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PREFACE

In this dissertation, two individual projects will be presented. The first is about lysosomal
TRPMLI1 (ML1) channels in ROS (reactive oxygen species) sensing and lysosomal adaptation.
The project was initiated by Dr. Xiaoli Zhang, a postdoctoral fellow in Xu lab. She is an
electrophysiologist who first discovered ML1 channels can be activated by ROS. Then another
postdoctoral fellow in the lab, Dr. Xiping Cheng, joined the project to help the cell biology
experiments. I was recruited to the project on April 2015, upon Xiping’s leaving the lab. I mainly
performed cell biology experiments including staining, imaging and quantification. The work was
finally published on the journal of Nature Communications on 2016, where I was listed as a co-
first author. This part of work will be presented in Chapter II. To complete the story, I also included
some data generated by Xiaoli and Xiping, which are indicated in the figure legends.

The second project I worked on was about ML1’s role in muscle diseases, which will be
presented in Chapter III and IV. I started to work on the project from September 2016. At that
time, I was also working on several other projects but finally decided to focus on this most
promising one from early 2017. At the beginning, I struggled a lot with technical problems on
muscle assays. But with the help from the committee members and collaborators, I was able to
carry on and finally submitted the manuscript. During this period, I also received lots of help from
lab members and collaborators on experiments. Drs. Xiaoli Zhang and Nirakar Sahoo from Xu lab
helped me perform electrophysiology and Ca** imaging, respectively. PhD student Ce Wang
helped on Lamp1 surface staining. Several undergraduate students in the lab, Yexin (Kathy) Yang,
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Kaiyuan (Fred) Tang and Zifan Zhao, helped with mouse genotyping, tissue sectioning and
staining, quantification. Besides, Fred also did Western blot and Zifan helped on qPCR. Our
collaborator, Carol Davis from Dr. Susan Brooks lab, helped me perform experiments on muscle
force measurements. As I mentioned in the acknowledgement, I am truly grateful for all the lab
members and collaborators for their help. Their efforts are also indicated in the figure legends. In
Chapter III, effects of ML1 activation on muscular dystrophy will be presented. In Chapter 1V, I
will present the underlying mechanisms of ML1 in membrane repair and muscular dystrophy.
Last but not least, I would like to thank all the people who are reading my thesis. Doing
science is a lonely journey, and knowing someone else may care about your work is always a great

comfort. For that, I thank all the readers who have reached this far.
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ABSTRACT

Not only as the degradation center of the cell, the lysosome has recently been demonstrated
to sense and respond to various cellular stresses. Failures of this lysosomal adaptation process to
environmental and cellular cues are linked to many diseases. Transient receptor potential
mucolipin 1 (TRPMLI1 or ML1) is the principle Ca?" channel localized to lysosomes. Lysosomal
Ca?" release is known to regulate various aspects of lysosomal function, including membrane
trafficking, fusion, fission, and lysosomal exocytosis. As an important signal in the cell, lysosomal
Ca?" release through ML1 has recently been suggested to act as a trigger for activation of
transcription factor (TF)EB. Upon translocating into the nucleus, TFEB upregulates a set of
autophagic and lysosomal genes, boosting lysosomal biogenesis and function. Besides,
overexpression of TFEB has been shown to activate autophagy and lysosomal exocytosis to
promote cellular clearance and ameliorate pathologies in a wide range of disease models.
Therefore, ML1, lysosomal Ca** release, and TFEB together form a pathway to regulate lysosome
function under both physiological and pathological conditions. In this dissertation work, I am
trying to answer two questions: 1) What is the endogenous cue that activates the ML1-TFEB
pathway and its physiological significance (Chapter II); 2) Can activation of ML1 in vivo,
especially through small molecule agonists, be sufficient to activate TFEB and lysosomal

exocytosis, thus ameliorating muscular dystrophy (Chapter 111 & IV).

Reactive oxygen species (ROS) is an important signal regulating many cellular processes.

XiX



We found that MLI1 channels can be directly and specifically activated by oxidants and
endogenous mitochondria-originated ROS, mediating lysosomal Ca?" release and TFEB nuclear
translocation. Our data also showed that ML1 activity is required for ROS-induced autophagosome
formation and clearance of damaged mitochondria. Together, our data suggest that the ML1-TFEB
mechanism is activated by physiological levels of ROS, initiating autophagy to clean damaged

mitochondria and ROS.

Duchenne muscular dystrophy (DMD) is an inherited muscle disease caused by impairment
of sarcolemmal repair. Lysosomal exocytosis is an important mechanism that the cell utilizes to
repair damaged plasma membrane. ML1 and lysosomal Ca** release are required for lysosomal
exocytosis, and loss of ML1 function causes muscular dystrophy (MD) in both human and mouse.
Here, by utilizing genetical and pharmacological tools, we found that activation of ML1 in vivo
ameliorated all pathological hallmarks of MD mice, including acute necrosis, progressive fibrosis,
central-nucleated fibers, reduced muscle force and compromised exercise ability. Sarcolemmal
permeability, assayed by serum creatine kinase (CK) release and Evan’s blue dye, was also
improved upon MLI1 activation. Additionally, TFEB was activated by ML1 overexpression and
agonists, correcting lysosomal insufficiency seen in MD mice. Finally, we discovered that ML1
agonists activate TFEB and lysosomal biogenesis in vitro, preventing human DMD myoblasts
from cell death. Taken together, our data demonstrated that ML 1 and lysosomal exocytosis can be

a potential therapeutic target for treating DMD.

XX



CHAPTER1

Introduction

1  Overview of the lysosome

1.1 Lysosomal physiology

Lysosomes are the primary catabolic organelles in eukaryotic cells. Containing more than
60 different types of hydrolases, lysosomes degrade biomolecules from endocytic and autophagic
pathways (Xu and Ren, 2015). Lysosomes also have ~50 membrane proteins including channels,
transporters and other regulatory proteins that maintain lysosomal acidification, membrane
integrity, ion and nutrient homeostasis, and membrane trafficking (Saftig and Klumperman, 2009).
In addition to be an endpoint of cellular degradation pathways, recent studies revealed much more
active roles of lysosomes in nutrient sensing, adaptation to multiple cellular cues, plasma
membrane repair, cell signaling, membrane trafficking and cell death (Xu and Ren, 2015). Failure
of any of these major functions, often caused by mutations in lysosomal proteins, leads to
lysosomal storage diseases (LSDs) (Parenti et al., 2015). In this part of introduction, I will discuss
about lysosomal contents and function, specifically on autophagy, lysosomal exocytosis, nutrient
sensing and lysosomal adaptation.
1.1.1 Lysosomal contents

1.1.1.1 Lysosomal substrate



As the degradation center of the cell, lysosomes receive cargoes from endocytic and
autophagic pathways from outside and inside of the cell (Xu and Ren, 2015). Endocytic pathway
internalizes fluid, solutes, macromolecules, particles and plasma membrane components via
endosomes (Huotari and Helenius, 2011). In specialized cell types, endocytic cargo can also
include nutrients, pathogens and cell debris (Huotari and Helenius, 2011). Autophagic cargoes are
mainly from the cytosolic components and organelles (Mizushima and Komatsu, 2011), as will be
discussed in detail later.
1.1.1.2 Lysosomal enzymes

Lysosomal hydrolases are the major components that degrade substrates. More than 60
different types of hydrolases have been identified in lysosomes including lipase, proteases and
glycosidases (Xu and Ren, 2015). Their activity is tightly regulated by lysosomal ion homeostasis
and membrane proteins (De Duve, 2005; Saftig and Klumperman, 2009). Catabolites from
degradation are then transported out of lysosomes via membrane proteins or membrane trafficking
pathways for recycling (Ruivo et al., 2009).
1.1.1.3 Lysosomal membrane proteins

There are ~50 lysosomal membrane proteins identified, with more still being revealed
(Lubke et al., 2009; Schroder et al., 2007; Xu and Ren, 2015). These proteins mediate a wide range
of function including lysosomal biogenesis, acidification, membrane integrity, transport of ions
and catabolites, regulation of fusion and fission events (Schwake et al., 2013). For example, highly
glycosylated LAMPs (LAMP1 and LAMP2) are the most abundant membrane proteins in
lysosomes (Ruivo et al., 2009). Deficiency of LAMP2 caused vacuolar myopathy in cardiac and
skeletal muscles (Danon disease) and the observation was recapitulated in knockout mice (Nishino

et al., 2000; Tanaka et al., 2000). Accumulated autophagosomes and cholesterol were seen in mice
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lacking LAMP2 or both LAMP1 and LAMP?2, likely due to failure of autophagosome-lysosome
fusion (Eskelinen et al., 2004; Tanaka et al., 2000).

As another major component of lysosomal membrane proteins, transport proteins are
working actively to maintain nutrient and ion homeostasis. These transport proteins consist of
transporters that export catabolites from lysosomes and channels/transporters permeable to
inorganic ions. Although lysosomes serve as a center for recycling, little do we know about
lysosomal catabolites exporters, and most of the known exporters are linked to human diseases
(Xu and Ren, 2015). For example, loss of function of cystinosin, a protein that exports cysteine in
a H'-dependent way, leads to lysosomal accumulation of cysteine (cystinosis) (Kalatzis et al.,
2001). Niemann-Pick disease type C is caused by mutations in NPCl1, a cholesterol transporter on
lysosomes (Lloyd-Evans et al., 2008). Apparently, more work needs to be done to characterize
new lysosomal transporters and their regulatory machineries. Besides, lysosomal catabolites and
their exporters play important roles in lysosomal nutrient sensing, as will be discussed later.

Lysosomal ion channels and transporters maintain ion gradient across the membrane and
luminal ion homeostasis to regulate activity of hydrolases and exporters, as well as membrane
trafficking (Xu and Ren, 2015). Proton pump vacuolar-ATPase (v-ATPase) maintains lysosomes
at acidic pH (~4.6) (Ishida et al., 2013; Mindell, 2012). This acidic lumen provides environment
for enzymes and catabolites exporters to work properly (Ruivo et al., 2009). It is also required for
membrane trafficking processes such as autophagosome-lysosome fusion (Klionsky et al., 2012).
Besides, lysosomal Ca?* release triggers various responses such as lysosome and lysosome-related
organelle biogenesis, fusion, fission, vesicle transport, lysosomal exocytosis, and plasma
membrane repair (Lloyd-Evans et al., 2010). Lysosomal Ca?" gradient (lumen ~0.5 mM versus

cytosol ~100 nM) is thought to be maintained by an unidentified Ca?*/H" exchanger (Yang et al.,
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2019). The principle lysosomal Ca?" releasing channel is believed to be transient receptor
mucolipin 1 (ML1) (Dong et al., 2008), which will be discussed in section 2.
1.1.2 Lysosomal function
1.1.2.1 Lysosomal trafficking

Lysosomes are dynamic organelles that undergo active membrane trafficking processes
(Saftig and Klumperman, 2009) (Fig. 1.1). Lysosomes receive cargoes from endocytic and
autophagic pathways for degradation. Output pathways of lysosomes include exocytosis,
reformation and retrograde trafficking back to trans-Golgi network (TGN) (Xu and Ren, 2015).
These processes are essential for membrane repair, lysosomal content exocytosis, lysosomal
biogenesis, and reuse of lysosomal lipids and proteins (De Duve, 2005). Here, I will mainly discuss

about autophagy and lysosomal exocytosis.
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Figure 1.1 Lysosomal trafficking pathways. Lysosomes receive inputs from endosomal and
autophagic pathways. Output trafficking pathways include lysosomal reformation/fission,
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lysosomal exocytosis and retrograde trafficking to trans-Golgi network. Most of these trafficking
events require lysosomal Ca’' release. EE, early endosome; LE, late endosome; MVB,
multivesicular bodies; AP, autophagosome; LY, lysosome; EL, endolysosome; AL, autolysosome;
TGN, trans-Golgi network. Figure is modified from Fig. 1 in ref. (Xu and Ren, 2015), courtesy to
Dr. Xinran Li from Xu lab.
1.1.2.1.1 Lysosomal input pathways: endocytosis and autophagy
1.1.2.1.1.1 Endocytosis

During endocytosis, extracellular and plasma membrane components are wrapped by
invaginated plasma membrane to form vesicles (Huotari and Helenius, 2011). The endocytic
vesicles undergo maturation process to finally become late endosomes (LE) (Huotari and Helenius,
2011). Most of these LEs show multivesicular morphology with intralumenal vesicles, are thus
named as multivesicular bodies (MVB) (Huotari and Helenius, 2011). LEs/MVBs then fused with
lysosomes to become endolysosomes (EL) (Huotari and Helenius, 2011).
1.1.2.1.1.2 Autophagy
1.1.2.1.1.2.1 Basics of autophagy

Autophagy is an evolutionarily conserved self-eating process (Galluzzi et al., 2014). In
general, autophagy is a pro-survival machinery that the cell has adopted in response to
environmental cues (Kroemer and Levine, 2008). There are three types of autophagy:
macroautophagy, microautophagy and chaperone-mediated autophagy (Galluzzi et al., 2014).
Among them, macroautophagy (hereafter referred to as autophagy) is relatively better understood,
and it differs from the other two types by the formation of double-membrane autophagosomes. In
microautophagy and chaperone-mediated autophagy, cargoes are directly transported into the

lysosome lumen for degradation (Galluzzi et al., 2014). In macroautophagy, there are non-selective

and selective autophagy (Youle and Narendra, 2011). Non-selective autophagy is often triggered



during nutrient depletion to provide nutrients for cell survival. In contrast, selective autophagy
degrades specific types of cargo, usually damaged organelles for quality control purpose (Youle
and Narendra, 2011). Examples of selective autophagy include mitophagy (mitochondria),
ERphagy (ER), and lysophagy (lysosome). Through genetic screen in yeast, autophagy genes
(ATGs) were identified in 1990s, allowing findings of molecular pathways of autophagy initiation
(Klionsky et al., 2012; Klionsky et al., 2003).

