Stadecker, M. J., & Forgac, M. (2014). Regulated assembly of
vacuolar ATPase is increased during cluster disruption-induced maturation of dendritic cells through
a phosphatidylinositol 3-kinase/mTOR-dependent pathway. The Journal of Biological Chemistry,
289(3), 1355-1363. https://doi.org/10.1074/JBC.M113.524561

Lin, M., Yu, H., Xie, Q., Xu, Z., & Shang, P. (2022). Role of microglia autophagy and mitophagy in age-
related neurodegenerative diseases. Frontiers in Aging Neuroscience, 14, 1100133.

https://doi.org/10.3389/FNAGI.2022.1100133/BIBTEX

Lin, S.-C., & Grahame Hardie, D. (2018). AMPK: Sensing Glucose as well as Cellular Energy Status.
https://doi.org/10.1016/j.cmet.2017.10.009

Liu, T., Zhang, L., Joo, D., & Sun, S. C. (2017). NF-«B signaling in inflammation. Signal Transduction
and Targeted Therapy, 2, 17023. https://doi.org/10.1038/SIGTRANS.2017.23

Liu, W. J,, Ye, L., Huang, W. F., Guo, L. J., Xu, Z. G., Wu, H. L., Yang, C., & Liu, H. F. (2016). p62 links
the autophagy pathway and the ubiqutin-proteasome system upon ubiquitinated protein degradation.
Cellular and Molecular Biology Letters, 21(1), 1-14. https://doi.org/10.1186/S11658-016-0031-
Z/FIGURES/3

Liu, Y., & Bankaitis, V. A. (2010). Phosphoinositide phosphatases in cell biology and disease. Progress in
Lipid Research, 49(3), 201-217. https://doi.org/10.1016/J.PLIPRES.2009.12.001

Liu, Y., Hao, W., Dawson, A., Liu, S., & Fassbender, K. (2009). Expression of amyotrophic lateral
sclerosis-linked SOD1 mutant increases the neurotoxic potential of microglia via TLR2. The Journal

of Biological Chemistry, 284(6), 3691-3699. https://doi.org/10.1074/JBC.M804446200

Liu, Y, Lai, Y. C., Hill, E. V., Tyteca, D., Carpentier, S., Ingvaldsen, A., Vertommen, D., Lantier, L.,
Foretz, M., Dequiedt, F., Courtoy, P. J., Erneux, C., Viollet, B., Shepherd, P. R., Tavare, J. M.,
Jensen, J., & Rider, M. H. (2013). Phosphatidylinositol 3-phosphate 5-kinase (PIKfyve) is an AMPK
target participating in contraction-stimulated glucose uptake in skeletal muscle. The Biochemical

Journal, 455(2), 195-206. https://doi.org/10.1042/BJ20130644

Lopez-Castejon, G., & Brough, D. (2011a). Understanding the mechanism of IL-1p secretion. Cytokine &
Growth Factor Reviews, 22(4), 189. https://doi.org/10.1016/J.CYTOGFR.2011.10.001

90



Lopez-Castejon, G., & Brough, D. (2011b). Understanding the mechanism of IL-1p secretion. Cytokine &
Growth Factor Reviews, 22(4), 189-195. https://doi.org/10.1016/J.CYTOGFR.2011.10.001

Lopez-Castejon, G., & Brough, D. (2011c). Understanding the mechanism of IL-1p secretion. Cyfokine &
Growth Factor Reviews, 22(4), 189. https://doi.org/10.1016/J.CYTOGFR.2011.10.001

Lorenzo, O., Urbé, S., & Clague, M. J. (2006). Systematic analysis of myotubularins: heteromeric
interactions, subcellular localisation and endosome related functions. Journal of Cell Science, 119(Pt

14), 2953-2959. https://doi.org/10.1242/JCS.03040

Lérincz, P., & Juhasz, G. (2020a). Autophagosome-Lysosome Fusion. Journal of Molecular Biology,
432(8), 2462-2482. https://doi.org/10.1016/J.JMB.2019.10.028

Lérincz, P., & Juhasz, G. (2020b). Autophagosome-Lysosome Fusion. Journal of Molecular Biology,
432(8), 2462-2482. https://doi.org/10.1016/J.JMB.2019.10.028

Ma, K., Guo, J., Wang, G., Ni, Q., & Liu, X. (2020). Toll-Like Receptor 2-Mediated Autophagy Promotes
Microglial Cell Death by Modulating the Microglial M1/M2 Phenotype. Inflammation, 43(2), 701—
711. https://doi.org/10.1007/S10753-019-01152-5

Maani, N., Sabha, N., Rezai, K., Ramani, A., Groom, L., Eltayeb, N., Mavandadnejad, F., Pang, A.,
Russo, G., Brudno, M., Haucke, V., Dirksen, R. T., & Dowling, J. J. (2018). Tamoxifen therapy in a
murine model of myotubular myopathy. Nature Communications 2018 9:1, 9(1), 1-16.
https://doi.org/10.1038/s41467-018-07057-5

Marshall, R. S., & Vierstra, R. D. (2018). Autophagy: The Master of Bulk and Selective Recycling.
Hittps://Doi.Org/10.1146/Annurev-Arplant-042817-040606, 69, 173-208.
https://doi.org/10.1146/ANNUREV-ARPLANT-042817-040606

Martin, S., Harper, C. B., May, L. M., Coulson, E. J., Meunier, F. A., & Osborne, S. L. (2013). Inhibition
of PIKfyve by YM-201636 dysregulates autophagy and leads to apoptosis-independent neuronal cell
death. PloS One, 8(3). https://doi.org/10.1371/JOURNAL.PONE.0060152

Martin, T. F. J. (2012). Role of PI(4,5)P2 in Vesicle Exocytosis and Membrane Fusion. Sub-Cellular
Biochemistry, 59, 111. https://doi.org/10.1007/978-94-007-3015-1 4

Masiero, E., Agatea, L., Mammucari, C., Blaauw, B., Loro, E., Komatsu, M., Metzger, D., Reggiani, C.,
Schiaffino, S., & Sandri, M. (2009). Autophagy is required to maintain muscle mass. Cel/
Metabolism, 10(6), 507-515. https://doi.org/10.1016/J.CMET.2009.10.008

91



Massenzio, F., Pefia-Altamira, E., Petralla, S., Virgili, M., Zuccheri, G., Miti, A., Polazzi, E., Mengoni, I.,
Piffaretti, D., & Monti, B. (2018a). Microglial overexpression of fALS-linked mutant SOD1 induces
SOD1 processing impairment, activation and neurotoxicity and is counteracted by the autophagy
inducer trehalose. Biochimica et Biophysica Acta. Molecular Basis of Disease, 1864(12), 3771-
3785. https://doi.org/10.1016/J.BBADIS.2018.10.013

Massenzio, F., Pefia-Altamira, E., Petralla, S., Virgili, M., Zuccheri, G., Miti, A., Polazzi, E., Mengoni, I.,
Piffaretti, D., & Monti, B. (2018b). Microglial overexpression of fALS-linked mutant SOD1 induces
SOD1 processing impairment, activation and neurotoxicity and is counteracted by the autophagy
inducer trehalose. Biochimica et Biophysica Acta. Molecular Basis of Disease, 1864(12), 3771-
3785. https://doi.org/10.1016/J.BBADIS.2018.10.013

Matarin, M., Salih, D. A., Yasvoina, M., Cummings, D. M., Guelfi, S., Liu, W., NahabooSolim, M. A.,
Moens, T. G., Paublete, R. M., Ali, S. S., Perona, M., Desai, R., Smith, K. J., Latcham, J.,
Fulleylove, M., Richardson, J. C., Hardy, J., & Edwards, F. A. (2015). A Genome-wide gene-
expression analysis and database in transgenic mice during development of amyloid or tau

pathology. Cell Reports, 10(4), 633—644. https://doi.org/10.1016/j.celrep.2014.12.041

Mauvezin, C., & Neufeld, T. P. (2015). Bafilomycin Al disrupts autophagic flux by inhibiting both V-
ATPase-dependent acidification and Ca-P60A/SERCA-dependent autophagosome-lysosome fusion.
Autophagy, 11(8), 1437. https://doi.org/10.1080/15548627.2015.1066957

McCluskey, G., Morrison, K. E., Donaghy, C., Rene, F., Duddy, W., & Duguez, S. (2022). Extracellular
Vesicles in Amyotrophic Lateral Sclerosis. Life 2023, Vol. 13, Page 121, 13(1), 121.
https://doi.org/10.3390/LIFE13010121

McMillan, E. M., & Quadrilatero, J. (2014). Autophagy is required and protects against apoptosis during
myoblast differentiation. The Biochemical Journal, 462(2), 267-2717.
https://doi.org/10.1042/BJ20140312

McMillin, S. L., Minchew, E. C., Lowe, D. A., & Spangenburg, E. E. (2022). Skeletal muscle wasting:
The estrogen side of sexual dimorphism. American Journal of Physiology - Cell Physiology, 322(1),
C24-C37.
https://doi.org/10.1152/AJPCELL.00333.2021/ASSET/IMAGES/LARGE/AJPCELL.00333.2021 F
001.JPEG