Initial steps of autophagy include vesicle nucleation and elongation (Hurley and Young,
2017). In yeast, autophagy is initiated from phagophore assembly site (PAS), while in mammals,
it is from ER subdomains enriched with PI(3)P (phosphatidylinositol 3-phsophate). Two protein
complexes are essential in vesicle nucleation: the ATG1/ULK1 complex and the class III PI3K
complex I. Other ATG proteins are then recruited to mediate vesicle elongation. After
autophagosomes (AP) are formed, they fuse with lysosomes to become autolysosomes (AL) (Fig.
1.1).

Among all the types of selective autophagy, mitophagy is the best-studied type (Youle and
Narendra, 2011). The machinery for autophagosome formation in mitophagy is very similar to
those associated with non-selective autophagy mentioned above (Youle and Narendra, 2011). The
selectivity of damaged mitochondria is thought to be mediated by PINK 1 (PTEN-induced putative
kinase protein 1) and E3 ubiquitin ligase Parkin (Youle and Narendra, 2011). When mitochondria
are damaged and mitochondrial membrane potential is depolarized, PINK1 quickly accumulates
and recruits Parkin to the damaged mitochondria (Youle and Narendra, 2011). Parkin then
ubiquitylates mitochondrial proteins and the damaged mitochondria are recognized as cargo for
autophagy degradation (Youle and Narendra, 2011).

1.1.2.1.1.2.2 Monitoring autophagy



A variety of methods have been developed to monitor autophagy in cultured cells and in
vivo (Klionsky et al., 2012). ATG8/LC3 is the most commonly used autophagy marker, which is
lipidated and recruited to autophagosomes during autophagosome formation and caused a band
shift when measuring with western blot. Fluorescence-labeled LC3 can be used for direct imaging
of autophagosomes (Mizushima et al., 2004). Furthermore, electron-microscopy is also widely
used to monitor double-membrane autophagosomes.
1.1.2.1.1.2.3 Regulation of autophagy

As an important stress-response pathway in the cell, the level of autophagy is adjusted
according to a variety of stress conditions. Nutrient depletion, energy status, hypoxia and oxidative
stress, pathogen invasion, cancer-related genotoxicity can all regulate autophagy (Murrow and
Debnath, 2013). At the molecular level, different sensors and respective signaling pathways are
involved in autophagy regulation in response to different types of stress. AMPK (AMP activated
protein kinase) is an important positive regulator of autophagy (Kim et al., 2011). Being a key
energy sensor regulating cell metabolism, AMPK directly phosphorylates ATG1/ULKI to
promote autophagy under glucose starvation (Kim et al., 2011). One of the key negative regulators
of autophagy is the mTOR (mechanistic target of rapamycin) kinase, which will be discussed in
detail later. Other regulators include EIF2A (eukaryotic translation initiation factor 2a) in ER
stress, HIF-1 (hypoxia-inducible factor 1) in hypoxia, and p53 in DNA damage (Galluzzi et al.,
2014; Murrow and Debnath, 2013).
1.1.2.1.1.2.4 Physiological significance of autophagy
1.1.2.1.1.2.4.1 Stress response

Autophagy is an essential pro-survival pathway in response to a wide range of cellular

stress (Murrow and Debnath, 2013). During starvation, autophagy is upregulated in almost all
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tissues of mice, except brain (Mizushima et al., 2004). Genetic ablation of autophagy essential
genes Atg5 or Atg7 in mice caused neonatal death, possibly due to nutrient depletion during
neonatal stage (Komatsu et al., 2005; Kuma et al., 2004). In the cultured cells, knocking down of
Atg7 or treatment with autophagy inhibitor 3-MA resulted in cell death upon growth factor
deprivation (Murrow and Debnath, 2013). Hence, multiple pieces of evidence suggest that
autophagy is an important mechanism for cellular stress response.
1.1.2.1.1.2.4.2 Quality control

Despite its roles in stress-response, basal level of autophagy is required to clean damaged
proteins and organelles. Tissue-specific conditional knockout of A¢g5 or Atg7 in mice showed
accumulation of abnormal mitochondria, ER and Golgi in liver, muscles and pancreatic 3 cells,
accompanied with ubiquitin-positive protein aggregation (Ebato et al., 2008; Komatsu et al., 2005;
Masiero et al., 2009; Nakai et al., 2007). Collectively, these studies demonstrate that constitutive
autophagy is essential for quality control in cells.
1.1.2.1.1.2.4.3 Cell death

Intriguingly, autophagy has been linked to cell death pathways by the emergence of the
concept, autophagic cell death (ACD) (Kroemer and Levine, 2008). Also known as type II cell
death, ACD is described by the ultrastructural criteria that large-scale autophagic vacuolation was
found in the cytoplasm (Kroemer and Levine, 2008). Although there were studies accusing
autophagy is guilty, at least partially, in killing the cell, more seemed to find it merely an innocent
janitor who is helping to clean up the mess and accidentally spotted at the murder scene (Kroemer
and Levine, 2008; Levine and Yuan, 2005). Although the roles of autophagy in cell death are still

controversial, autophagy seems to be mostly a pro-survival machinery to help the cell recover



when it encounters stress. However, if the stress continues, cellular damage accumulates and the
level of autophagy goes too high, cell death pathway may be triggered to minimize the damage.
1.1.2.1.1.2.5 Autophagy defects are linked to pathology

Mutations of multiple genes regulating autophagy are linked to human diseases (Murrow
and Debnath, 2013). Mutations of autophagy core component Atgl6L1 are linked to Crohn’s
disease characterized by inflammatory digestive tract, suggesting that autophagy can promote
immune response for bacterial clearance (Fritz et al., 2011). Mutations of mitophagy adaptors
PINKI1 and Parkin are associated with Parkinson’s disease (PD), a neurodegenerative disorder
(Kitada et al., 1998; Valente et al., 2004). Failure in clearance of damaged mitochondria and
accumulation of deletions of mitochondrial DNA during aging are linked to PD (Youle and
Narendra, 2011). It is believed that defects of mitochondrial clearance in PINK1- and Parkin-
deficient individuals may be a mechanism underlying pathogenesis of the disease (Youle and
Narendra, 2011).
1.1.2.1.2 Lysosomal output pathways: exocytosis, reformation and retrograde trafficking
1.1.2.1.2.1 Lysosomal exocytosis
1.1.2.1.2.1.1 Basics of lysosomal exocytosis

Lysosomal exocytosis belongs to a “unconventional secretory pathway” describing fusion
between autophagosomes, early endosomes, autolysosomes, lysosomes, and MVB, with plasma
membrane (Samie and Xu, 2014) (Fig. 1.1). In general, the purpose of lysosomal exocytosis is to
provide either its membrane or contents (Samie and Xu, 2014). Lysosomal exocytosis was first
observed in fibroblasts and epithelial cells by Norma Andrews group, but now we know it is
present in all cell types (Rodriguez et al., 1997; Samie and Xu, 2014). As discussed below,

machinery regulating lysosome docking, membrane fusion and general pool of lysosomes all play
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roles in this process. Lysosomal exocytosis has been linked to a variety of physiological and
pathological conditions such as cellular clearance, cell migration, phagocytosis, membrane repair,
pathogen defense and neurite growth (Samie and Xu, 2014).
1.1.2.1.2.1.2 Measuring lysosomal exocytosis

Several assays have been developed to measure lysosomal exocytosis in vitro (Samie and
Xu, 2014). Presence of lysosomal membrane protein such as LAMP1 on plasma membrane has
been widely used to measure lysosomal exocytosis (Samie and Xu, 2014). Antibodies against
luminal epitopes of LAMP1 are used for staining or flow cytometry to determine LAMP1 proteins
on plasma membrane (Andrews, 2017). Upon exocytosis, lysosomal enzymes are secreted into
extracellular space. Lysosome-specific enzyme level and activity in culture medium are also used
to represent lysosomal exocytosis (Rodriguez et al., 1997). Besides, imaging methods such as
TIRF (total internal reflection fluorescent microscopy) detect only sub-plasma membrane
biological events. By using fluorescent-labeled lysosomal protein, TIRF has been used to monitor
lysosomal exocytosis (Jaiswal et al., 2004).
1.1.2.1.2.1.3 Molecular machineries and regulators of lysosomal exocytosis
1.1.2.1.2.1.3.1 Cytoskeleton and motor proteins

Cytoskeleton and motor proteins are required in lysosomal transport to plasma membrane.
While actin filaments mediate short-range of lysosomal trafficking, long-range of movements are
more microtubule-based (Luzio et al., 2007b). Manipulation of microtubule-associated motor
proteins kinesin and dynein also changes lysosomal mobility and distribution in the cell (Li et al.,
2016b; Mrakovic et al., 2012). However, mechanisms regulating lysosomal trafficking to plasma
membrane during lysosomal exocytosis, especially under different environmental cues, are largely

unknown.
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1.1.2.1.2.1.3.2 SNAREs

Docking and fusion between lysosomes and plasma membrane has been found very similar
to synaptic vesicle release. SNARE (soluble N-ethylmaleimide-sensitive factor-attachment protein
receptors) complexes, which initiate exocytosis of synaptic vesicles, dock lysosomes to plasma
membrane (Jahn and Scheller, 2006). During exocytosis, VAMP7 (vesicle-associated protein 7),
syntaxin-4 and SNAP23 (synaptosome-associated protein of 23 kDa) together form a trans-
SNARE complex and pull lysosomes and plasma membrane closer to each other to initiate fusion
(Rao et al., 2004).
1.1.2.1.2.1.3.3 Ca?*

Fusion between lysosomes and plasma membrane is triggered by a local rise of intracellular
Ca®" level (Reddy et al., 2001; Rodriguez et al., 1997) (Fig. 1.2). In synaptic vesicle release, a
steep Ca?" increase is caused by opening of voltage-gated Ca?" channels at the presynaptic
membrane upon membrane potential change (Sudhof, 2013). Increase of intracellular Ca?*, caused
by Ca*" ionophore or membrane damage, results in increased secretion of lysosomal enzymes and
fusion between lysosomes and plasma membrane (Reddy et al., 2001; Rodriguez et al., 1997).

However, the source of Ca?" increase during lysosomal exocytosis is more complicated
(Cheng et al., 2015). Upon membrane disruption, influx of Ca®" from extracellular space is
believed to be important for triggering lysosomal exocytosis (Reddy et al., 2001). But the role of
lysosomal Ca?* store in lysosomal exocytosis remains elusive until recently. Since the predicted
local Ca?* concentration for lysosomal exocytosis to happen is 1-5 uM, the ~500 uM lysosomal
Ca®" concentration should be enough to provide Ca?" (Martinez et al., 2000). Besides, in a cell-
free vesicle assay, Ca®* chelator BAPTA was able to inhibit fusion between late endosomes and

lysosomes, while another chelator EGTA cannot. Since BAPTA binds to Ca?" 100 times faster
11



than EGTA, this study suggests that the Ca?* source is very close to the fusion spot. In other words,
lysosomes are most likely providing Ca?* for their own fusion events (Pryor et al., 2000). Together
these data suggest the roles of local lysosomal Ca** source in lysosomal exocytosis may have been

underestimated.

Figure 1.2 Ca*" in lysosomal exocytosis. Different Ca?* stores, channels and sensors are involved
in multiple steps regulating lysosomal exocytosis. Extracellular Ca?* is required for lysosomal
exocytosis. Ca?" release from lysosomal MLI1 promotes lysosomal trafficking to plasma
membrane, as well as activates TFEB and increases releasable lysosome pool. Lysosomal Ca?*
sensor synaptotagmin 7 (syt7) mediates docking of lysosomes to plasma membrane.

1.1.2.1.2.1.3.4 Synaptotagmin VII: the Ca?* sensor
Synaptotagmin VII (syt7) has emerged to be the most important Ca** sensor in lysosomal

exocytosis. It belongs to the synaptotagmin family containing two Ca?*-binding (C2) domains.
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Synaptotagmin I, the most studied family member, is believed as a Ca** sensor in synaptic vesicle
exocytosis. Localized predominantly on lysosomes, syt7 is required for lysosomal exocytosis,
since artificially decrease its activity by dominant negative syt7 mutants diminished lysosomal
exocytosis (Martinez et al., 2000). Knockout of syt7 in mice macrophages also impaired lysosomal
exocytosis (Czibener et al., 2006). However, the depletion of syt7 did not completely abolish
lysosomal exocytosis, suggesting presence of other Ca?" sensors during lysosomal exocytosis
(Chakrabarti et al., 2003).
1.1.2.1.2.1.3.5 Releasable lysosome pool
Releasable lysosome pools also affect lysosomal exocytosis. Interestingly, evidence has

suggested that within 2 minutes of Ca?' ionophore stimulus, lysosomes pre-docked to the
membrane proximal region readily fuse with plasma membrane, and lysosomal recruitment and
docking are not required in this acute lysosomal exocytosis (Jaiswal et al., 2002). In this scenario,
membrane proximal, acutely-releasable lysosomal pool seems to vary among cell types. Secretory
cells such as macrophages have up to 50% of lysosomal enzymes released within minutes (Samie
et al., 2013), while non-secretory cells like fibroblasts only have around 10% (Rodriguez et al.,
1997). In LSDs, lysosomes are heavily accumulated in the peri-nuclear region and exocytosis is
impaired (Li et al., 2016b; Samie et al., 2013). These lead to outstanding questions in the field that
whether there are subpopulations of lysosomes located in different parts of the cell to serve
different purposes, and how their dynamics are controlled under pathophysiological conditions.
1.1.2.1.2.1.3.6 Neuraminidase 1

Lysosomal enzyme neuraminidase 1 (NEU1) arose to be a negative regulator of lysosomal
exocytosis, though with unclear mechanisms. As a lysosomal sialidase, loss-of-function mutations

of NEUI cause sialidosis or mucolipidosis type I, an LSD characterized by accumulation of
13



carbohydrates in lysosomes. NEU1 deficiency in mice leads to accumulation of over-sialylated
LAMPI1 proteins and increased lysosomal exocytosis (Yogalingam et al., 2008). Moreover, NEU1-
deficient mice showed loss of bone marrow retention and hearing ability, as well as muscle
degeneration with significant proliferation of fibroblasts and deposition of collagen (Wu et al.,
2010; Yogalingam et al., 2008; Zanoteli et al., 2010). But the links between over-sialylated
LAMPI, lysosomal exocytosis and these phenotypes need to be elucidated.

1.1.2.1.2.1.4 Physiological significance of lysosomal exocytosis

The biological consequences for lysosomal exocytosis are 1) providing membrane; 2)
secreting lysosomal contents to extracellular space (Samie and Xu, 2014). Upon membrane
damage, depletion of Ca?" increase or syt7 results in impaired membrane repair (Chakrabarti et al.,
2003; Reddy et al., 2001). Besides, lysosomal exocytosis is required in uptake of large particles in
macrophages, a process needs large amount of membrane to form pseudopods to wrap the particle
(Czibener et al., 2006; Samie et al., 2013). Lysosomal exocytosis has also been proposed to provide
membrane for pseudopods during cell migration (Rainero and Norman, 2013).

In specified secretory cells like osteoclasts, astrocytes and immune cells, secretory
lysosomes undergo exocytosis to mediate bone reabsorption, ATP release, antigen presentation
and pathogen digestion, respectively (Cresswell, 1994; Dou et al., 2012; Mostov and Werb, 1997).
Release of lysosomal enzymes by exocytosis can digest extracellular matrix and enable cancer
progression. Inhibition of lysosomal exocytosis through interruption of SNARE-associated
proteins, synaptotagmin and lysosomal fusion ability has been shown to inhibit cell migration and
cancer invasion (Colvin et al., 2010; Dou et al., 2012; Liu et al., 2012; Proux-Gillardeaux et al.,
2007). In a recent study, NEUT insufficiency and increased lysosomal exocytosis were linked to

cancer progression, and NEU1 levels and extent of lysosomal exocytosis in human sarcoma cells
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determined their invasive potential and responsiveness to chemotherapy (Machado et al., 2015).
Overall, lysosomal exocytosis is involved in multiple biological processes and pathologies.
1.1.2.1.2.2 Lysosomal reformation

Lysosomes can be reformed from autolysosome and endolysosome hybrids through
membrane fission (Luzio et al., 2007b; Yu et al., 2010) (Fig. 1.1). As it will be discussed later, this
process is important in lysosomal adaptation.
1.1.2.1.2.3 Lysosomal retrograde trafficking to TGN

Late endosomes and lysosomes also undergo fission to retrogradely transport free lipids to
TGN (Fig. 1.1). Moreover, mannose-6-phosphate receptors, which are important for lysosomal
enzyme targeting, are retrogradely transported back to TGN for reuse.
1.1.2.2 Lysosomes as nutrient sensors

Recent studies have revealed the lysosome as an active player in sensing and regulating
cellular nutrient status. Lysosomes serve as a platform to hold molecular machineries for nutrient
sensing (Xu and Ren, 2015). The following discussion will be focused on mTORCI, the best
studied lysosomal machinery in nutrient sensing.
1.1.2.2.1 mTORCT1 as the nutrient sensing node on lysosomes
1.1.2.2.1.1 Basics of mTORC1

Protein complex mTORC1 and its regulatory machineries are the most important nutrient
sensors localized on lysosomes. Responding to multiple cellular signals such as growth factors,
nutrient and energy status, activation of mMTORC1 will ultimately cause increased protein synthesis
and cell growth, as well as inhibition of the autophagic-lysosomal pathway (Efeyan et al., 2012;
Galluzzi et al., 2014). mTORCI1 is composed of the kinase mTOR and regulatory proteins

RAPTOR (regulatory-associated protein of mTOR), DEPTOR (DEP domain-containing mTOR-
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interacting protein) and mLST8 (mammalian lethal with SEC13 protein) (Efeyan et al., 2012).
Subcellular localization of mTORCI is regulated by nutrient status, as discussed below.
1.1.2.2.1.2 Regulation machineries of mTORCI1 in lysosomal nutrient sensing
1.1.2.2.1.2.1 Regulation machineries of mMTORCI1 in amino acid sensing

Following its discovery, mTORC1 was found to be suppressed potently by amino acid
withdrawal from the culture media (Kroemer et al., 2010). But the link between the kinase
mTORCI and cellular amino acids was missing until regulatory machineries for mTORC1 were
revealed by a series of studies. Sancak et al. found that the mTOR kinase is diffused in cytosol
upon starvation and addition of amino acids would trigger them go to lysosomes (Sancak et al.,
2008). The switch between different subcellular localization is apparently important for mTORCI1
function since by fixing mTORCI1 either in lysosomes or cytosol (through manipulating its docking
machinery), the pathway became dispensable of amino acids levels (Sancak et al., 2010). These
findings led to following works identified a lysosomal inside-out amino acid sensing mechanism
regulating mTORCI. So far to our knowledge, this mechanism contains 3 parts: 1) Amino acid
sensing machinery involves lysosomal arginine transporter SLC38A9 and v-ATPase. SLC38A9
serves as a “sensor’ that directly interacts with the catabolites from lysosomes (Rebsamen et al.,
2015; Wang et al., 2015a). V-ATPase provides acidic environment enabling amino acid transport
across lysosomes, as well as physically interacts with the lysosomal docking machinery of
mTORCI1 (Zoncu et al., 2011); 2) Lysosomal docking machinery consists of a group of small
GTPases, the Rags, and a Rag-binding protein complex Ragulator. The nucleotide loading of Rags
can be regulated by amino acids and upon activation Rags bind with mTORCI1. The Ragulator
complex primarily resides on lysosomes and docks mTORCI1 to lysosomes through Rags (Sancak

et al., 2010; Sancak et al., 2008); 3) Kinase activation component, specifically another small
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GTPase Rheb, localizes to the lysosomes and directly activates the kinase mTOR (Sancak et al.,
2010). Taken together, mTORCI] is regulated by cellular amino acid levels via machineries
localized on lysosomes.
1.1.2.2.1.2.2 Regulation machineries of mMTORCI1 in other nutrient sensing

Several recent studies have revealed the role of mTORCI in sensing other types of
nutrients. For example, putative lysosomal sugar transporter Spinster is thought to regulate mTOR
activity in response to glucose level (Rong et al., 2011). A recent study also found that lysosomal
cholesterol activates mTORCI1 via putative amino acid transporter SLC38A9 and cholesterol
transporter NPC1 (Castellano et al., 2017). These findings revealed the complexity of mTORCI1
in nutrient sensing.
1.1.2.2.1.3 mTORCI1 as a key regulator for autophagy initiation and lysosomal adaptation

mTORCI is essential for autophagy initiation during starvation. In fed cells, activated
mTORCI1 directly phosphorylates and inhibits ATG1/ULK1 and its interacting protein ATG13,
thus suppresses autophagy (Hosokawa et al., 2009; Kim et al., 2011). mTORCI1 also regulates
autophagy via interaction with transcription factor EB (TFEB), as discussed later. Upon starvation,
mTORCI1 is inhibited and autophagy can be initiated (Efeyan et al., 2012). Constitutive active
Rags activate mMTORCI independently of amino acid levels (Kim et al., 2008). Mice knocked in
with constitutive active Rags have normal development, but fail to survive postnatal day 1 (Efeyan
et al., 2013). This neonatal death is similar to what has been seen in mice lacking essential ATG
genes (Kuma et al., 2004). Indeed, WT neonates show a drop of plasma amino acid level
accompanied with mTOR inhibition, while mice knocked in with constitutive active Rags do not
have mTOR inhibition or autophagy initiation (Efeyan et al., 2013). Collectively, these results

suggest mMTORCI is important in autophagy initiation.
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The mTORCI regulates lysosomal adaptation through TFEB-dependent transcriptional
regulation or lysosomal reformation, as discussed later.
1.1.2.2.2 Other nutrient sensing machineries on lysosomes

Lysosomal ion channels also contribute to nutrient sensing. ATP-sensitive Na* channels
localized on lysosomes were shown to regulate lysosomal membrane potential and physiology in
response to cellular ATP levels (Cang et al., 2013).
1.1.2.3 Lysosomal adaptation

Number, size, and function of lysosomes are adjusted according to signals from
extracellular and intracellular environment (Li et al., 2018). Lysosomal adaptation is important in
maintaining cellular homeostasis under stress. Recently, TFEB was discovered as a master
regulator for transcriptional regulation of autophagic and lysosomal genes. Here, I will mainly
discuss about TFEB in lysosomal adaptation. Besides, lysosomal reformation is a post-
translational mechanism for generating more lysosomes using fission-dependent membrane
trafficking pathway.
1.1.2.3.1 TFEB is the key regulator for lysosomal adaptation
1.1.2.3.1.1 Basics of TFEB and CLEAR network

Transcription factor EB (TFEB) was re-identified through a series of analysis of lysosomal
genes. These analyses led to the finding of the coordinated lysosomal enhancement and regulation
(CLEAR) gene network, a set of genes that share a palindromic 10-base site (CLEAR site) in their
promoters (Sardiello et al., 2009). A large portion of these genes are related with cellular clearance
pathways, particular autophagy and lysosomes (Palmieri et al., 2011). TFEB and other three
members from the MiT subfamily, MITF, TFE3 and TFEC, were known to bind to the CLEAR

site and trigger target gene transcription (Sardiello et al., 2009). Among all four members, MITF
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localizes in specific tissues and cell types such as melanocytes, mast cells and osteoclasts and
functions during embryonic stage. TFEB, TFE3 and TFEC are more ubiquitously expressed and
there is a redundancy between these family members (Settembre and Ballabio, 2014). As TFEB is
the best understood member, the following discussion will mostly focus on it.