92



Medina, D. L. (2023). TRPML1 and TFEB, an Intimate Affair. Handbook of Experimental
Pharmacology, 278. https://doi.org/10.1007/164 2022 603

Medina, D. L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R., Montefusco, S., Scotto-
Rosato, A., Prezioso, C., Forrester, A., Settembre, C., Wang, W., Gao, Q., Xu, H., Sandri, M.,
Rizzuto, R., De Matteis, M. A., & Ballabio, A. (2015a). Lysosomal calcium signalling regulates
autophagy through calcineurin and TFEB. Nature Cell Biology 2014 17:3, 17(3), 288-299.
https://doi.org/10.1038/ncb3114

Medina, D. L., Di Paola, S., Peluso, 1., Armani, A., De Stefani, D., Venditti, R., Montefusco, S., Scotto-
Rosato, A., Prezioso, C., Forrester, A., Settembre, C., Wang, W., Gao, Q., Xu, H., Sandri, M.,
Rizzuto, R., De Matteis, M. A., & Ballabio, A. (2015b). Lysosomal calcium signalling regulates
autophagy through calcineurin and TFEB. Nature Cell Biology, 17(3), 288-299.
https://doi.org/10.1038/NCB3114

Meissner, F., Molawi, K., & Zychlinsky, A. (2010). Mutant superoxide dismutase 1-induced IL-1beta
accelerates ALS pathogenesis. Proceedings of the National Academy of Sciences of the United States
of America, 107(29), 13046—13050. https://doi.org/10.1073/PNAS.1002396107

Méndez-16pez, 1., Sancho-bielsa, F. J., Engel, T., Garcia, A. G., & Padin, J. F. (2021). Progressive
mitochondrial SOD1G93A accumulation causes severe structural, metabolic and functional
aberrations through OPA1 down-regulation in a mouse model of amyotrophic lateral sclerosis.

International Journal of Molecular Sciences, 22(15). https://doi.org/10.3390/1JMS22158194/S1

Millay, D. P., O’Rourke, J. R., Sutherland, L. B., Bezprozvannaya, S., Shelton, J. M., Bassel-Duby, R., &
Olson, E. N. (2013). Myomaker is a membrane activator of myoblast fusion and muscle formation.

Nature 2013 499:7458, 499(7458), 301-305. https://doi.org/10.1038/nature12343

Mizushima, N. (2010). The role of the Atgl/ULK1 complex in autophagy regulation. Current Opinion in
Cell Biology, 22(2), 132—139. https://doi.org/10.1016/J.CEB.2009.12.004

Mizushima, N., & Levine, B. (2010). Autophagy in mammalian development and differentiation. Nature

Cell Biology, 12(9), 823-830. https://doi.org/10.1038/NCB0910-823

Mochizuki, Y., Ohashi, R., Kawamura, T., Iwanari, H., Kodama, T., Naito, M., & Hamakubo, T. (2013).
Phosphatidylinositol 3-Phosphatase Myotubularin-related Protein 6 (MTMRG6) Is Regulated by

93



Small GTPase Rab1B in the Early Secretory and Autophagic Pathways. The Journal of Biological
Chemistry, 288(2), 1009. https://doi.org/10.1074/JBC.M112.395087

Monif, M., Reid, C. A., Powell, K. L., Drummond, K. J., O’Brien, T. J., & Williams, D. A. (2016).
Interleukin-1p has trophic effects in microglia and its release is mediated by P2X7R pore. Journal of

Neuroinflammation, 13(1), 1-15. https://doi.org/10.1186/S12974-016-0621-8/FIGURES/7

Mooren, O. L., Kotova, T. I., Moore, A. J., & Schafer, D. A. (2009). Dynamin2 GTPase and Cortactin
Remodel Actin Filaments. The Journal of Biological Chemistry, 284(36), 23995.
https://doi.org/10.1074/JBC.M109.024398

Morgan, A. J., Platt, F. M., Lloyd-Evans, E., & Galione, A. (2011). Molecular mechanisms of
endolysosomal Ca2+ signalling in health and disease. Biochemical Journal, 439(3), 349-378.
https://doi.org/10.1042/BJ20110949

Munson, M. J., Allen, G. F., Toth, R., Campbell, D. G., Lucocq, J. M., & Ganley, 1. G. (2015). mTOR
activates the VPS34-UVRAG complex to regulate autolysosomal tubulation and cell survival. The
EMBO Journal, 34(17), 2272. https://doi.org/10.15252/EMBJ.201590992

Nascimbeni, A. C., Codogno, P., & Morel, E. (2017). Phosphatidylinositol-3-phosphate in the regulation
of autophagy membrane dynamics. The FEBS Journal, 284(9), 1267-1278.
https://doi.org/10.1111/FEBS.13987

Nassif, M., Woehlbier, U., & Manque, P. A. (2017). The Enigmatic Role of COORF72 in Autophagy.
Frontiers in Neuroscience, 11(AUG). https://doi.org/10.3389/FNINS.2017.00442

Nath, S., Dancourt, J., Shteyn, V., Puente, G., Fong, W. M., Nag, S., Bewersdorf, J., Yamamoto, A.,
Antonny, B., & Melia, T. J. (2014). Lipidation of the LC3/GABARAP family of autophagy proteins
relies upon a membrane curvature-sensing domain in Atg3. Nature Cell Biology, 16(5), 415.

https://doi.org/10.1038/NCB2940

Netea-Maier, R. T., Plantinga, T. S., van de Veerdonk, F. L., Smit, J. W., & Netea, M. G. (2016).
Modulation of inflammation by autophagy: Consequences for human disease. Autophagy, 12(2),

245. https://doi.org/10.1080/15548627.2015.1071759

Nicoziani, P., Vilhardt, F., Llorente, A., Hilout, L., Courtoy, P. J., Sandvig, K., & Van Deurs, B. (2000).
Role for dynamin in late endosome dynamics and trafficking of the cation-independent mannose 6-
phosphate receptor. Molecular Biology of the Cell, 11(2), 481-495.
https://doi.org/10.1091/MBC.11.2.481

%94



Nobukuni, T., Joaquin, M., Roccio, M., Dann, S. G., Kim, S. Y., Gulati, P., Byfield, M. P., Backer, J. M.,
Natt, F., Bos, J. L., Zwartkruis, F. J. T., & Thomas, G. (2005). Amino acids mediate mTOR/raptor
signaling through activation of class 3 phosphatidylinositol 30OH-kinase. Proceedings of the
National Academy of Sciences of the United States of America, 102(40), 14238-14243,
https://doi.org/10.1073/PNAS.0506925102

Obrador, E., Salvador, R., Estrela, J. M., Lopez-Blanch, R., Jihad-Jebbar, A., & Vallés, S. L. (2020).
Oxidative Stress, Neuroinflammation and Mitochondria in the Pathophysiology of Amyotrophic
Lateral Sclerosis. Antioxidants, 9(9), 1-16. https://doi.org/10.3390/ANTIOX9090901

Ochoa, G. C,, Slepnev, V. L., Neff, L., Ringstad, N., Takei, K., Daniell, L., Kim, W., Cao, H., McNiven,
M., Baron, R., & De Camilli, P. (2000). A functional link between dynamin and the actin
cytoskeleton at podosomes. The Journal of Cell Biology, 150(2), 377-389.
https://doi.org/10.1083/JCB.150.2.377

Ogawa, M., Yoshikawa, Y., Kobayashi, T., Mimuro, H., Fukumatsu, M., Kiga, K., Piao, Z., Ashida, H.,
Yoshida, M., Kakuta, S., Koyama, T., Goto, Y., Nagatake, T., Nagai, S., Kiyono, H., Kawalec, M.,
Reichhart, J. M., & Sasakawa, C. (2011). A Tecprl-dependent selective autophagy pathway targets
bacterial pathogens. Cell Host & Microbe, 9(5), 376-389.
https://doi.org/10.1016/J.CHOM.2011.04.010

Oliveira, J., Oliveira, M. E., Kress, W., Taipa, R., Melo Pires, M., Hilbert, P., Baxter, P., Santos, M.,
Buermans, H., Den Dunnen, J. T., & Santos, R. (2012). Expanding the MTM 1 mutational spectrum:
novel variants including the first multi-exonic duplication and development of a locus-specific
database. European Journal of Human Genetics 2013 21:5, 21(5), 540-549.
https://doi.org/10.1038/ejhg.2012.201

Orihuela, R., McPherson, C. A., & Harry, G. J. (2016). Microglial M1/M2 polarization and metabolic
states. British Journal of Pharmacology, 173(4), 649—665.
https://doi.org/10.1111/BPH.13139/SUPPINFO

Palamiuc, L., Ravi, A., & Emerling, B. M. (2020). Phosphoinositides in autophagy: current roles and
future insights. The FEBS Journal, 287(2), 222-238. https://doi.org/10.1111/FEBS.15127

Pankiv, S., Alemu, E. A., Brech, A., Bruun, J. A., Lamark, T., @vervatn, A., Bjerkey, G., & Johansen, T.
(2010). FYCOL is a Rab7 effector that binds to LC3 and PI3P to mediate microtubule plus end-
directed vesicle transport. The Journal of Cell Biology, 188(2), 253-269.
https://doi.org/10.1083/JCB.200907015

95



Park, J., Min, J. S., Kim, B., Chae, U. Bin, Yun, J. W., Choi, M. S., Kong, I. K., Chang, K. T., & Lee, D.
S. (2015). Mitochondrial ROS govern the LPS-induced pro-inflammatory response in microglia
cells by regulating MAPK and NF-kB pathways. Neuroscience Letters, 584, 191-196.
https://doi.org/10.1016/J. NEULET.2014.10.016

Pastore, N., Brady, O. A., Diab, H. 1., Martina, J. A., Sun, L., Huynh, T., Lim, J. A., Zare, H., Raben, N.,
Ballabio, A., & Puertollano, R. (2016). TFEB and TFE3 cooperate in the regulation of the innate
immune response in activated macrophages. Autophagy, 12(8), 1240—-1258.
https://doi.org/10.1080/15548627.2016.1179405

Pefa-Llopis, S., Vega-Rubin-De-Celis, S., Schwartz, J. C., Wolff, N. C., Tran, T. A. T., Zou, L., Xie, X. J.,
Corey, D. R., & Brugarolas, J. (2011). Regulation of TFEB and V-ATPases by mTORCI1. The
EMBO Journal, 30(16), 3242. https://doi.org/10.1038/EMBO0J.2011.257

Peng, W., Wong, Y. C., & Krainc, D. (2020a). Mitochondria-lysosome contacts regulate mitochondrial
Ca2+ dynamics via lysosomal TRPMLI1. Proceedings of the National Academy of Sciences of the
United States of America, 117(32), 19266—-19275.
https://doi.org/10.1073/PNAS.2003236117/SUPPL_FILE/PNAS.2003236117.SM04.MP4

Peng, W., Wong, Y. C., & Krainc, D. (2020b). Mitochondria-lysosome contacts regulate mitochondrial
Ca2+ dynamics via lysosomal TRPMLI1. Proceedings of the National Academy of Sciences of the
United States of America, 117(32), 19266—19275.
https://doi.org/10.1073/PNAS.2003236117/SUPPL_FILE/PNAS.2003236117.SM04.MP4

Peng, X., Wang, Y., Li, H., Fan, J., Shen, J., Yu, X., Zhou, Y., & Mao, H. (2019a). ATG5-mediated
autophagy suppresses NF-«B signaling to limit epithelial inflammatory response to kidney injury.
Cell Death & Disease, 10(4). https://doi.org/10.1038/S41419-019-1483-7

Peng, X., Wang, Y., Li, H., Fan, J., Shen, J., Yu, X., Zhou, Y., & Mao, H. (2019b). ATG5-mediated
autophagy suppresses NF-«B signaling to limit epithelial inflammatory response to kidney injury.

Cell Death & Disease, 10(4). https://doi.org/10.1038/S41419-019-1483-7

Peters, C., Baars, T. L., Biihler, S., & Mayer, A. (2004). Mutual control of membrane fission and fusion
proteins. Cell, 119(5), 667-678. https://doi.org/10.1016/j.cell.2004.11.023

96



Petiot, A., Ogier-Denis, E., Blommaart, E. F. C., Meijer, A. J., & Codogno, P. (2000). Distinct classes of
phosphatidylinositol 3’-kinases are involved in signaling pathways that control macroautophagy in
HT-29 cells. The Journal of Biological Chemistry, 275(2), 992-998.
https://doi.org/10.1074/JBC.275.2.992

Pinto, S., Cunha, C., Barbosa, M., Vaz, A. R., & Brites, D. (2017). Exosomes from NSC-34 Cells
Transfected with hRSOD1-G93A Are Enriched in miR-124 and Drive Alterations in Microglia
Phenotype. Frontiers in Neuroscience, 1I(MAY). https://doi.org/10.3389/FNINS.2017.00273

Plesch, E., Chen, C. C., Butz, E., Rosato, A. S., Krogsaeter, E. K., Yinan, H., Bartel, K., Keller, M.,
Robaa, D., Teupser, D., Holdt, L. M., Vollmar, A. M., Sippl, W., Puertollano, R., Medina, D., Biel,
M., Wahl-Schott, C., Bracher, F., & Grimm, C. (2018). Selective agonist of TRPML2 reveals direct
role in chemokine release from innate immune cells. ELife, 7. https://doi.org/10.7554/ELIFE.39720

Plotegher, N., & Duchen, M. R. (2017). Mitochondrial Dysfunction and Neurodegeneration in Lysosomal
Storage Disorders. Trends in Molecular Medicine, 23(2), 116—134.
https://doi.org/10.1016/J. MOLMED.2016.12.003

Pollari, E., Goldsteins, G., Bart, G., Koistinaho, J., & Giniatullin, R. (2014). The role of oxidative stress
in degeneration of the neuromuscular junction in amyotrophic lateral sclerosis. Frontiers in Cellular

Neuroscience, §(MAY), 88352. https://doi.org/10.3389/FNCEL.2014.00131/BIBTEX

Pollmanns, M. R., Beer, J., Rosignol, 1., Rodriguez-Muela, N., Falkenburger, B. H., & Dinter, E. (2022).
Activated Endolysosomal Cation Channel TRPML1 Facilitates Maturation of a-Synuclein-
Containing Autophagosomes. Frontiers in Cellular Neuroscience, 16.

https://doi.org/10.3389/FNCEL.2022.861202/FULL

Posor, Y., Jang, W., & Haucke, V. (2022). Phosphoinositides as membrane organizers. Nature Reviews

Molecular Cell Biology 2022 23:12, 23(12), 797-816. https://doi.org/10.1038/s41580-022-00490-x

Pu, Q., Gan, C., Li, R., Li, Y., Tan, S., Li, X., Wei, Y., Lan, L., Deng, X., Liang, H., Ma, F., & Wu, M.
(2017). Atg7 Deficiency Intensifies Inflammasome Activation and Pyroptosis in Pseudomonas
Sepsis. Journal of Immunology (Baltimore, Md. : 1950), 198(8), 3205-3213.
https://doi.org/10.4049/JIMMUNOL.1601196

Qi, J., Xing, Y., Liu, Y., Wang, M. M., Wei, X., Sui, Z., Ding, L., Zhang, Y., Lu, C., Fei, Y. H., Liu, N.,
Chen, R., Wu, M., Wang, L., Zhong, Z., Wang, T., Liu, Y., Wang, Y., Liu, J., ... Wang, W. (2021).
MCOLNI/TRPMLI finely controls oncogenic autophagy in cancer by mediating zinc influx.
Autophagy, 17(12), 4401-4422. https://doi.org/10.1080/15548627.2021.1917132

97



Qin, L., Li, G., Qian, X., Liu, Y., Wu, X,, Liu, B., Hong, J. S., & Block, M. L. (2005). Interactive role of
the toll-like receptor 4 and reactive oxygen species in LPS-induced microglia activation. Glia, 52(1),

78—84. https://doi.org/10.1002/GLIA.20225

Querfurth, H., & Lee, H. K. (2021). Mammalian/mechanistic target of rapamycin (mTOR) complexes in
neurodegeneration. Molecular Neurodegeneration 2021 16:1, 16(1), 1-25.
https://doi.org/10.1186/S13024-021-00428-5

Rabanal-Ruiz, Y., Otten, E. G., & Korolchuk, V. I. (2017). mTORCI1 as the main gateway to autophagy.
Essays in Biochemistry, 61(6), 565. https://doi.org/10.1042/EBC20170027

Raben, N., Hill, V., Shea, L., Takikita, S., Baum, R., Mizushima, N., Ralston, E., & Plotz, P. (2008).
Suppression of autophagy in skeletal muscle uncovers the accumulation of ubiquitinated proteins
and their potential role in muscle damage in Pompe disease. Human Molecular Genetics, 17(24),

3897-3908. https://doi.org/10.1093/HMG/DDN292

Raess, M., Cowling, B., Bertazzi, D., Kretz, C., Rinaldi, B., Kessler, P., Friant, S., & Laporte, J. (2017).
Expression of the neuropathy-associated MTMR2 gene rescues MTM 1-associated myopathy.
Neuromuscular Disorders, 27, S170-S171. https://doi.org/10.1016/j.nmd.2017.06.281

Rasband, M. N. (2016). Glial Contributions to Neural Function and Disease. Molecular & Cellular
Proteomics : MCP, 15(2), 355. https://doi.org/10.1074/MCP.R115.053744

Rashid, M. M., Runci, A., Polletta, L., Carnevale, 1., Morgante, E., Foglio, E., Arcangeli, T., Sansone, L.,
Russo, M. A., & Tafani, M. (2015). Muscle LIM protein/CSRP3: a mechanosensor with a role in
autophagy. Cell Death Discovery 2015 1:1, 1(1), 1-12. https://doi.org/10.1038/cddiscovery.2015.14

Rea, S. L., Majcher, V., Searle, M. S., & Layfield, R. (2014). SQSTM1 mutations — Bridging Paget
disease of bone and ALS/FTLD. Experimental Cell Research, 325(1), 27-37.
https://doi.org/10.1016/J.YEXCR.2014.01.020

Redmann, M., Benavides, G. A., Berryhill, T. F., Wani, W. Y., Ouyang, X., Johnson, M. S., Ravi, S.,
Barnes, S., Darley-Usmar, V. M., & Zhang, J. (2017). Inhibition of autophagy with bafilomycin and
chloroquine decreases mitochondrial quality and bioenergetic function in primary neurons. Redox