By using a combination of genomic approaches, Palmieri et al. identified 471 direct TFEB
targets (Palmieri et al., 2011). Among them, 64 targets were involved in the autophagic-lysosomal
pathway, including ATGs, lysosomal hydrolases and membrane proteins, and proteins regulating
autophagy and lysosomal function (Palmieri et al., 2011). For example, TFEB activation was
shown to enhance processing, trafficking, and activity of a destabilized glucocerebrosidase variant
and a f-hexosaminidase mutant, two lysosomal enzymes associated with Gaucher disease (GD)
and Tay-Sachs disease, respectively (Song et al., 2013). In addition, the ortholog of TFEB in
Drosophila was reported to regulate components of v-ATPase, mediating lysosomal acidification,
biogenesis, and membrane fusion (Bouch¢ et al., 2016; Tognon et al., 2016). Taken together,
multiple lines of evidence have suggested that TFEB regulates many aspects of lysosomal function
via transcription of lysosomal genes.

Under normal conditions TFEB stays predominantly in the cytoplasm, whereas cellular
stress such as starvation and lysosomal dysfunction triggers TFEB go to nucleus, mediating
downstream gene transcription (Settembre et al., 2011) (Fig. 1.3). Phosphorylation status of TFEB
regulates its localization and function: phosphorylated TFEB stays in the cytoplasm and remains
inactivated, while dephosphorylated TFEB is active and translocates into the nucleus (Settembre
and Ballabio, 2014). Among more than 10 phosphorylation sites have been identified in TFEB
protein, serine 142 and 211 are essential in regulating TFEB activity (Settembre and Ballabio,

2014).
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Figure 1.3 Lysosomal adaptation machineries. TFEB is regulated by mTOR and MLI1 in
response to nutrient depletion and ROS, respectively. When TFEB is activated and translocates
into nucleus, autophagic and lysosomal genes are upregulated. Manipulation of ML1 and/or TFEB
is involved in multiple physiological and pathological conditions. CaN, calcineurin.
1.1.2.3.1.2 Regulation of TFEB
1.1.2.3.1.2.1 TFEB is regulated by mTORC1

In search of TFEB regulators, mMTORCI1 has emerged as a key negative regulator of TFEB.
Under fed condition mTORCI1 is active and phosphorylates TFEB at Ser142 and Ser211

(Settembre et al., 2012). Phosphorylation of Ser211 is a recognition site for protein 14-3-3 to retain

TFEB in the cytoplasm (Martina et al., 2012; Roczniak-Ferguson et al., 2012) (Fig. 1.3).
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Interestingly, when staying in the cytoplasm, TFEB has been found both in the cytosol and
lysosomes (Martina et al., 2012; Settembre et al., 2011; Settembre et al., 2012). Upon starvation,
mTOR is inhibited, releasing the inhibitory effects of TFEB and triggering downstream gene
transcription (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Settembre et al., 2012).
Working together, these two molecules form a lysosome-to-nucleus pathway to regulate multiple
aspects of the lysosome upon intracellular and extracellular stimulus (Settembre and Ballabio,
2014).
1.1.2.3.1.2.2 TFEB is regulated by lysosomal Ca?* release

Recent studies found TFEB can be activated by lysosomal Ca?* release via Ca** channel
ML1 (Fig. 1.3). This will be discussed in the next section.
1.1.2.3.1.2.3 Other regulators of TFEB

TFEB responds to lysosomal stress such as drugs blocking lysosomal acidification, though
the underlying molecular mechanism remains to be elucidated (Settembre et al., 2012). Besides,
there are other regulators regulating TFEB phosphorylation and activity. For example,
extracellular signal-regulated kinase 2 (ERK2) phosphorylates TFEB at Ser142 in response to
nutrient status (Settembre et al., 2011). Recently, activation of protein kinase C (PKC) has also
been shown to activate TFEB through a GSK33-dependent signaling pathway (Li et al., 2016c¢).
In this process, mMTORCI1 is not required and Ser134 and Ser138 are essential (Li et al., 2016c).
This work has demonstrated another method to activate TFEB and autophagy.
1.1.2.3.1.3 Physiological significance of TFEB in lysosomal adaptation
1.1.2.3.1.3.1 TFEB coordinates autophagy and lysosomal adaptation in response to nutrient

status
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During nutrient depletion, increase of autophagic flux is essential for cell survival
(Mizushima and Komatsu, 2011). Previous studies have been focused on the initiation step of
autophagy in response to stress (Murrow and Debnath, 2013). Yet, completion of autophagy
requires lysosomal function. Regulatory machineries for lysosomal adaptation during nutrient
depletion remained unclear until the recent discoveries of TFEB. As the master regulator for
autophagic and lysosomal genes, TFEB is activated during nutrient depletion and triggers
autophagosome and lysosome biogenesis (Palmieri et al., 2011; Settembre et al., 2011). Liver
specific knockout of TFEB resulted in accumulation of lipids droplets in liver when given high-
fat diet, possibly due to failure of autophagy induction (Settembre et al., 2013a). Overexpression
of TFEB induces autophagy both in vitro and in vivo and promote cellular clearance (Settembre et
al., 2013a; Settembre et al., 2011). Other than nutrient status, TFEB also incorporates inputs from
other cellular stress conditions, connecting the autophagic-lysosomal pathway to cellular
adaptation to a wide range of environmental cues (Settembre and Ballabio, 2014).
1.1.2.3.1.3.2 TFEB in lysosomal exocytosis

Lysosomal exocytosis is another important aspect of lysosomal adaptation in response to
stress like plasma membrane damage (Samie and Xu, 2014). Since acutely-releasable lysosomal
pool may not always meet cellular needs, long-term regulatory machinery is necessary for cellular
adaptation (Samie and Xu, 2014). TFEB, as the master regulator of lysosomal genes, triggers
lysosomal biogenesis and increases total lysosomal pool in the cell (Sardiello et al., 2009).
Overexpression of TFEB increases the pool of lysosomes close to the proximity of plasma
membrane and induces lysosomal exocytosis (Medina et al., 2011). In Pompe disease, an LSD

characterized by accumulation of enlarged autophagosomes and autolysosomes, activation of

22



TFEB was found to trigger docking of autolysosomes to plasma membrane (Spampanato et al.,
2013). These data suggest that TFEB is critical in lysosomal exocytosis.
1.1.2.3.2 Other mechanisms of lysosomal adaptation

Membrane fission-dependent lysosomal reformation is another mechanism for lysosomal
adaptation (Fig. 1.1). After prolonged starvation, Yu et al. found that lysosome number and size
recovered, accompanied by tubular structure extending from autolysosomes. These tubular
structures are considered to serve as platforms for lysosomal fission events and this process is
named as autophagic lysosomal reformation (ALR). In this process, mTOR is reactivated, and
suppression of mTOR prevents ALR. Moreover, cathepsin inhibitors seem to abolish both mTOR
reactivation and ALR, suggesting that catabolic signals from lysosomal lumen may be important
for this process (Yu et al., 2010). These data demonstrated another mechanism for lysosomal
biogenesis and adaptation.
1.2 Lysosomal pathology

Lysosomes are active players in regulating cellular clearance and adapting to
environmental cues. Lysosomal dysfunction leads to pathologies (Xu and Ren, 2015). Here, I will
be discussing about two types of diseases: 1) diseases directly caused by mutations of lysosomal
proteins or proteins regulating lysosomal function (LSDs); 2) common diseases implicated with
lysosomal dysfunction in pathogenesis. Finally, I will discuss about studies targeting TFEB to treat
these diseases.
1.2.1 Lysosomal storage diseases (LSDs)
1.2.1.1 LSDs: symptoms and causes

Lysosomal storage diseases describe a group of inherited rare diseases characterized by

accumulation of lysosomal materials (Neufeld, 1991). LSDs are caused by mutations affecting
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lysosomal enzymes, membrane proteins and regulators for lysosomal function (Parkinson-
Lawrence et al., 2010). More than 50 lysosomal storage diseases have been identified so far
(Parenti et al., 2015). Even though each individual disease is very rare, together the prevalence add
up to around 1 in 8000 live births (Meikle et al., 1999). The clinical manifestations of LSDs usually
involve multiple systems and organs, suggesting the fundamental roles of lysosomes in
physiology. Neurological, skeletomuscular, and visceral (hepatosplenomegaly) abnormities are
typical in LSDs, possibly because these organs are either susceptible to lysosomal storage or
metabolically active (Parenti et al., 2015). Other organs, including kidney, blood system, heart,
respiratory tracts and lungs, skin, stomach and intestines, can all be affected in LSDs (Parenti et
al., 2015).

Most LSDs are caused by mutations in lysosomal enzymes, but the primary storage of
undegraded cargoes often leads to secondary defects in membrane trafficking (Futerman and Van
Meer, 2004). For example, the autophagic-lysosomal pathway is interrupted in many LSDs
(Parenti et al., 2015). In Pompe disease, a myopathy caused by mutations in acid a-glucosidase
(GAA) and glycogen storage, enlarged autophagosomes and autolysosomes are accumulated in
muscles, possibly due to defects in fusion and fission (Shea and Raben, 2009). Some LSDs are
also linked to lysosomal transmembrane proteins or non-lysosomal proteins regulate lysosome
function. Mutations in cholesterol exporter NPC1 leads to NPC disease characterized by
accumulation of lipid in lysosomes (Vanier, 2010). Mucolipidosis type II is caused by deficiency
of Golgi phosphotransferase (Tiede et al., 2005). Loss-of-function of this enzyme results in mis-
localization of lysosomal enzymes and lysosomal storage phenotype (Tiede et al., 2005). Taken
together, lysosomal function is fine-tuned by different molecules and biological events, and defects

in any step can lead to pathology.
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1.2.1.2 Treatment of LSDs
1.2.1.2.1 Enzyme replacement therapy

Ever since the causes of LSDs were discovered, enzyme replacement therapy has been
proposed and tested in many different LSDs (Parenti et al., 2015). The logic of injecting a working,
recombinant protein to replace the malfunctional one is straightforward, and studies in Gaucher’s
disease have been encouraging (Brady, 2006). However, certain technical barriers still exist,
including the ability of these big molecules to pass blood brain barrier and patients’ immune
responses to recombinant proteins (Parenti et al., 2015).
1.2.1.2.2 Gene therapy

Gene therapy by transducing the non-mutated gene using virus seems to be most promising,
especially with CRISPR Cas9 technology. In fact, clinical trials for gene therapy in a wide range
of LSDs are already in progress (Parenti et al., 2015). The main caveats of gene therapy in LSDs
are the transduction efficiency and gene expression level in different tissues (Parenti et al., 2015).
1.2.1.2.3 Substrate reduction therapy

Substrate reduction therapy is another strategy to ameliorate the storage. For example,
cyclodextrin has been found to reduce cholesterol accumulation in NPC animal models and
patients through unclear mechanisms (Matsuo et al., 2013; Ward et al., 2010). However, the
limitation of this strategy is certain drugs need to be found to decrease the substrate via interruption
of biosynthesis or other mechanisms (Parenti et al., 2015).
1.2.2 Lysosome-associated diseases

Recently, it was brought to our attention that some diseases not considered to be classic
LSD also showed similar storage phenotype or were implicated with lysosomal dysfunction in

pathogenesis. Here, I will discuss about roles of lysosomes in these lysosome-associated diseases.
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1.2.2.1 Common neurodegenerative diseases

Recent studies have revealed unexpected connections between LSDs and common
neurodegenerative diseases (Deng et al., 2015; Schweitzer et al., 2009). Neurodegenerative
diseases are characterized by abnormal aggregation of proteins inside and outside of cells, leading
to progressive neuronal death (Nixon, 2013). Interestingly, accumulation of unwanted substrate is
also a hallmark for LSDs, and about two-thirds of LSD patients show neurological impairment,
particular childhood neurodegeneration (Parenti et al., 2015). Several lysosomal genes have been
found as risk factors for Parkinson’s disease (PD) including B-glucocerebrosidase (GBA),
mutations of which cause Gaucher disease (GD). Consistently, GD patients have ~20 folds higher
possibility to develop PD (Deng et al., 2015; Mc Donald and Krainc, 2017). Amyloid peptides, the
pathological hallmark in Alzheimer’s disease (AD), are also found accumulated intracellularly in
NPC cells (Nixon, 2004). Besides, impaired autophagic-lysosomal pathway has also been
demonstrated in multiple neurodegenerative diseases (Nixon, 2013). Taken together, these studies
suggest that lysosomes are involved in pathogenesis of common neurodegenerative diseases.
1.2.2.2 Liver diseases

As the major cellular degradation pathway, autophagy has been implicated in liver
physiology and diseases (Rautou et al., 2010). Autophagy is important in lipid metabolism and
quality control in liver cells (Komatsu et al., 2005; Murrow and Debnath, 2013). Dysregulation of
autophagy has been seen in hepatitis, fatty liver diseases and hepatocellular carcinoma (Rautou et
al., 2010). Autophagy has been proposed as a potential therapeutic target for treating liver diseases
(Rautou et al., 2010).