Biology, 11, 73. https://doi.org/10.1016/J.REDOX.2016.11.004

98



Reifler, A., Li, X., Archambeau, A. J., McDade, J. R., Sabha, N., Michele, D. E., & Dowling, J. J. (2014).
Conditional Knockout of Pik3c3 Causes a Murine Muscular Dystrophy. The American Journal of
Pathology, 184(6), 1819. https://doi.org/10.1016/J.AJPATH.2014.02.012

Renard, P., Zachary, M. D., Bougelet, C., Mirault, M. E., Haegeman, G., Remacle, J., & Raes, M. (1997).
Effects of antioxidant enzyme modulations on interleukin-1-induced nuclear factor kappa B
activation. Biochemical Pharmacology, 53(2), 149-160. https://doi.org/10.1016/S0006-
2952(96)00645-4

Ribeiro, M. C., Peruchetti, D. B., Silva, L. S., Silva-Filho, J. L., Souza, M. C., Henriques, M. das G.,
Caruso-Neves, C., & Pinheiro, A. A. S. (2018). LPS Induces mMTORC1 and mTORC2 Activation
During Monocyte Adhesion. Frontiers in Molecular Biosciences, 5(JUL), 67.
https://doi.org/10.3389/FMOLB.2018.00067/FULL

Richardson, K., Allen, S. P., Mortiboys, H., Grierson, A. J., Wharton, S. B., Ince, P. G., Shaw, P. J., &
Heath, P. R. (2013). The Effect of SOD1 Mutation on Cellular Bioenergetic Profile and Viability in
Response to Oxidative Stress and Influence of Mutation-Type. PLOS ONE, 8(6), €68256.
https://doi.org/10.1371/JOURNAL.PONE.0068256

Rojo, A. 1., McBean, G., Cindric, M., Egea, J., Lopez, M. G., Rada, P., Zarkovic, N., & Cuadrado, A.
(2014). Redox Control of Microglial Function: Molecular Mechanisms and Functional Significance.

Antioxidants & Redox Signaling, 21(12), 1766. https://doi.org/10.1089/ARS.2013.5745

Rong, Y., Liu, M., Ma, L., Du, W., Zhang, H., Tian, Y., Cao, Z., Li, Y., Ren, H., Zhang, C., Li, L., Chen,
S., Xi, J., & Yu, L. (2012). Clathrin and phosphatidylinositol-4,5-bisphosphate regulate autophagic
lysosome reformation. Nature Cell Biology 2012 14:9, 14(9), 924-934.
https://doi.org/10.1038/ncb2557

Rosen, D. R., Siddique, T., Patterson, D., Figlewicz, D. A., Sapp, P., Hentati, A., Donaldson, D., Goto, J.,
O’Regan, J. P., Deng, H. X., Rahmani, Z., Krizus, A., McKenna-Yasek, D., Cayabyab, A., Gaston, S.
M., Berger, R., Tanzi, R. E., Halperin, J. J., Herzfeldt, B., ... Brown, R. H. (1993). Mutations in
Cu/Zn superoxide dismutase gene are associated with familial amyotrophic lateral sclerosis. Nature,

362(6415), 59-62. https://doi.org/10.1038/362059A0

Rubartelli, A., Cozzolino, F., Talio, M., & Sitia, R. (1990). A novel secretory pathway for interleukin-1p, a
protein lacking a signal sequence. EMBO Journal, 9(5), 1503—1510. https://doi.org/10.1002/J.1460-
2075.1990.TB08268.X

99



Rudnick, N. D., Griffey, C. J., Guarnieri, P., Gerbino, V., Wang, X., Piersaint, J. A., Tapia, J. C., Rich, M.
M., & Maniatis, T. (2017). Distinct roles for motor neuron autophagy early and late in the
SOD1G93A mouse model of ALS. Proceedings of the National Academy of Sciences of the United
States of America, 114(39), E8294-E8303. https://doi.org/10.1073/PNAS.1704294114

Riihl, P., Rosato, A. S., Urban, N., Gerndt, S., Tang, R., Abrahamian, C., Leser, C., Sheng, J., Jha, A.,
Vollmer, G., Schaefer, M., Bracher, F., & Grimm, C. (2021). Estradiol analogs attenuate autophagy,
cell migration and invasion by direct and selective inhibition of TRPML1, independent of estrogen

receptors. Scientific Reports, 11(1), 8313. https://doi.org/10.1038/S41598-021-87817-4

Runwal, G., Stamatakou, E., Siddiqi, F. H., Puri, C., Zhu, Y., & Rubinsztein, D. C. (2019). LC3-positive
structures are prominent in autophagy-deficient cells. Scientific Reports 2019 9:1, 9(1), 1-14.
https://doi.org/10.1038/s41598-019-46657-z

Russell, R. C., Tian, Y., Yuan, H., Park, H. W, Chang, Y. Y., Kim, J., Kim, H., Neufeld, T. P, Dillin, A., &
Guan, K. L. (2013). ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34
lipid kinase. Nature Cell Biology 2013 15:7, 15(7), 741-750. https://doi.org/10.1038/ncb2757

Rusten, T. E., Vaccari, T., Lindmo, K., Rodahl, L. M. W., Nezis, 1. P., Sem-Jacobsen, C., Wendler, F.,
Vincent, J. P., Brech, A., Bilder, D., & Stenmark, H. (2007). ESCRTs and Fabl regulate distinct
steps of autophagy. Current Biology : CB, 17(20), 1817-1825.
https://doi.org/10.1016/J.CUB.2007.09.032

Sabha, N., Volpatti, J. R., Gonorazky, H., Reifler, A., Davidson, A. E., Li, X., Eltayeb, N. M., Dall’ Armi,
C., Di Paolo, G., Brooks, S. V., Buj-Bello, A., Feldman, E. L., & Dowling, J. J. (2016). PIK3C2B
inhibition improves function and prolongs survival in myotubular myopathy animal models. The

Journal of Clinical Investigation, 126(9), 3613. https://doi.org/10.1172/JCI86841

Saitoh, T., Fujita, N., Jang, M. H., Uematsu, S., Yang, B. G., Satoh, T., Omori, H., Noda, T., Yamamoto,
N., Komatsu, M., Tanaka, K., Kawai, T., Tsujimura, T., Takeuchi, O., Yoshimori, T., & Akira, S.
(2008a). Loss of the autophagy protein Atgl6L1 enhances endotoxin-induced IL-1beta production.
Nature, 456(7219), 264-268. https://doi.org/10.1038/NATURE07383

Saitoh, T., Fujita, N., Jang, M. H., Uematsu, S., Yang, B. G., Satoh, T., Omori, H., Noda, T., Yamamoto,
N., Komatsu, M., Tanaka, K., Kawai, T., Tsujimura, T., Takeuchi, O., Yoshimori, T., & Akira, S.

100



(2008b). Loss of the autophagy protein Atgl6L1 enhances endotoxin-induced IL-1beta production.
Nature, 456(7219), 264-268. https://doi.org/10.1038/NATURE07383

Saleeb, R. S., Kavanagh, D. M., Dun, A. R., Dalgarno, P. A., & Duncan, R. R. (2019). A VPS33A-binding
motif on syntaxin 17 controls autophagy completion in mammalian cells. Journal of Biological
Chemistry, 294(11), 4188-4201.
https://doi.org/10.1074/JBC.RA118.005947/ATTACHMENT/BDFF6628-E9ED-4882-87AC-
BB573DCBF557/MMC1.PDF

Samie, M. A., & Xu, H. (2014). Lysosomal exocytosis and lipid storage disorders. Journal of Lipid
Research, 55(6), 995-10009. https://doi.org/10.1194/JLR.R046896

Samsd, P., Koch, P. A., Posor, Y., Lo, W. T., Belabed, H., Nazare, M., Laporte, J., & Haucke, V. (2022).
Antagonistic control of active surface integrins by myotubularin and phosphatidylinositol 3-kinase
C2p in a myotubular myopathy model. Proceedings of the National Academy of Sciences of the
United States of America, 119(40). https://doi.org/10.1073/PNAS.2202236119

Sanchez-Juan, P., Bishop, M. T., Aulchenko, Y. S., Brandel, J. P., Rivadeneira, F., Struchalin, M.,
Lambert, J. C., Amouyel, P., Combarros, O., Sainz, J., Carracedo, A., Uitterlinden, A. G., Hofman,
A., Zerr, 1., Kretzschmar, H. A., Laplanche, J. L., Knight, R. S. G., Will, R. G., & van Duijn, C. M.
(2012). Genome-wide study links MTMR?7 gene to variant Creutzfeldt-Jakob risk. Neurobiology of
Aging, 33(7), 1487.21-1487.e28. https://doi.org/10.1016/J.NEUROBIOLAGING.2011.10.011

Santoni, G., Maggi, F., Amantini, C., Marinelli, O., Nabissi, M., & Morelli, M. B. (2020).
Pathophysiological Role of Transient Receptor Potential Mucolipin Channel 1 in Calcium-Mediated
Stress-Induced Neurodegenerative Diseases. Frontiers in Physiology, 11, 522417.
https://doi.org/10.3389/FPHYS.2020.00251/BIBTEX