1.2.2.3 Muscle diseases
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Autophagy and lysosomal exocytosis are essential in regulating muscle physiology and
pathology. This will be discussed in section 3.
1.2.2.4 Cancer

According to our current knowledge, lysosomes have several different roles in cancer
(Kirkegaard and Jaitteld, 2009). First, release of lysosomal hydrolases to extracellular space
through exocytosis helps cancer cell migration (Kirkegaard and Jééatteld, 2009). Second, increased
lysosomal membrane permeability and release of hydrolases to intracellular space triggers
programmed cell death pathways in cancer cells, a process termed as lysosomal cell death (LCD)
(Kirkegaard and Jaatteld, 2009). Third, as a major input for lysosomes, autophagy has been
suggested to have controversial roles in cancer progression (Kirkegaard and Jaitteld, 2009). The
roles of lysosomes in cell proliferation and migration during cancer progression still remain to be
elucidated.
1.2.3 Targeting TFEB to treat diseases
1.2.3.1 Targeting TFEB to treat LSDs

Compared with enzyme replacement or gene therapy for individual LSD, targeting TFEB
is becoming increasingly attractive recently since it seems to be the one key to solve multiple
diseases. By using cell lines derived from patients and murine models, TFEB overexpression has
been shown to help lysosomal exocytosis and cellular clearance in multiple sulfatase deficiency
(MSD), mucopolysaccharidosis type IIIA (MPS-IIIA), Batten disease, and neuronal ceroid
lipofuscinoses (NCL) (Medina et al., 2011). In Pompe disease, TFEB overexpression promotes
docking of accumulated enlarged autolysosomes to plasma membrane, ameliorating glycogen
storage in muscles (Spampanato et al., 2013). In cystinotic kidney cells derived from patients,

TFEB overexpression is able to decrease substrate storage and lysosomal number and size (Rega
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et al., 2016). TFEB activation in Gaucher disease and Tay-Sachs disease also boosted lysosomal
proteolysis (Song et al., 2013). Putting together, as the master regulator of lysosomal function,
TFEB is a potential therapeutic target for treating LSDs.
1.2.3.2 Targeting TFEB to treat common neurodegenerative diseases

Since abnormal protein storage is found in many common neurodegenerative disorders, the
lysosome has long been proposed as a potential target for treatment (Lie and Nixon, 2019). Indeed,
genetic and pharmacological activation of TFEB decreased aggregated a-synuclein in PD cell and
mouse models through the autophagic-lysosomal pathway (Decressac et al., 2013; Kilpatrick et
al., 2015). Similarly, studies in AD and Huntington’s disease (HD) have also revealed that TFEB
activation helps clearance of protein aggregation and improves neurological function (Polito et al.,
2014; Sardiello et al., 2009; Tsunemi et al., 2012; Xiao et al., 2014). These studies have
demonstrated that TFEB can be a potential therapeutic target for neurodegeneration.
1.2.3.3 Targeting TFEB to treat liver diseases

As a metabolically active organ, liver requires autophagy and TFEB activity in response to
stress (Komatsu et al.,, 2005; Settembre et al., 2013a). More importantly, liver-specific
overexpression of TFEB decreased lipid accumulation in mice fed with high-fat diet (Settembre et
al., 2013a). TFEB overexpression has also been shown effective in triggering autophagy and
helping cellular clearance in mouse models of o 1-antitrypsin deficiency, the most common genetic
cause of liver disease (Pastore et al., 2013a; Pastore et al., 2013b). Overall, TFEB overexpression
seems to have therapeutic effects on liver diseases caused by different triggers.
1.2.3.4 Targeting TFEB to treat muscle diseases

TFEB was reported to regulate energy and glucose homeostasis in muscles during exercise

(Mansueto et al., 2017). TFEB activation in spinobulbar muscular atrophy (SBMA), a
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neuromuscular disorder caused by mutations in androgen receptor gene, enhanced autophagy and
ameliorated aggregation of mutated proteins (Chua et al., 2013). More evidences are needed to

further demonstrate TFEB’s role in regulating muscle pathophysiology.

2 MLI1 as the principle lysosomal Ca%* channel

Transient receptor potential mucolipin 1 (TRPML1 or ML1) is the primary Ca*" channel
localized to lysosomes (Cheng et al., 2010). Encoded by MCOLN1 gene in human, loss-of-
function of ML1 leads to mucolipidosis type IV (ML-IV) (Bach et al., 2010). Here, I will be
discussing about the channel structure, properties, function, as well as its involvement in diseases.
2.1 TRPML family and channel structure

TRPML subfamily belongs to the TRP channel family and has 3 members, TRPML1-3
(Cheng et al., 2010). In mammals, ML1 is ubiquitously expressed, whereas expression of ML2
and ML3 are more restricted to tissues like thymus, kidney and spleen (Cheng et al., 2010).
Primarily localized on endosomes and lysosomes, TRPMLs are cation channels regulating
lysosomal functions (Cheng et al., 2010). Loss-of-function mutations in human ML1 lead to ML-
IV, an LSD characterized by childhood neurodegeneration, muscular dystrophy, iron deficiency
anemia and abnormal stomach acid secretion (Boudewyn and Walkley, 2018; Cheng et al., 2014;
Dong et al., 2008; Sahoo et al., 2017). Gain-of-function mutations of mouse ML3 cause the
varitint-waddler (Va) phenotype that is characterized by deafness, circling behavior and
pigmentation defects (Di Palma et al., 2002).

Several recent studies have revealed high-resolution crystal and electron microscopy (EM)
structures of ML1 and ML3 (Chen et al., 2017; Hirschi et al., 2017; Li et al., 2017; Schmiege et

al., 2017). TRPMLs are tetrameric channels containing six transmembrane segments S1-S6
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(Cheng et al., 2010) (Fig. 1.4). TRPML family proteins share about 75% amino acid sequence
similarity, with the highest similarity being in the pore region (more than 90% sequence similarity)
(Puertollano and Kiselyov, 2009). Similar to other TRP channels, ML1 S5 and S6 form the pore
region (Chen et al., 2017). A large luminal linker loop between S1 and S2, which accounts for
about one-third of total length, was considered to form tetramer and regulate ML 1 assembly (Li et
al., 2017). Several single-amino acid mutations in this region are related with ML-IV and mis-
localization of the channel (Li et al., 2017). Besides, channel structures allowed deeper
understanding of permeation and gating properties of ML1, as discussed below.
2.2 Subcellular localization of ML1

Due to the limitations of currently available ML1 antibodies, subcellular localization of
ML1 was studied by overexpression of ML1 with fluorescent tags (Cheng et al., 2010). These
studies have revealed ML1 to be primarily localized to LAMP1- and Rab7-positive late endosomes
and lysosomes (Dong et al., 2008; Kiselyov et al., 2005). Two di-leucine motifs are considered
important for ML1’s lysosomal localization (Vergarajauregui and Puertollano, 2006b). One is at
N-terminal and interacts with clathrin adaptors AP1/AP3 to mediate trafficking of the protein from
trans-Golgi network (TGN), while the other one at C-terminus binds with AP2 and enables
internalization of the channel from plasma membrane (Vergarajauregui and Puertollano, 2006a).

Our lab recently found ML1 is expressed in gastric tubulovesicles (TVs) and regulates
gastric acid secretion, demonstrating ML1’s role in lysosome-related organelles in specialized cell

types (Sahoo et al., 2017).
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Figure 1.4 ML1 structure diagram and topology. (A) ML1 contains 6 transmembrane domains,
with the channel pore located at S5 and S5. (B) ML1 is located primarily on lysosomal membrane,
with both N and C terminus in cytoplasm. The channel is modulated by endogenous and synthetic
agonists and antagonists. Upon activation, ML1 releases Ca*" from lysosomal lumen to cytosol.
2.3 Permeation properties of ML1

Using drugs to artificially induce homotypic fusion of late endosomes and lysosomes,
electrophysiologists were able to isolate enlarged lysosomes from cells and study lysosomal
channels in their native environment (Dong et al., 2008). According to whole-endolysosomal patch
clamp, ML1 conducts Ca?*, Fe**, Zn**, Na* and K*, but not proton (Dong et al., 2008). Under

physiological conditions, ML1 mainly releases Ca?*, Fe** and Zn?*" from lysosomal lumen to

cytosol (Xu and Ren, 2015). EM structure revealed selectivity filter of ML1 is localized in the
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channel pore loop and composed of conserved, negatively charged amino acid residues (Chen et
al., 2017). Surprisingly, the large luminal loop between S1 and S2 also forms a luminal pore atop
the channel pore (refer to side view of the channel) (Chen et al., 2017). With high electronegative
charge, this pore forms a trap for cations, especially divalent cations, at luminal side of the channel
pore (Chen et al., 2017; Li et al., 2017). Thus, the selectivity of ML1 may come from both luminal
pore and selectivity filter in the channel pore.

2.4 Gating properties of ML1

2.4.1 Endogenous agonists: PI(3,5)P:

Phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] is a phosphoinositide primarily localized
in late endosomes and lysosomes that regulates lysosomal membrane trafficking (McCartney et
al., 2014). Like PI(4,5)P,, the phosphoinositide localized on plasma membrane and regulates
transporters and channels there, PI(3,5)P, has been found to activate lysosomal ML1 and two pore
channel (TPC) in physiological nanomolar range (Dong et al., 2010b; Falkenburger et al., 2010;
McCartney et al., 2014; Wang et al., 2012a). As modeled in EM structure of ML1, PI(3,5)P> binds
to positively charged amino acids close to the N-terminus in S1, causing conformational change
in S2 and S3 which leads to channel opening (Chen et al., 2017). Based on N-terminal segment of
MLI1, a genetically encoded PI(3,5)P> probe was generated and observed transient increase of
PI(3,5)P> level prior to fusion between two LAMP1-positive vesicles, suggesting PI(3,5)P>’s role
in lysosomal membrane trafficking (Li et al., 2013). Consistently, inhibition of PI(3,5)P> synthesis
by interrupting its synthetic enzyme complex leads to failure of lysosomal exocytosis and
reformation (McCartney et al., 2014). Indeed, PI(3,5)P.-deficent cells developed lysosomal
storage phenotype resembles ML-IV which can be ameliorated by overexpression of MLI,

suggesting ML1 may be its major downstream molecule in regulating lysosomal functions (Dong
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et al., 2010b). However, how PI(3,5)P> synthesis and turnover respond to environmental cues and
regulate the channel function still remains unclear.

We recently found ROS also activate lysosomal ML1 channel directly and increase
autophagic flux. This part will be presented in Chapter II.
2.4.2 Endogenous inhibitors: PI1(4,5)P; and sphingomyelin

PI(4,5)P> and sphingomyelin, two lipids primarily localized to plasma membrane, are
shown to inhibit lysosomal ML1 (Shen et al., 2012; Zhang et al., 2012). The physiological
significance of these machineries is to guarantee that lysosomal channels are only functional in the
right place. Under pathological conditions, levels of these lipids in lysosomes can be increased and
contributes to pathology through ML1. For example, in NPC cells, sphingomyelin is accumulated
in lysosomal lumen and inhibit ML1 channel activity and Ca?" release, leading to impaired
membrane trafficking (Shen et al., 2012).
2.4.3 Synthetic small molecule agonists and antagonists of ML1

Small molecule agonists and antagonists have been screened to manipulate ML1 channel
and lysosomal Ca?" release (Shen et al., 2012). The first generation of mucolipin synthetic agonist
ML-SAT1 has recently been shown to bind with a hydrophobic pocket in the S5-S6 pore segments
according to the EM structure (Schmiege et al., 2017). Notably, the ML-SA1 binding site is
different from PI(3,5)P> binding site, and mutations interrupting ML-SA1 binding do not affect
PI(3,5)P> binding (Schmiege et al., 2017). Recently, we have also developed more potent small
molecule ML1 agonists and antagonists which can be useful tools in studying ML1- and lysosomal
Ca**-related physiology and pathology.
2.5 ML1 in physiology

2.5.1 Metal export: Fe?" and Zn?*
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As a cation channel, ML1 exports Fe?" and Zn** from lysosomal lumen to cytosol (Dong
et al., 2008; Eichelsdoerfer et al., 2010). Consistently, ML.1 KO cells have overloaded lysosomal
Fe** and Zn** and iron deficiency in cytosol, which is related with anemia seen in ML-IV patients
(Dong et al., 2008).