Sargsyan, S. A., Blackburn, D. J., Barber, S. C., Monk, P. N., & Shaw, P. J. (2009). Mutant SOD1 G93A
microglia have an inflammatory phenotype and elevated production of MCP-1. Neuroreport, 20(16),
1450. https://doi.org/10.1097/WNR.OBO13E328331ESFA

Sarikaya, E., Sabha, N., Volpatti, J., Pannia, E., Maani, N., Gonorazky, H. D., Celik, A., Liang, Y.,
Onofre-Oliveira, P., & Dowling, J. J. (2022). Natural history of a mouse model of X-linked
myotubular myopathy. Disease Models & Mechanisms, 15(7). https://doi.org/10.1242/DMM.049342

Saura, J., Tusell, J. M., & Serratosa, J. (2003). High-yield isolation of murine microglia by mild
trypsinization. Glia, 44(3), 183—189. https://doi.org/10.1002/GLIA.10274

101



Schiaftino, S., Rossi, A. C., Smerdu, V., Leinwand, L. A., & Reggiani, C. (2015). Developmental
myosins: Expression patterns and functional significance. Skeletal Muscle, 5(1), 1-14.

https://doi.org/10.1186/S13395-015-0046-6/FIGURES/1

Schulze, R. J., Weller, S. G., Schroeder, B., Krueger, E. W., Chi, S., Casey, C. A., & McNiven, M. A.
(2013). Lipid droplet breakdown requires dynamin 2 for vesiculation of autolysosomal tubules in
hepatocytes. Journal of Cell Biology, 203(2), 315-326.
https://doi.org/10.1083/JCB.201306140/VIDEO-6

Scotto Rosato, A., Montefusco, S., Soldati, C., Di Paola, S., Capuozzo, A., Monfregola, J., Polishchuk, E.,
Amabile, A., Grimm, C., Lombardo, A., De Matteis, M. A., Ballabio, A., & Medina, D. L. (2019a).
TRPML1 links lysosomal calcium to autophagosome biogenesis through the activation of the
CaMKKJP/VPS34 pathway. Nature Communications 2019 10:1, 10(1), 1-16.
https://doi.org/10.1038/s41467-019-13572-w

Scotto Rosato, A., Montefusco, S., Soldati, C., Di Paola, S., Capuozzo, A., Monfregola, J., Polishchuk, E.,
Amabile, A., Grimm, C., Lombardo, A., De Matteis, M. A., Ballabio, A., & Medina, D. L. (2019b).
TRPML1 links lysosomal calcium to autophagosome biogenesis through the activation of the
CaMKKJP/VPS34 pathway. Nature Communications 2019 10:1, 10(1), 1-16.
https://doi.org/10.1038/s41467-019-13572-w

Sellier, C., Campanari, M., Julie Corbier, C., Gaucherot, A., Kolb-Cheynel, 1., Oulad-Abdelghani, M.,
Ruffenach, F., Page, A., Ciura, S., Kabashi, E., & Charlet-Berguerand, N. (2016). Loss of COORF72
impairs autophagy and synergizes with polyQ Ataxin-2 to induce motor neuron dysfunction and cell

death. The EMBO Journal, 35(12), 1276—1297. https://doi.org/10.15252/EMBJ.201593350

Semino, C., Carta, S., Gattorno, M., Sitia, R., & Rubartelli, A. (2018). Progressive waves of IL-1p release
by primary human monocytes via sequential activation of vesicular and gasdermin D-mediated
secretory pathways. Cell Death & Disease 2018 9:11, 9(11), 1-14. https://doi.org/10.1038/s41419-
018-1121-9

Settembre, C., & Ballabio, A. (2014). Lysosomal adaptation: how the lysosome responds to external cues.
Cold Spring Harbor Perspectives in Biology, 6(6).
https://doi.org/10.1101/CSHPERSPECT.A016907

Settembre, C., Fraldi, A., Medina, D. L., & Ballabio, A. (2013). Signals from the lysosome: a control
centre for cellular clearance and energy metabolism. Nature Reviews. Molecular Cell Biology, 14(5),

283-296. https://doi.org/10.1038/NRM3565

102



Shi, H., Zhang, Z., Wang, X., Li, R., Hou, W., Bi, W., & Zhang, X. (2015a). Inhibition of autophagy
induces IL-1p release from ARPE-19 cells via ROS mediated NLRP3 inflammasome activation
under high glucose stress. Biochemical and Biophysical Research Communications, 463(4), 1071—
1076. https://doi.org/10.1016/J.BBRC.2015.06.060

Shi, H., Zhang, Z., Wang, X., Li, R., Hou, W., Bi, W., & Zhang, X. (2015b). Inhibition of autophagy
induces IL-1P release from ARPE-19 cells via ROS mediated NLRP3 inflammasome activation
under high glucose stress. Biochemical and Biophysical Research Communications, 463(4), 1071—

1076. https://doi.org/10.1016/J.BBRC.2015.06.060

Silverman, J. M., Christy, D., Shyu, C. C., Moon, K. M., Fernando, S., Gidden, Z., Cowan, C. M., Ban,
Y., Greg Stacey, R., Grad, L. ., McAlary, L., Mackenzie, 1. R., Foster, L. J., & Cashman, N. R.
(2019). CNS-derived extracellular vesicles from superoxide dismutase 1 (SOD1)G93A ALS mice
originate from astrocytes and neurons and carry misfolded SOD1. The Journal of Biological

Chemistry, 294(10), 3744-3759. https://doi.org/10.1074/JBC.RA118.004825

Simpson, D. S. A., & Oliver, P. L. (2020). ROS Generation in Microglia: Understanding Oxidative Stress
and Inflammation in Neurodegenerative Disease. Antioxidants, 9(8), 1-27.

https://doi.org/10.3390/ANTIOX9080743

Sin, J., Andres, A. M., Taylo R, D. J. R., Weston, T., Hiraumi, Y., Stotland, A., Kim, B. J., Huang, C.,
Doran, K. S., & Gottlieb, R. A. (2016). Mitophagy is required for mitochondrial biogenesis and
myogenic differentiation of C2C12 myoblasts. Autophagy, 12(2), 369-380.
https://doi.org/10.1080/15548627.2015.1115172

Siow, W. X., Kabiri, Y., Tang, R., Chao, Y. K., Plesch, E., Eberhagen, C., Flenkenthaler, F., Frohlich, T.,
Bracher, F., Grimm, C., Biel, M., Zischka, H., Vollmar, A. M., & Bartel, K. (2022). Lysosomal
TRPMLI regulates mitochondrial function in hepatocellular carcinoma cells. Journal of Cell

Science, 135(6). https://doi.org/10.1242/JCS.259455

Sivadasan, R., Hornburg, D., Drepper, C., Frank, N., Jablonka, S., Hansel, A., Lojewski, X., Sterneckert,
J., Hermann, A., Shaw, P. J., Ince, P. G., Mann, M., Meissner, F., & Sendtner, M. (2016). COORF72
interaction with cofilin modulates actin dynamics in motor neurons. Nature Neuroscience, 19(12),

1610-1618. https://doi.org/10.1038/NN.4407

Song, Q., Meng, B., Xu, H., & Mao, Z. (2020). The emerging roles of vacuolar-type ATPase-dependent
Lysosomal acidification in neurodegenerative diseases. Translational Neurodegeneration 2020 9:1,

9(1), 1-14. https://doi.org/10.1186/S40035-020-00196-0

103



Spiro, A. J., Shy, G. M., & Gonatas, N. K. (1966). Myotubular myopathy. Persistence of fetal muscle in
an adolescent boy. Archives of Neurology, 14(1), 1-14.
https://doi.org/10.1001/ARCHNEUR.1966.00470070005001

Spix, B., Butz, E. S., Chen, C. C., Rosato, A. S., Tang, R., Jeridi, A., Kudrina, V., Plesch, E., Wartenberg,
P., Arlt, E., Briukhovetska, D., Ansari, M., Giinsel, G. G., Conlon, T. M., Wyatt, A., Wetzel, S.,
Teupser, D., Holdt, L. M., Ectors, F., ... Grimm, C. (2022). Lung emphysema and impaired
macrophage elastase clearance in mucolipin 3 deficient mice. Nature Communications 2022 13:1,

13(1), 1-18. https://doi.org/10.1038/s41467-021-27860-x

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nature Reviews Molecular Cell
Biology 2009 10:8, 10(8), 513-525. https://doi.org/10.1038/nrm2728

Suk, T. R., & Rousseaux, M. W. C. (2020). The role of TDP-43 mislocalization in amyotrophic lateral
sclerosis. Molecular Neurodegeneration, 15(1), 1-16. https://doi.org/10.1186/S13024-020-00397-
1/FIGURES/2

Sullivan, P. M., Zhou, X., Robins, A. M., Paushter, D. H., Kim, D., Smolka, M. B., & Hu, F. (2016). The
ALS/FTLD associated protein C9orf72 associates with SMCR8 and WDR41 to regulate the

autophagy-lysosome pathway. Acta Neuropathologica Communications, 4(1), 51.
https://doi.org/10.1186/S40478-016-0324-5