2.5.2 Lysosomal Ca?* release via ML1 mediates membrane trafficking and transport

As the primary lysosomal Ca** channel, loss of function of MLI leads to defects in
membrane trafficking including lysosomal fusion, fission, exocytosis, and transport, suggesting
that ML1 and lysosomal Ca?* release regulate these processes (Cheng et al., 2010).
2.5.2.1 Ca**-dependent membrane fusion

ML1-deficienct cells exhibit defects in membrane fusion (Cheng et al., 2010; Xu and Ren,
2015). Delayed delivery of plasma membrane growth factor receptors to lysosomes suggests
defective endosome-lysosome fusion and lysosomal maturation (Thompson et al., 2007). Fusion
between autophagosomes and lysosomes is also impaired by ML1 knockout, causing
autophagosome accumulation (Curcio-Morelli et al., 2010; Vergarajauregui et al., 2008; Wong et
al., 2012). Together, these data suggest that ML1 activity is required in lysosomal membrane
fusion.
2.5.2.2 Ca**-dependent membrane fission

Accumulation of enlarged late endosomes and lysosomes (LEL) is considered as a
hallmark of ML1-deficient cells from human, mouse, C. elegans and Drosophila (Dong et al.,
2008; Treusch et al., 2004; Venkatachalam et al., 2008; Venugopal et al., 2007). Since membrane
fission is a Ca**-dependent process, this naturally led to the assumption that ML1 plays a role in
lysosomal fission and reformation (Luzio et al., 2007a; Luzio et al., 2007b). Indeed, retrograde

trafficking of lipid from LEL to TGN is defective in ML-IV cells, and acute knockdown of ML1
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also confirmed that (Chen et al., 1998; Pryor et al., 2006; Thompson et al., 2007). Indeed,
additional attention needs to be paid when analyzing ML1’s role in membrane trafficking events
using ML1 KO cells, since any observed defects can be just secondary effects of lysosomal storage.
For instance, defects in autophagosome-lysosome fusion were also seen in other LSDs (Parenti et
al., 2015). Besides, membrane fusion and fission may dynamically regulate each other (Xu and
Ren, 2015). Thus, acute manipulation of ML1 and methods directly detecting fusion and fission
events need to be utilized in answering these questions.
2.5.2.3 ML1 in lysosomal exocytosis

As discussed in the last section, local Ca?" store may play a role in regulating lysosomal
exocytosis. The source of Ca?" release during lysosomal exocytosis remained unclear until recent
findings suggested ML1’s role in regulating this process. ML1 is a downstream gene of TFEB and
lysosomal exocytosis induced by TFEB overexpression is abolished in MLI1-deficient cells
(Medina et al., 2011). Defects of lysosomal exocytosis and following pathogenesis were observed
in different tissue of ML1 KO mice. In muscle tissues where lysosomal exocytosis is believed to
repair disrupted membrane, progressive muscle degeneration was observed in ML1 KO mice
(Cheng et al., 2014). ML1 KO macrophages also showed impaired lysosomal exocytosis and
particle uptake (Samie et al., 2013). In gastric parietal cells, knockout of ML1 channels leads to
failure of TV exocytosis and acid secretion, which is consistent with what has been seen in ML-
IV patients (Bargal et al., 2000; Sahoo et al., 2017). These data suggest that the ML1 activity is
required for lysosomal exocytosis. Moreover, overexpression of a gain-of-function mutation of
ML1 boosted lysosomal exocytosis in HEK293T cells (Dong et al., 2009). Consistently, ML1

agonist ML-SA1 triggered lysosomal exocytosis in mouse macrophages, which can be blocked by
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Ca?" chelator BAPTA-AM (Samie et al., 2013). Together, these data suggest ML1 is both
necessary and sufficient for lysosomal exocytosis.
2.5.2.4 ML1 in lysosomal transport

A recent study revealed the role of ML1 in regulating lysosomal transport and positioning
(Lietal., 2016b). ML1 directly interacts with ALG-2 (apoptosis-linked gene 2), a cytosolic protein
with five EF-hand motifs, in a Ca?*-dependent manner (Li et al., 2016b; Vergarajauregui et al.,
2009). More importantly, ALG-2 also physically associates with motor protein dynein and is
required in ML1 activation-induced lysosome retrograde transport towards peri-nucleus region (Li
et al., 2016b). Under starvation, lysosomes undergo retrograde transport to fuse with
autophagosomes (Korolchuk et al., 2011). ML1 or ALG-2 depletion blocked this transport, leaving
accumulated autophagosomes in the peri-nucleus region (Li et al., 2016b). This study uncovered
a novel role of ML1 in regulating lysosomal positioning.
2.5.3 Lysosomal Ca?* release via ML1 activates TFEB

As one of the most important messengers in the cell, Ca?* transduces signals from different
sources by interacting with a variety of its sensors and downstream signaling pathways. Similarly,
lysosomal Ca?' release through MLI1 triggers downstream signaling pathways to regulate
lysosomal function. Upon MLI1 activation and lysosomal Ca?" release, calcineurin is activated
(Medina et al., 2015). The phosphatase then dephosphorylates TFEB at Ser142 and Ser211 and
promotes its downstream autophagic and lysosomal gene transcription (Medina et al., 2015) (Fig.
1.3). Since lysosomal channel activity is modulated by a diverse of lysosomal and cellular stress,
this observation has linked TFEB to these stress conditions in health and disease. A good example
will be presented in Chapter II, where ROS trigger activation of TFEB and autophagy via gating

ML1 channels. Besides, ML1 channels are easily manipulated by small molecule compounds as
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suggested in many of our previous works (Shen et al., 2012), allowing TFEB to be a therapeutic
target for a variety of diseases involving autophagy and lysosomal function. Relevant data will be
shown in Chapter III and IV.

2.6 ML1 in pathology

ML1 is encoded by MCOLNI1 gene, and mutations in MCOLNI cause rare disease ML-IV
in human (Bach et al., 2010). ML-IV patients manifest psychomotor retardation, corneal opacity,
retinal degeneration and constitutive achlorhydria (Slaugenhaupt, 2002). ML1 KO mice
reproduced most of the symptoms, including early-onset neurodegeneration, muscular dystrophy,
iron deficiency anemia, hyposecretion of gastric acid, and ophthalmological abnormalities
(Venugopal et al., 2007). This mouse model has helped us to gain profound understanding of
ML1’s and lysosome’s role in physiology and pathology (Cheng et al., 2014; Dong et al., 2008;
Sahoo et al., 2017).

ML1 has been proposed as a therapeutic target for other LSDs. In NPC cells,
overexpression of ML1 and ML-SA1 ameliorate cholesterol storage, suggesting ML1 activation
may facilitate lysosomal function (Shen et al., 2012). Indeed, since ML1 regulates many aspects
of lysosomal function, manipulating channel activity might be a potential therapeutic strategy for
LSDs and lysosome-associated diseases. More importantly, as it will be presented in Chapter 1,
ML1 activation via ML-SAs robustly and potently triggers TFEB nuclear translocation and
downstream gene transcription. Since activation of TFEB has been suggested to have therapeutic
effects in many diseases, as discussed earlier, small molecule agonists of ML1 can potentially be
used to treat these diseases. And activation of TFEB by small molecule compounds will be much

easier to achieve than overexpression in vivo. In general, with the potent small molecule agonists
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and antagonists, ML1 can be a potential therapeutic target for treating LSDs and lysosome-

associated diseases.

3 Lysosomes in muscle physiology and pathology

Being both metabolically and mechanically active, it is essential for the terminally-
differentiated muscle tissues to be adaptive to a wide range of environmental and cellular cues
(Allen et al., 2016; Sandri, 2010). Lysosomes regulate both aspects via autophagy and lysosomal
exocytosis. Autophagy is required for muscle renovation and mass maintenance, while lysosomal
exocytosis facilitates sarcolemmal repair (Allen et al., 2016; Sandri, 2010). Consistently, genetic
mutations impairing autophagy and lysosomal exocytosis lead to myopathies (Cheng et al., 2014;
Malicdan and Nishino, 2012; Sandri, 2010). More importantly, autophagic and lysosomal defects
have been reported in muscle diseases such as muscular dystrophy (De Palma et al., 2014; Pal et
al., 2014). Thus, lysosomes can be potential therapeutic targets for treating muscle pathologies.
3.1 Lysosomes in muscle physiology
3.1.1 Autophagic-lysosomal pathway is required for maintenance of muscle mass and
function

For terminally-differentiated organs like muscles, autophagy is essential for renovation of
cellular contents (Mizushima and Komatsu, 2011). Basal and stress-induced autophagy have been
shown important in muscle mass and function maintenance under physiological and pathological
conditions (Sandri, 2010). In an early study comparing gene expression pattern in different models
of muscle atrophy, characterized by muscle wasting and mass loss, a small subset of genes was
found upregulated and named as atrophy-related genes (Bodine et al., 2001). Interestingly, many

of these genes are involved in ubiquitin-proteasome system and autophagic-lysosomal pathway
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including LC3, a protein now commonly used as an autophagosome marker (Bodine et al., 2001;
Klionsky et al., 2012). Later, by utilizing transgenic mouse line expressing GFP-labeled LC3,
Mizushima et al. found autophagy was significantly induced in skeletal muscles under starvation
(Mizushima et al., 2004). Notably, basal autophagosomes were inconspicuous in muscles and even
fasted muscle fibers showed smallest autophagosomes compared with liver, pancreas and heart,
possibly due to specified cytoskeleton and sarcoplasmic reticulum (SR) structure in these cells
(Mizushima et al., 2004).

To build more direct connections between autophagy and muscle pathology, several Azg
genes were deleted specifically in skeletal and cardiac muscles in mouse models (Table 1.1). As
a key protein involved in autophagosome formation, ATG5 deficiency in cardiac muscles showed
normal heart function under basal level (Nakai et al., 2007). However, under pressure overload
challenge, ATG5-deficient hearts developed left ventricle dilatation and heart failure (Nakai et al.,
2007). Consistently, acute induction of cardiac ATGS5 deficiency by tamoxifen also triggered
disorganized sarcomeres, aggregated mitochondria and ventricular dilatation (Nakai et al., 2007).
Similarly, muscle-specific depletion of ATG7, another key protein in autophagy initiation, caused
profound muscle atrophy in mice (Masiero et al., 2009). Progressive loss of muscle mass and force
was observed in these mice, accompanied with upregulated atrophy-related genes, aggregated
autophagy substrates, enlarged vacuoles, abnormal mitochondria and SR, and disorganized
sarcomeres (Masiero et al., 2009). More importantly, denervation and fasting exacerbated all these
symptoms (Masiero et al., 2009). However, although degeneration occurs, muscle membrane
permeability seems not severely affected, evidenced by normal creatine kinase (CK) level and
mildly-increased immunoglobulin-positive fibers (Masiero et al., 2009). These data suggest that

autophagy is essential for basal as well as adaptive muscle function.
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Table 1.1 Muscle phenotypes of autophagic-lysosomal gene deficiency

Genotype (species) Phenotype Reference
Atg4C KO (mouse) Diaphragm-specific autophagy defects under = (Marifio et al.,
starvation 2007)
Atg5 cardiomyocyte KO Pressure overload-induced ventricle (Nakai et al.,
(mouse) dilatation and heart failure; accumulated 2007)
damaged cellular organelles
Atg6/beclin 1 heterozygous Decreased pressure overload-induced heart =~ (Matsui et al.,
(mouse) failure; decreased heart damage upon 2007)
ischemia/reperfusion
Atg7 muscle KO Muscle atrophy and accumulated damaged  (Masiero et al.,
(mouse) cellular contents; phenotypes are exacerbated 2009)
by starvation and denervation
LAMP?2 deficiency Danon disease; skeletal and cardiac (Tanaka et al.,
(human and mouse) myopathy; accumulation of enlarged 2000)
autophagosomes
GAA deficiency Pompe disease; vacuolar skeletal and cardiac ~ (Hers, 1963)
(human and mouse) myopathy; accumulation of glycogen
VMAZ2I deficiency X-linked myopathy with excess autophagy = (Ramachandran
(human) et al., 2013)

Except for proteins involved in early autophagy initiation step, several lysosomal proteins
have been linked to human myopathies with aberrant autophagy (Table 1.1). As mentioned
previously, mutations in lysosomal membrane protein LAMP2 and glucosidase GAA lead to
Danon and Pompe disease, respectively. Both diseases are characterized by hypertrophic
cardiomyopathy, muscle weakness, and accumulation of enlarged autophagosomes (Malicdan and
Nishino, 2012). Notably, patients of Danon and Pompe disease showed different degree of serum
CK increase, suggesting muscle membrane leakage (Chien et al., 2011; Malicdan and Nishino,
2012). Recently, X-linked myopathy with excess autophagy (XMEA) was identified to be caused
by mutations in VMA21, a gene encoding a protein involved in v-ATPase assembly
(Ramachandran et al., 2013). Pathology of XMEA patients exhibits similar phenotypes as what
have been seen in Danon disease (Sugie et al., 2005). Except genetic ablation, pharmacological

inhibition of lysosomal acidification using chloroquine (CQ) also leads to skeletal and cardiac
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myopathy, characterized by increased autophagosomes in muscle fibers (Suzuki et al., 2002).
Together these data demonstrated that the autophagic-lysosomal pathway is required in muscle
physiology.
3.1.2 Lysosomal exocytosis facilitates membrane repair in muscles
3.1.2.1 Cellular membrane repair mechanisms

Intact plasma membrane is essential for cell survival. Muscles undergo constant
mechanical stretch and are therefore susceptible to plasma membrane/sarcolemmal damage
(Cooper and McNeil, 2015). Upon damage, cells immediately trigger multiple repair machineries
depending on the size of injury (Cooper and McNeil, 2015; McNeil and Kirchhausen, 2005). For
tiny injuries less than a nanometer, membrane lipids diffuse and spontaneously reseal the
membrane (Cooper and McNeil, 2015; McNeil and Kirchhausen, 2005). In liposomes and red
blood cells which lack organelles, damaged membrane is efficiently resealed even at very low
concentration of extracellular Ca** (Hoffman, 1992). But in mechanically active cells like skeletal
and cardiac muscle cells, damage is often more severe and facilitated resealing machineries are
required (Cooper and McNeil, 2015). Although the mechanisms of this active resealing are not
fully understood, it is universally agreed that Ca?" influx upon damage is essential in membrane
repair (Cooper and McNeil, 2015). In the early study using sea urchin egg, cells can repeatedly
repair sequential wounds more than 1,000 square microns in a few seconds but cannot survive a
single insult in the absence of extracellular Ca** (McNeil and Kirchhausen, 2005; Terasaki et al.,
1997). Significant increase of Ca?" at the injury site has been detected, and chelating this increase
prevents membrane repair (Cai et al., 2009a; Chakrabarti et al., 2003). However, caution should
be taken when analyzing these results since removing extracellular Ca?>" often eliminates

intracellular Ca?* stores at the same time (Cheng et al., 2015).
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Figure 1.5 Membrane repair mechanisms. Three models for membrane repair: 1) Lysosomal
exocytosis; 2) Secretion of aSMase through lysosomal exocytosis triggers endocytosis of
membrane lesion; 3) Budding of damaged membrane. All of these processes are Ca*'-dependent.
Figure is modified from Fig. 1 in ref. (Cheng et al., 2015), courtesy to Dr. Xiping Cheng from Xu
lab.

Several models have been proposed for facilitated resealing (Cheng et al., 2015) (Fig. 1.5).
First, in the “lipid patch” model, intracellular vesicles dock to plasma membrane and fuse to patch
the damaged site. Lysosomes, endosomes and specified organelles in special cell types have been
suggested to repair the damaged membrane (McNeil and Kirchhausen, 2005). Among these, the
evidence about lysosomal exocytosis may be stronger than others, especially after identification
of lysosome-localized Ca®* sensor synaptotagmin VII (Martinez et al., 2000; Reddy et al., 2001).
The second mechanism is the “endocytic removal” model, which proposes membrane lesions are
removed by endocytosis. Interestingly, this model also relies on lysosomal exocytosis. Secretion

of lysosomal aSMase (acid sphingomyelinase) mediates hydrolysis of sphingomyelins, triggering
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ceramide-driven membrane invagination and lesion removal (Idone et al., 2008; Tam et al., 2010).
The third one is called “macro-vesicle shedding”, in which damaged membrane undergoes budding
towards extracellular direction to remove the injury. This model involves ESCRT (endosomal
sorting complex required for transport), a protein complex mediates membrane budding and fission
events (Jimenez et al., 2014). It has been shown that injury-induced Ca** increase triggers ESCRT
assembly via Ca**-binding ALG-2 (Scheffer et al., 2014). Thus, all of these proposed resealing
mechanisms are Ca**-dependent.
3.1.2.2 Lysosomal exocytosis is required for membrane repair in muscles

The lysosome is a candidate vesicle for membrane repair. We and colleagues have found
that activation of lysosomal Ca?" channel ML1 through genetic upregulation and channel agonists
promotes lysosomal exocytosis (Medina et al., 2011; Samie et al., 2013). Interestingly, ML-IV
patients and ML1 KO mice showed early-onset, progressive muscular dystrophy and defected
sarcolemmal repair (Bach et al., 2010; Cheng et al., 2014). Sarcolemmal permeability, assayed by
EB-positive fibers and serum CK levels, are significantly increased in ML1 KO mice, and
worsened by exercise (Cheng et al., 2014). Membrane repair in fibers from ML1 KO mice after
laser and mechanical damage is also dramatically impaired compared with WT (Cheng et al.,
2014). Upon bacterial streptolysin O (SLO) toxin treatment which digs pores on plasma
membrane, ML1 KO fibroblasts showed less lysosomal enzyme release than WT, and
pharmacological inhibition of ML1 channel also caused more cell death measured by propidium
iodide (PI) dye (Cheng et al., 2014). Based on these results, we demonstrated that ML1 is required
for lysosomal exocytosis, sarcolemmal repair and cell survival during injury. It is likely that
lysosomal Ca?" store and channels serve as sources to provide Ca*" release for their own

exocytosis.
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Apart from ML, other players regulating lysosomal exocytosis have been found important
in membrane repair in muscles. For example, mice lacking syt7 showed extensive inflammation,
fibrosis and collagen deposition in skeletal muscles (Chakrabarti et al., 2003). Moreover, serum
CK level is significantly elevated, suggesting increased membrane permeability in syt7 KO mice
(Chakrabarti et al., 2003). Notably, as previously discussed, patients with Pompe/Danon/XEMA
all show serum CK increase, suggesting membrane integrity may also be compromised, possibly
due to defects in lysosomal function (Malicdan and Nishino, 2012; Malicdan et al., 2008). Putting
together, these results demonstrate lysosomal exocytosis is required in maintenance of sarcolemma
integrity.

3.2 Lysosomes in muscle pathology

Autophagy and lysosomal exocytosis have been implicated in muscle pathologies (De
Palma et al., 2014). In MD, compromised sarcolemma repair is considered to be a crucial step in
pathogenesis (Allen et al., 2016). Since lysosomes are important in membrane repair, they have
become potential therapeutic targets for treating MD (Reddy et al., 2001). In this part, I will discuss
about the role of lysosomes in myopathies, with a focus on the best-known MD, Duchenne
muscular dystrophy (DMD).

3.2.1 Lysosomes in muscular dystrophy
3.2.1.1 Basics of MD
3.2.1.1.1 Clinical manifestations and molecular basis

Muscular dystrophy (MD) is more than 30 inherited diseases characterized by progressive
muscle weakness and degeneration. Described by Duchenne in 1868, DMD is an X-linked, rare
disease with the prevalence of 1 in 3000 boys (Allen et al., 2016; Van Deutekom and Van Ommen,

2003). Duchenne’s report included 13 cases with progressive muscle weakness initially affecting
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lower limbs and the early hypertrophy followed by atrophy (Allen et al., 2016). He also tracked
the patients and obtained samples for muscle biopsy during their lives, thus established the
characteristic histology (Allen et al., 2016). Other clinical features include mental retardation,
curvature of the spine, cardiac dysfunction, and respiratory failure caused by weakness of thoracic
muscles and diaphragm (Bushby et al., 2010). The latter is considered to be the reason resulting in
premature death around mid 20s in DMD patients (Bushby et al., 2010). The X-linked trend was
noticed later and dystrophin gene was finally cloned in 1980s (Gowers, 1879; Kunkel et al., 1985).

With 2.5 megabases, dystrophin turned out to be the largest known gene in human genome
(Kunkel, 1986; Prior and Bridgeman, 2005). Different mutations in dystrophin lead to DMD or
Becker muscular dystrophy (BMD), the milder form of MD, depending on whether the protein
function is completely or partially lost (Kunkel, 1986; Prior and Bridgeman, 2005). Since loss-of-
function of dystrophin mainly affects muscles, it was first believed that dystrophin and its
associated protein complex were exclusively expressed in striated and smooth muscles (Haenggi
and Fritschy, 2006). However, recent studies have found dystrophin protein products in a variety
of cell types, including in the brain (Haenggi and Fritschy, 2006). Development of dystrophin
antibody helped determination of its subcellular localization (Hoffman et al., 1987; Watkins et al.,
1988). Dystrophin protein is located in the intracellular side of the plasma membrane, where it
forms a large protein complex to connect muscle fibers to their extracellular matrix, as well as to
transduce signals across the plasma membrane (Allen et al., 2016; Hoffman et al., 1987; Watkins

et al., 1988) (Fig. 1.6).
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Figure 1.6 The dystrophin protein complex (DPC). DPC connects the extracellular matrix to
cytoskeleton proteins. Shown is the interaction between core components of the DPC, including
dystrophin, oa-dystrobrevin, syntrophin, sarcoglycans, sarcospan, o- and B-dystroglycan, and
biglycan.

Through binding with cytoskeleton y-actin and membrane proteins, dystrophin forms
dystrophin protein complex (DPC) (Allen et al., 2016) (Fig. 1.6). Upon its discovery, it was
believed that DPC physically maintains sarcolemma integrity as well as attachment of muscle
fibers to their extracellular matrix (Durbeej and Campbell, 2002). However, recent evidence also
suggests that several DPC members play active roles in signal transduction through direct and
indirect interaction with cellular messengers such as Ca?* and ROS (Allen et al., 2016). Except
dystrophin, mutations or knockout of other DPC members have been reported to cause different
degree of MD in human and mouse models (Grady et al., 1999; Mathews and Moore, 2003;

Mercuri and Muntoni, 2012). For example, congenital muscular dystrophies (CMD) is a group of

genetic disorders characterized by mental retardation, ocular defects, and skeletal muscle
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pathology (Straub and Campbell, 1997). Genetic characterization of CMD patients has revealed
that mutations in Laminin-2, collagen type VI, and abnormal glycosylation of a-dystroglycan
underline these diseases (Schessl et al.). Similarly, limb-girdle muscular dystrophies (LGMD),
which have lots of overlap of symptomatology with BMD patients, are linked to sarcoglycans
(Guglieri et al., 2008). Deficiency of a-dystrobrevin in mice also resulted in skeletal muscular
dystrophy and cardiomyopathy (Grady et al., 1999). More importantly, overexpression of several
DPC members has been reported to ameliorate MD in dystrophin-deficient animal models (Peter
et al., 2008; Young and Fallon, 2012).

The role of dystrophin in maintaining sarcolemma integrity is evidenced by increased
membrane permeability in DMD and BMD patients (Allen et al., 2016). In fact, leakage of muscle-
specific enzymes into serum such as CK has become a pathological hallmark and diagnostic
characteristic of DMD (Allen et al., 2016). Other diagnostic standards include clinical
manifestations, histology and immunostaining results for dystrophin (Bushby et al., 2010).
Identification of the genetic mutation can also help treatment and prognosis (Bushby et al., 2010).
So far, no treatment is available to all types of mutations of DMD (Bushby et al., 2010). Steroids
have been used to delay disease development and prolong survival (Allen et al., 2016; Bushby et
al., 2010). Recently, growing evidence suggests that gene therapy to induce expression of a partial
or fully functional dystrophin or its homolog protein is beneficial for DMD patients (McGreevy et
al., 2015; Van Deutekom and Van Ommen, 2003). These efforts finally made the FDA-approved
drug Eteplirsen, a morpholino antisense oligomer triggers skipping of exon 51 and yields a partial
functional dystrophin protein product (Aartsma-Rus and Krieg, 2017; Mendell et al., 2013).
Recently, progress of CRISPR-Cas9 in mammalian gene editing has made gene therapy even more

attractive for treating DMD (Amoasii et al., 2017; Nelson et al., 2016). However, certain caveats
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do exist. For example, most available gene therapy only targets some types of mutations -
Eteplirsen is estimated to be effective on mutations making up 13% of DMD patients, not to
mention patients who cannot afford its high cost (Aartsma-Rus and Krieg, 2017). Since a variety
of mutations in the large dystrophin gene can cause DMD, the use of this exon-skipping strategy
may be limited. In addition, transduction of a reduced dystrophin gene (e.g. mini- or micro-
dystrophin) via AAV has been shown effective in DMD mouse models, but transduction and
expression efficiency, as well as the immune response have been major drawbacks (Van Deutekom
and Van Ommen, 2003). Thus, it is necessary to develop easily-achieved therapeutic strategies to
target on more general mechanisms in the pathogenesis of DMD.
3.2.1.1.2 Animal models to study MD

Various mouse and canine models have been generated for DMD (McGreevy et al., 2015).
The most widely used is the mdx mice, found in 1984 due to elevated serum CK level and muscle
damage and regeneration (Bulfield et al., 1984). Later characterization located the spontaneous,
nonsense point mutation in dystrophin gene that aborted full-length protein expression in mdx mice
(Sicinski et al., 1989). Despite the identical genotype as human patients, the phenotype of mdx
mice is much milder. In the first 2 weeks, mdx mice are indistinguishable from their wildtype peers
(McGreevy et al., 2015). From 3 to 6 weeks, they developed massive necrosis, which is more acute
and severe than necrosis seen in human patients (McGreevy et al., 2015). Later on, the majority of
muscles in mdx mice undergoes robust regeneration, characterized by central-nucleated muscle
fibers (McGreevy et al., 2015). This regeneration phenotype is absent in patients either (McGreevy
et al., 2015). Instead, muscle histology from patients suggests extensive and progressive muscle
fibrosis at later stage of the disease (McGreevy et al., 2015). The only skeletal muscle shows

similar fibrotic phenotype in mdx mice is the diaphragm, though the mechanism is still largely
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unknown (Stedman et al., 1991). Besides, cardiac muscle is not affected in the mdx mice until very
late stages and their lifespan is almost normal (Allen et al., 2016; McGreevy et al., 2015). Although
disadvantages exist, due to its identical genotype, muscle weakness phenotype and easy
availability, mdx strain is still the most commonly used animal model for studying DMD. In 1989,
four chemical variant (cv) mdx lines were generated by mutagen (Chapman et al., 1989). Named
as mdx?", mdx*>®, mdx*” and mdx>*", each of them carries a different point mutation in dystrophin
that leads to deficiency of full-length protein and shorter forms in other tissues like brain (Chapman
et al., 1989). Generally speaking, the phenotypes of these mice are very similar to mdx mice,
though the mdx’*” was reported to have more severe skeletal muscle phenotype (Beastrom et al.,
2011).