Sun, T., Wang, X., Lu, Q., Ren, H., & Zhang, H. (2011). CUP-5, the C. elegans ortholog of the
mammalian lysosomal channel protein MLN1/TRPML1, is required for proteolytic degradation in

autolysosomes. Autophagy, 7(11), 1308-1315. https://doi.org/10.4161/AUTO.7.11.17759

Sun, X., Yang, Y., Zhong, X. Z., Cao, Q., Zhu, X. H., Zhu, X., & Dong, X. P. (2018). A negative feedback
regulation of MTORCI1 activity by the lysosomal Ca2+ channel MCOLN1 (mucolipin 1) using a
CALM (calmodulin)-dependent mechanism. Autophagy, 14(1), 38-52.
https://doi.org/10.1080/15548627.2017.1389822/SUPPL_FILE/KAUP_A 1389822 SM5690.PPTX

Takenouchi, T., Iwamaru, Y., Sugama, S., Tsukimoto, M., Fujita, M., Sekigawa, A., Sekiyama, K., Sato,
M., Kojima, S., Conti, B., Hashimoto, M., & Kitani, H. (2011). The activation of P2X7 receptor
induces cathepsin D-dependent production of a 20-kDa form of IL-1 under acidic extracellular pH
in LPS-primed microglial cells. Journal of Neurochemistry, 117(4), 712-723.
https://doi.org/10.1111/J.1471-4159.2011.07240.X

Takeuchi, H., Jin, S., Wang, J., Zhang, G., Kawanokuchi, J., Kuno, R., Sonobe, Y., Mizuno, T., &

Suzumura, A. (2006). Tumor necrosis factor-alpha induces neurotoxicity via glutamate release from

104



hemichannels of activated microglia in an autocrine manner. The Journal of Biological Chemistry,

281(30), 21362-21368. https://doi.org/10.1074/JBC.M600504200

Tanida, I., Ueno, T., & Kominami, E. (2008). LC3 and Autophagy. Methods in Molecular Biology
(Clifton, N.J.), 445, 77-88. https://doi.org/10.1007/978-1-59745-157-4 4

Tasfaout, H., Buono, S., Guo, S., Kretz, C., Messaddeq, N., Booten, S., Greenlee, S., Monia, B. P.,
Cowling, B. S., & Laporte, J. (2017). Antisense oligonucleotide-mediated Dnm2 knockdown
prevents and reverts myotubular myopathy in mice. Nature Communications 2017 8:1, 8(1), 1-13.
https://doi.org/10.1038/ncomms 15661

Tasfaout, H., Lionello, V. M., Kretz, C., Koebel, P., Messaddeq, N., Bitz, D., Laporte, J., & Cowling, B. S.
(2018). Single Intramuscular Injection of AAV-shRNA Reduces DNM2 and Prevents Myotubular
Myopathy in Mice. Molecular Therapy : The Journal of the American Society of Gene Therapy,
26(4), 1082—-1092. https://doi.org/10.1016/J.YMTHE.2018.02.008

Taylor, G. S., Maehama, T., & Dixon, J. E. (2000). Myotubularin, a protein tyrosine phosphatase mutated
in myotubular myopathy, dephosphorylates the lipid second messenger, phosphatidylinositol 3-
phosphate. Proceedings of the National Academy of Sciences of the United States of America,
97(16), 8910-8915. https://doi.org/10.1073/PNAS.160255697/ASSET/3CBC440D-33A4-45D5-
B7D3-C88A88AD77B1/ASSETS/GRAPHIC/PQ1602556005.JPEG

Taylor, J. P., Brown, R. H., & Cleveland, D. W. (2016). Decoding ALS: from genes to mechanism.
Nature, 539(7628), 197-206. https://doi.org/10.1038/NATURE20413

Tedeschi, V., Petrozziello, T., Sisalli, M. J., Boscia, F., Canzoniero, L. M. T., & Secondo, A. (2019). The
activation of Mucolipin TRP channel 1 (TRPMLI1) protects motor neurons from L-BMAA
neurotoxicity by promoting autophagic clearance. Scientific Reports, 9(1).

https://doi.org/10.1038/S41598-019-46708-5

Teng, Y. D., Benn, S. C., Kalkanis, S. N., Shefner, J. M., Onario, R. C., Cheng, B., Lachyankar, M. B.,
Marconi, M., Li, J., Yu, D., Han, 1., Maragakis, N. J., Llado, J., Erkmen, K., Redmond, D. E.,
Sidman, R. L., Przedborski, S., Rothstein, J. D., Brown, R. H., & Snyder, E. Y. (2012). Multimodal
actions of neural stem cells in a mouse model of ALS: a meta-analysis. Science Translational

Medicine, 4(165). https://doi.org/10.1126/SCITRANSLMED.3004579

Tian, X., Zheng, P., Zhou, C., Wang, X., Ma, H., Ma, W., Zhou, X., Teng, J., & Chen, J. (2020). DIPK2A
promotes STX17- and VAMP7-mediated autophagosome-lysosome fusion by binding to VAMP7B.
Autophagy, 16(5), 797-810. https://doi.org/10.1080/15548627.2019.1637199

105



Tortelli, R., Zecca, C., Piccininni, M., Benmahamed, S., Dell’ Abate, M. T., Barulli, M. R., Capozzo, R.,
Battista, P., & Logroscino, G. (2020). Plasma Inflammatory Cytokines Are Elevated in ALS.
Frontiers in Neurology, 11, 552295. https://doi.org/10.3389/FNEUR.2020.552295/BIBTEX

Toth, R. P., & Atkin, J. D. (2018). Dysfunction of Optineurin in Amyotrophic Lateral Sclerosis and
Glaucoma. Frontiers in Immunology, 9MAY), 1017. https://doi.org/10.3389/FIMMU.2018.01017

Trist, B. G., Fifita, J. A., Hogan, A., Grima, N., Smith, B., Troakes, C., Vance, C., Shaw, C., Al-Sarraj, S.,
Blair, I. P., & Double, K. L. (2022). Co-deposition of SOD1, TDP-43 and p62 proteinopathies in

ALS: evidence for multifaceted pathways underlying neurodegeneration. Acta Neuropathologica
Communications, 10(1), 1-17. https://doi.org/10.1186/S40478-022-01421-9/FIGURES/5

Tronchere, H., Laporte, J., Pendaries, C., Chaussade, C., Liaubet, L., Pirola, L., Mandel, J. L., &
Payrastre, B. (2004a). Production of phosphatidylinositol 5-phosphate by the phosphoinositide 3-
phosphatase myotubularin in mammalian cells. The Journal of Biological Chemistry, 279(8), 7304—

7312. https://doi.org/10.1074/JBC.M311071200

Troncheére, H., Laporte, J., Pendaries, C., Chaussade, C., Liaubet, L., Pirola, L., Mandel, J. L., &
Payrastre, B. (2004b). Production of phosphatidylinositol 5-phosphate by the phosphoinositide 3-
phosphatase myotubularin in mammalian cells. The Journal of Biological Chemistry, 279(8), 7304—

7312. https://doi.org/10.1074/JBC.M311071200

Tsujita, K., Itoh, T., [juin, T., Yamamoto, A., Shisheva, A., Laporte, J., & Takenawa, T. (2004a).
Myotubularin Regulates the Function of the Late Endosome Through the GRAM Domain-
Phosphatidylinositol 3,5-Bisphosphate Interaction. Journal of Biological Chemistry, 279(14),

13817—-13824. https://doi.org/10.1074/jbc.M312294200

Tsujita, K., Itoh, T., [juin, T., Yamamoto, A., Shisheva, A., Laporte, J., & Takenawa, T. (2004b).

Myotubularin regulates the function of the late endosome through the gram domain-

phosphatidylinositol 3,5-bisphosphate interaction. The Journal of Biological Chemistry, 279(14),
13817-13824. https://doi.org/10.1074/JBC.M312294200

Turner, B. J., & Talbot, K. (2008). Transgenics, toxicity and therapeutics in rodent models of mutant
SOD1-mediated familial ALS. Progress in Neurobiology, 85(1), 94—134.
https://doi.org/10.1016/J.PNEUROBIO.2008.01.001

106



Udayar, V., Chen, Y., Sidransky, E., & Jagasia, R. (2022). Lysosomal dysfunction in neurodegeneration:
emerging concepts and methods. Trends in Neurosciences, 45(3), 184—199.

https://doi.org/10.1016/J.TINS.2021.12.004

van Wijngaarden, G. K., Fleury, P., Bethlem, J., & Hugo Meijer, A. E. F. (1969). Familial “myotubular”
myopathy. Neurology, 19(9), 901-908. https://doi.org/10.1212/WNL.19.9.901

Vaz, A. R., Pinto, S., Ezequiel, C., Cunha, C., Carvalho, L. A., Moreira, R., & Brites, D. (2019).
Phenotypic effects of wild-type and mutant SOD1 expression in n9 murine microglia at steady state,
inflammatory and immunomodulatory conditions. Frontiers in Cellular Neuroscience, 13, 434193.

https://doi.org/10.3389/FNCEL.2019.00109/BIBTEX

Velichkova, M., Juan, J., Kadandale, P., Jean, S., Ribeiro, I., Raman, V., Stefan, C., & Kiger, A. A. (2010).
Drosophila Mtm and class II PI3K coregulate a PI(3)P pool with cortical and endolysosomal
functions. The Journal of Cell Biology, 190(3), 407-425. https://doi.org/10.1083/JCB.200911020