The phenomenon that mdx mice have much milder phenotypes than DMD has raised an
interesting question in the field. So far, the best explanation is the existence of utrophin proteins
compensating for dystrophin loss in mice (Allen et al., 2016). Utrophin is structurally similar as
dystrophin but its expression is more restricted to the neuromuscular junction in adults (Blake et
al., 2002). It was shown that sarcolemmal utrophin level was increased in mdx mice, and
overexpression of utrophin protein in mdx mice ameliorated the symptoms (Matsumura et al.,
1992; Tinsley et al., 1998). Additionally, knockout of utrophin in mdx mice yields very severe
phenotype considered to better mimic DMD (Deconinck et al., 1997; Grady et al., 1997). These
mice showed weight loss, curved spine, progressive muscle degeneration and regeneration, cardiac
dysfunction, and their lifespan is around 3 months (Deconinck et al., 1997; Grady et al., 1997).
However, these mice are difficult to breed and care for, which have limited their use. Other DPC
members, as well as proteins play roles in pathogenesis of DMD, have been knocked out in mdx

mice to “humanize” the model (McGreevy et al., 2015). Yet, these mouse models all carry
49



mutations in genes other than dystrophin, which may affect the interpretation of data collected
from them.

So far, the dystrophin-null golden retriever dystrophy model is considered the best to
mimic DMD, for identical genotype and phenotype (McGreevy et al., 2015). Due to similar
immune responses as human, the canine models are especially helpful in analyzing gene therapy
(Amoasii et al., 2018; McGreevy et al., 2015). But apparently, these animals are much more costly
and hard to maintain, setting limitations to their use.
3.2.1.1.3 Membrane damage and repair in MD

Defects in sarcolemmal repair is an important step in early pathogenesis of MD (Allen et
al., 2016). However, it is necessary to point out that various molecules, cellular organelles, and
muscle physiology aspects all play roles in these devastating diseases (Allen et al., 2016). Here, I
will be focused on membrane damage and repair in MD pathogenesis, since it is most relevant to
lysosomal function.
3.2.1.1.3.1 Increased membrane permeability in MD: biomarkers

Increased membrane permeability is thought to be one of the major early pathological
changes in MD (Allen et al., 2016). Two types of biomarkers are used to measure membrane
permeability in vivo. First, upon damage, muscle-specific enzymes such as CK is leaked into blood
stream and its activity can be detected in serum (Allen et al., 2016). In normal people, physical
activity, especially eccentric exercise like resistance training, can cause CK level to increase mildly
(Brancaccio et al., 2007). However, in many types of MD, as well as animal models such as mdx,
serum CK activity is dramatically increased by more than 100-fold after exercise (Zatz et al.,
1991). The other type of biomarkers commonly used is influx of proteins or membrane-

impermeable dyes such as albumin, procion orange and Evan’s blue (EB) dye (Allen et al., 2016).
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Stimulated by eccentric contraction, the magnitude of EB increase in mdx mice is much greater
than WT (Hamer et al., 2002).

Although commonly used, some cautions need to be taken when interpreting these assays.
For example, CK is reported to be modified by ROS and oxidation, which results in reduction of
its activity (Nuss et al., 2009). Therefore, it may be necessary to look at the protein level as well
when studying ROS-related muscle biology. Besides, EB dye is found to preferentially stain some
types of muscle fibers in vivo, such as the branched ones (Head, 2010). More importantly, neither
CK activity nor EB dye increase is correlated with muscle force loss (Allen et al., 2016). In mdx
mice, EB dye positive fibers constitute ~ 20% of total after exercise, while muscle force undergoes
a drop around 70% (Moens et al., 1993; Whitehead et al., 2006). This inconsistency may be
explained by some fibers are more susceptible to EB staining. But it is more likely that increased
membrane permeability is just one piece of the whole picture. In MD, mutations of muscle proteins
may cause pathological changes in many aspects of the muscle, including sarcolemma, Ca?* store,
vesicle trafficking, SR and contraction machinery, NO (nitric oxide), ROS, and these all contribute
to muscle degeneration and dysfunction (Allen et al., 2016). In the following discussion, I will
present the connections between some of these players, from a membrane damage-repair angle.
3.2.1.1.3.2 Exacerbated membrane damage in MD: a story of Ca?* and ROS

In both healthy individuals and MD patients, membrane damage constantly occurs in
muscle tissues during contraction (Allen et al., 2016). Ever since the discovery of dystrophin/DPC,
it is believed that dystrophin physically supports the sarcolemma, thus the loss of it would lead to
more damage in DMD patients during contraction (Petrof et al., 1993). To demonstrate this point,
Whitehead et al. designed a study to test procion orange dye entry into mdx muscles at early time

course after eccentric contraction (Whitehead et al., 2006). Surprisingly, they found muscles
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collected immediately after exercise have only a few percent more positive fibers than resting
controls, yet the number rise up to 15% in muscles collected 60 minutes after exercise (Whitehead
et al.,, 2006). This finding suggests that the majority of membrane damage happens after the
physical disruption. It is likely that muscle contraction mainly serves as a primary trigger to
downstream damage signaling cascades, and the latter can be regulated by dystrophin.

Ca®* turned out to be a major damage signal regulated by dystrophin (Allen et al., 2016).
Elevated intracellular Ca?>* was found in mdx mice and is considered to cause protein degradation
and eventually cell death through proteases like calpains (Franco Jr and Lansman, 1990; Spencer
et al., 1995; Turner et al., 1988). In fact, by blocking Ca**-permeable mechanosensitive channels
(MSCs), dye uptake in mdx mice after exercise was significantly reduced (Whitehead et al., 2006).
Consistently, although the genetic identity is still under debate, studies have shown MSCs are more
active in mdx and DMD myotubes (Franco Jr and Lansman, 1990; Franco-Obregén and Lansman,
2002; Vandebrouck et al., 2001). In addition, overexpression of SR Ca?* pump (SERCA), which
pumps Ca?* from myoplasm back to SR, yields robust improvement of sarcolemma permeability
as well as muscle performance in mdx mice (Goonasekera et al., 2011). Together, multiple pieces
of evidence suggest that intracellular Ca?* increase mediates the membrane permeabilization and
is regulated by dystrophin.

ROS are another important player. ROS are oxygen-containing molecules that can directly
interact with macromolecules to modify their structure and function (Barbieri and Sestili, 2012).
In MD patients and animal models, ROS levels are elevated under resting and stimulation (Kim et
al., 2013; Rando, 2002). This elevation is considered to be crucial for sarcolemma
permeabilization, since antioxidant treatments such as NAC (N-acetylcysteine), vitamin E and

green tea extract have all been reported to ameliorate sarcolemmal leak and dystrophy (Call et al.,
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2008; Gamstorp et al., 1986; Howard et al., 2011; Whitehead et al., 2008). In skeletal muscles
undergoing contractions, ROS are predominantly generated by NADPH oxidase (NOX), but not
mitochondria (Michaelson et al., 2010). And blocking NOX prevented most of the ROS production
(Shkryl et al., 2009). NOX is a multiprotein enzyme complex producing superoxide and H>O»
(Mofarrahi et al., 2008). Having several isoforms of catalytic subunits, NOX2 and NOX4 are found
in muscles (Mofarrahi et al., 2008). Interestingly, NOX2 level is also raised in dystrophic muscles
and it can be activated by stretch, possibly through a microtubule-dependent mechanism
(Khairallah et al., 2012; Whitehead et al., 2010). It has been demonstrated that in MD, increased
NOX2 leads to more ROS production upon stretch, resulting in cell damage (Allen et al., 2016).

The search for downstream molecules for ROS in muscles revealed an unexpected link
between ROS and Ca?*. A MSC candidate has been found activated by ROS to trigger Ca?* release,
and NOX inhibitors prevented Ca?" influx (Gervasio et al., 2008; Khairallah et al., 2012; Shkryl et
al., 2009; Whitehead et al., 2010). Thus, the NOX-ROS-MSC-Ca*" axis has been proposed and is
still one of the most popular explanations for damage in dystrophic muscles (Allen et al., 2016).
Besides, ROS can regulate other aspects in MD pathogenesis. Recently, increased NOX2 and ROS
in mdx mice have been indicated to impair autophagy and lysosomes, contributing to pathogenesis
(Pal et al., 2014). ROS are also reported to oxidize membrane lipids, changing membrane property
and permeability in DMD (Dudley et al., 2006).

Notably, although ROS and Ca?" have deleterious roles in muscle damage, both of them
are active signals in the cell and regulate a variety of biological events. Under physiological
conditions, ROS operate important functions in skeletal muscles such as regeneration, metabolism
and mitochondria function, and Ca?" is essential in muscle contraction and physiology (Barbieri

and Sestili, 2012; Cheng et al., 2015; Ebashi and Endo, 1968). Paradoxically, they also play roles
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in membrane repair (Cai et al., 2009a; Cheng et al., 2015). Indeed, for active messengers like Ca?*
and ROS, cells have adopted machineries to make sure they only function locally. Take Ca®* as an
example, diffusion and cellular buffering for Ca?" can produce 100 nM to 10 uM Ca*
concentration drops in a distance of 30 nm surrounding the releasing Ca?* channel within a few
milliseconds (Cheng et al., 2015; Clapham, 2007). This guaranteed Ca?* signaling to be accurately
controlled responding to precise cellular needs. It is likely that upon sarcolemmal damage, Ca**
from varied sources are involved in different biological processes by triggering diverse
downstream signaling pathways through different local sensors, and possibly at different time.
Therefore, concentration, source and sensor should all be carefully examined when discussing
about the physiological and pathological roles of Ca?* and ROS.
3.2.1.1.3.3 Impaired membrane repair in MD
3.2.1.1.3.3.1 Impaired exocytosis and membrane repair in MD
3.2.1.1.3.3.1.1 Dysferlin acts as the Ca?* sensor and is required in membrane repair

Some genes underlying MD have been found directly involved in membrane repair. Loss
of dysferlin results in limb girdle muscular dystrophy type 2B (LGMD2B) and Miyoshi myopathy
(Cooper and McNeil, 2015). Patients of these diseases often show normal physical ability during
childhood but developed MD as a teenager or adult after an injury that is difficult to recover from
(Cooper and McNeil, 2015). Dysferlin-deficient mice showed similar late-onset MD, and closer
look into their muscles have uncovered impaired membrane repair (Bansal et al., 2003). Bansal et
al. developed a membrane damage-repair assay using FM1-43 dye, a water-soluble dye that cannot
cross membranes (Bansal et al., 2003). Upon laser irritation, the FM dye accumulates at the
damage site rapidly, but plateaued within 30s in WT fibers, suggesting effective membrane

resealing (Bansal et al., 2003). In contrast, dysferlin-null fibers presented prolonged dye entry until
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up to 2 minutes, and the kinetics are similar to WT fibers damaged in the absence of