Venkatachalam, K., Long, A. A., Elsaesser, R., Nikolaeva, D., Broadie, K., & Montell, C. (2008). Motor
Deficit in a Drosophila Model of Mucolipidosis Type IV due to Defective Clearance of Apoptotic
Cells. Cell, 135(5), 838—851. https://doi.org/10.1016/j.cell.2008.09.041

Venkatachalam, K., Wong, C. O., & Zhu, M. X. (2015). The Role of TRPMLs in Endolysosomal
Trafficking and Function. Cell Calcium, 58(1), 48. https://doi.org/10.1016/J.CECA.2014.10.008

Vergne, 1., & Deretic, V. (2010). The role of PI3P phosphatases in the regulation of autophagy. FEBS
Letters, 584(7), 1313—1318. https://doi.org/10.1016/J.FEBSLET.2010.02.054

Vivekanantham, S., Shah, S., Dewji, R., Dewji, A., Khatri, C., & Ologunde, R. (2015).
Neuroinflammation in Parkinson’s disease: role in neurodegeneration and tissue repair. The
International Journal of Neuroscience, 125(10), 717-725.
https://doi.org/10.3109/00207454.2014.982795

Wagers, A. J., & Conboy, I. M. (2005). Cellular and Molecular Signatures of Muscle Regeneration:
Current Concepts and Controversies in Adult Myogenesis. Cell, 122(5), 659-667.
https://doi.org/10.1016/J.CELL.2005.08.021

Walker, D. M., Urbé, S., Dove, S. K., Tenza, D., Raposo, G., & Clague, M. J. (2001). Characterization of
MTMR3: an inositol lipid 3-phosphatase with novel substrate specificity. Current Biology, 11(20),
1600—-1605. https://doi.org/10.1016/S0960-9822(01)00501-2

107



Wang, H., Sun, H. Q., Zhu, X., Zhang, L., Albanesi, J., Levine, B., & Yin, H. (2015). GABARAPs
regulate PI4P-dependent autophagosome: Lysosome fusion. Proceedings of the National Academy of
Sciences of the United States of America, 112(22), 7015-7020.
https://doi.org/10.1073/PNAS.1507263112/SUPPL_FILE/PNAS.1507263112.SM04.AVI

Wang, 1. F., Tsai, K. J., & Shen, C. K. J. (2012). Autophagy activation ameliorates neuronal pathogenesis
of FTLD-U mice. Https://Doi.Org/10.4161/Auto.22526, 9(2), 239-240.
https://doi.org/10.4161/AUTO.22526

Wang, W., Gao, Q., Yang, M., Zhang, X., Yu, L., Lawas, M., Li, X., Bryant-Genevier, M., Southall, N. T.,
Marugan, J., Ferrer, M., & Xu, H. (2015a). Up-regulation of lysosomal TRPML1 channels is
essential for lysosomal adaptation to nutrient starvation. Proceedings of the National Academy of
Sciences of the United States of America, 112(11), E1373-E1381.
https://doi.org/10.1073/PNAS.1419669112/SUPPL_FILE/PNAS.201419669S1.PDF

Wang, W., Gao, Q., Yang, M., Zhang, X., Yu, L., Lawas, M., Li, X., Bryant-Genevier, M., Southall, N. T.,
Marugan, J., Ferrer, M., & Xu, H. (2015b). Up-regulation of lysosomal TRPMLI1 channels is
essential for lysosomal adaptation to nutrient starvation. Proceedings of the National Academy of
Sciences of the United States of America, 112(11), E1373-E1381.
https://doi.org/10.1073/PNAS.1419669112/SUPPL_FILE/PNAS.201419669SI.PDF

Wang, W., Zhang, X., Gao, Q., & Xu, H. (2014). Trpml1: An ion channel in the lysosome. Handbook of
Experimental Pharmacology, 222, 631-645. https://doi.org/10.1007/978-3-642-54215-
2 24/FIGURES/2

Wang, X., Zhang, X., Dong, X. P., Samie, M., Li, X., Cheng, X., Goschka, A., Shen, D., Zhou, Y., Harlow,
J., Zhu, M. X., Clapham, D. E., Ren, D., & Xu, H. (2012). TPC proteins are phosphoinositide-
activated sodium-selective ion channels in endosomes and lysosomes. Cell, 151(2), 372-383.

https://doi.org/10.1016/J.CELL.2012.08.036

Wei, Y. (2014). Autophagic induction of amyotrophic lateral sclerosis-linked Cu/Zn superoxide dismutase
1 G93A mutant in NSC34 cells. Neural Regeneration Research, 9(1), 16-24.
https://doi.org/10.4103/1673-5374.125325

Wickner, W., & Schekman, R. (2008). Membrane fusion. Nature Structural & Molecular Biology 2008
15:7, 15(7), 658—664. https://doi.org/10.1038/nsmb.1451

Wills, R. C., & Hammond, G. R. V. (2022). PI(4,5)P2: signaling the plasma membrane. Biochemical
Journal, 479(21), 2311. https://doi.org/10.1042/BCJ20220445

108



Wolf, S. A., Boddeke, H. W. G. M., & Kettenmann, H. (2017). Microglia in Physiology and Disease.
Annual Review of Physiology, 79, 619—-643. https://doi.org/10.1146/ANNUREV-PHY SIOL-022516-
034406

Wong, Y. C., & Holzbaur, E. L. F. (2014). Optineurin is an autophagy receptor for damaged mitochondria
in parkin-mediated mitophagy that is disrupted by an ALS-linked mutation. Proceedings of the
National Academy of Sciences of the United States of America, 111(42), E4439-E4448.
https://doi.org/10.1073/PNAS.1405752111/SUPPL_FILE/PNAS.1405752111.SM09.AVI

Wu, D. C., Ré, D. B., Nagai, M., Ischiropoulos, H., & Przedborski, S. (2006). The inflammatory NADPH
oxidase enzyme modulates motor neuron degeneration in amyotrophic lateral sclerosis mice.
Proceedings of the National Academy of Sciences of the United States of America, 103(32), 12132—
12137. https://doi.org/10.1073/PNAS.0603670103

Wu, Y., Huang, P., & Dong, X. P. (2021). Lysosomal Calcium Channels in Autophagy and Cancer.
Cancers, 13(6), 1-18. https://doi.org/10.3390/CANCERS 13061299

Wyss-Coray, T., & Rogers, J. (2012). Inflammation in Alzheimer disease-a brief review of the basic
science and clinical literature. Cold Spring Harbor Perspectives in Medicine, 2(1).

https://doi.org/10.1101/CSHPERSPECT.A006346

Xia, Q., Huang, X., Huang, J., Zheng, Y., March, M. E., Li, J., & Wei, Y. (2021). The Role of Autophagy
in Skeletal Muscle Diseases. Frontiers in Physiology, 12, 291.
https://doi.org/10.3389/FPHYS.2021.638983/BIBTEX

Xiao, Q., Zhao, W., Beers, D. R., Yen, A. A., Xie, W., Henkel, J. S., & Appel, S. H. (2007a). Mutant
SOD1(G93A) microglia are more neurotoxic relative to wild-type microglia. Journal of

Neurochemistry, 102(6), 2008-2019. https://doi.org/10.1111/J.1471-4159.2007.04677.X

Xiao, Q., Zhao, W., Beers, D. R., Yen, A. A., Xie, W., Henkel, J. S., & Appel, S. H. (2007b). Mutant
SOD1(G93A) microglia are more neurotoxic relative to wild-type microglia. Journal of

Neurochemistry, 102(6), 2008-2019. https://doi.org/10.1111/J.1471-4159.2007.04677.X

Xie, Y., Zhou, B., Lin, M. Y., Wang, S., Foust, K. D., & Sheng, Z. H. (2015). Endolysosomal Deficits
Augment Mitochondria Pathology in Spinal Motor Neurons of Asymptomatic fALS Mice. Neuron,
87(2), 355. https://doi.org/10.1016/J.NEURON.2015.06.026

109



Xing, Y., Wei, X., Liu, Y., Wang, M. M., Sui, Z., Wang, X., Zhu, W., Wu, M., Lu, C., Fei, Y. H,, Jiang, Y.,
Zhang, Y., Wang, Y., Guo, F., Cao, J. L., Qi, J., & Wang, W. (2022). Autophagy inhibition mediated
by MCOLN1/TRPMLI1 suppresses cancer metastasis via regulating a ROS-driven TP53/p53
pathway. Autophagy, 18(8), 1932. https://doi.org/10.1080/15548627.2021.2008752

Xu, H., Delling, M., Li, L., Dong, X., & Clapham, D. E. (2007). Activating mutation in a mucolipin
transient receptor potential channel leads to melanocyte loss in varitint-waddler mice. Proceedings
of the National Academy of Sciences of the United States of America, 104(46), 18321-18326.
https://doi.org/10.1073/PNAS.0709096104/SUPPL_FILE/09096FIG8.PDF

Xu, H., & Ren, D. (2015). Lysosomal Physiology. Annual Review of Physiology, 77, 57.
https://doi.org/10.1146/ANNUREV-PHYSIOL-021014-071649

Xu, M., Almasi, S., Yang, Y., Yan, C., Sterea, A. M., Rizvi Syeda, A. K., Shen, B., Richard Derek, C.,
Huang, P., Gujar, S., Wang, J., Zong, W. X., Trebak, M., El Hiani, Y., & Dong, X. P. (2019). The
lysosomal TRPMLI1 channel regulates triple negative breast cancer development by promoting
mTORCI and purinergic signaling pathways. Cell Calcium, 79, 80-88.
https://doi.org/10.1016/J.CECA.2019.02.010

Yang, Y., Xu, M., Zhu, X., Yao, J., Shen, B., & Dong, X. P. (2019). Lysosomal Ca2+ release channel
TRPML1 regulates lysosome size by promoting mTORCI activity. European Journal of Cell
Biology, 98(2—-4), 116-123. https://doi.org/10.1016/J.EJCB.2019.05.001

Ye, X., Zhu, M., Che, X., Wang, H., Liang, X. J., Wu, C., Xue, X., & Yang, J. (2020a).
Lipopolysaccharide induces neuroinflammation in microglia by activating the MTOR pathway and
downregulating Vps34 to inhibit autophagosome formation. Journal of Neuroinflammation, 17(1),

1-17. https://doi.org/10.1186/S12974-019-1644-8/FIGURES/7

Ye, X., Zhu, M., Che, X., Wang, H., Liang, X. J., Wu, C., Xue, X., & Yang, J. (2020b).
Lipopolysaccharide induces neuroinflammation in microglia by activating the MTOR pathway and

downregulating Vps34 to inhibit autophagosome formation. Journal of Neuroinflammation, 17(1).

https://doi.org/10.1186/S12974-019-1644-8

Yoshioka, K. (2021). Class II phosphatidylinositol 3-kinase isoforms in vesicular trafficking. Biochemical
Society Transactions, 49(2), 893. https://doi.org/10.1042/BST20200835

Yu, D., Cai, Z., Li, D., Zhang, Y., He, M., Yang, Y., Liu, D., Xie, W., L1, Y., & Xiao, W. (2021). Myogenic
Differentiation of Stem Cells for Skeletal Muscle Regeneration. Stem Cells International, 2021.
https://doi.org/10.1155/2021/8884283

110



Yu, L., McPhee, C. K., Zheng, L., Mardones, G. A., Rong, Y., Peng, J., Mi, N., Zhao, Y., Liu, Z., Wan, F.,
Hailey, D. W., Oorschot, V., Klumperman, J., Bachrecke, E. H., & Lenardo, M. J. (2010a).
Termination of autophagy and reformation of lysosomes regulated by mTOR. Nature 2010

465:7300, 465(7300), 942-946. https://doi.org/10.1038/nature09076

Yu, L., McPhee, C. K., Zheng, L., Mardones, G. A., Rong, Y., Peng, J., Mi, N., Zhao, Y., Liu, Z., Wan, F.,
Hailey, D. W., Oorschot, V., Klumperman, J., Baehrecke, E. H., & Lenardo, M. J. (2010b).
Termination of autophagy and reformation of lysosomes regulated by mTOR. Nature 2010

465:7300, 465(7300), 942-946. https://doi.org/10.1038/nature09076

Yuan, Y., Chen, Y., Peng, T., Li, L., Zhu, W, Liu, F.,, Liu, S., An, X., Luo, R., Cheng, J., Liu, J., & Lu, Y.
(2019). Mitochondrial ROS-induced lysosomal dysfunction impairs autophagic flux and contributes
to M1 macrophage polarization in a diabetic condition. Clinical Science, 133(15), 1759-1777.
https://doi.org/10.1042/CS20190672

Zachari, M., & Ganley, I. G. (2017). The mammalian ULK1 complex and autophagy initiation. Essays in
Biochemistry, 61(6), 585. https://doi.org/10.1042/EBC20170021

Zarei, S., Carr, K., Reiley, L., Diaz, K., Guerra, O., Altamirano, P. F., Pagani, W., Lodin, D., Orozco, G.,
& Chinea, A. (2015). A comprehensive review of amyotrophic lateral sclerosis. Surgical Neurology

International, 6(1). https://doi.org/10.4103/2152-7806.169561

Zhang, C. S., Hawley, S. A., Zong, Y., Li, M., Wang, Z., Gray, A., Ma, T., Cui, J., Feng, J. W., Zhu, M.,
Wu, Y. Q., Li, T.Y, Ye, Z, Lin, S. Y., Yin, H., Piao, H. L., Hardie, D. G., & Lin, S. C. (2017).
Fructose-1,6-bisphosphate and aldolase mediate glucose sensing by AMPK. Nature, 548(7665),
112-116. https://doi.org/10.1038/NATURE23275

Zhang, K., Huang, Q., Deng, S., Yang, Y., Li, J., & Wang, S. (2021). Mechanisms of TLR4-Mediated
Autophagy and Nitroxidative Stress. Frontiers in Cellular and Infection Microbiology, 11, 766590.
https://doi.org/10.3389/FCIMB.2021.766590/BIBTEX

Zhang, T., Shang, R., & Miao, J. (2022). The role of amyloid B in the pathological mechanism of GNE
myopathy. Neurological Sciences 2022 43:11, 43(11), 6309-6321. https://doi.org/10.1007/S10072-
022-06301-7

Zhang, T., Yin, X., Yu, X., Shang, R., Lu, L., & Miao, J. (2023). Metformin protects fibroblasts from
patients with GNE myopathy by restoring autophagic flux via an AMPK/mTOR-independent
pathway. Biomedicine & Pharmacotherapy, 164, 114958.
https://doi.org/10.1016/J.BIOPHA.2023.114958

111



Zhang, X., Chen, W., Gao, Q., Yang, J., Yan, X., Zhao, H., Su, L., Yang, M., Gao, C., Yao, Y., Inoki, K.,
Li, D., Shao, R., Wang, S., Sahoo, N., Kudo, F., Eguchi, T., Ruan, B., & Xu, H. (2019). Rapamycin
directly activates lysosomal mucolipin TRP channels independent of mTOR. PLoS Biology, 17(5).
https://doi.org/10.1371/JOURNAL.PBIO.3000252

Zhang, X., Cheng, X., Yu, L., Yang, J., Calvo, R., Patnaik, S., Hu, X., Gao, Q., Yang, M., Lawas, M.,
Delling, M., Marugan, J., Ferrer, M., & Xu, H. (2016). MCOLNI1 is a ROS sensor in lysosomes that
regulates autophagy. Nature Communications 2016 7:1, 7(1), 1-12.
https://doi.org/10.1038/ncomms12109

Zhang, X., Li, L., Chen, S., Yang, D., Wang, Y., Zhang, X., Wang, Z., & Le, W. (2011). Rapamycin
treatment augments motor neuron degeneration in SOD1(G93A) mouse model of amyotrophic

lateral sclerosis. Autophagy, 7(4), 412—425. https://doi.org/10.4161/AUTO.7.4.14541

Zhang, X., Yu, L., & Xu, H. (2016). Lysosome calcium in ROS regulation of autophagy. Autophagy,
12(10), 1954-1955. https://doi.org/10.1080/15548627.2016.1212787

Zhao, W., Beers, D. R., Henkel, J. S., Zhang, W., Urushitani, M., Julien, J. P., & Appel, S. H. (2010).
Extracellular Mutant SOD1 Induces Microglial-Mediated Motoneuron Injury. Glia, 58(2), 231.
https://doi.org/10.1002/GLIA.20919

Zhao, W., Xie, W., Le, W., Beers, D. R., He, Y., Henkel, J. S., Simpson, E. P., Yen, A. A., Xiao, Q., &
Appel, S. H. (2004). Activated microglia initiate motor neuron injury by a nitric oxide and

glutamate-mediated mechanism. Journal of Neuropathology and Experimental Neurology, 63(9),
964-977. https://doi.org/10.1093/JNEN/63.9.964

Zheng, L., Wang, W., Ni, J., Mao, X., Song, D., Liu, T., Wei, J., & Zhou, H. (2017). Role of autophagy in
tumor necrosis factor-o-induced apoptosis of osteoblast cells. Journal of Investigative Medicine :
The Official Publication of the American Federation for Clinical Research, 65(6), 1014—1020.
https://doi.org/10.1136/JIM-2017-000426

Zolov, S. N., Bridges, D., Zhang, Y., Lee, W. W., Riehle, E., Verma, R., Lenk, G. M., Converso-Baran, K.,
Weide, T., Albin, R. L., Saltiel, A. R., Meisler, M. H., Russell, M. W., & Weisman, L. S. (2012). In
vivo, Pikfyve generates PI(3,5)P2, which serves as both a signaling lipid and the major precursor for
PISP. Proceedings of the National Academy of Sciences of the United States of America, 109(43),
17472—-17477. https://doi.org/10.1073/PNAS.1203106109/-
/DCSUPPLEMENTAL/PNAS.201203106SI.PDF

112



Zoncu, R., Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., & Sabatini, D. M. (2011). mTORCI1 senses
lysosomal amino acids through an inside-out mechanism that requires the vacuolar H(+)-ATPase.

Science (New York, N.Y,), 334(6056), 678—683. https://doi.org/10.1126/SCIENCE. 1207056

113



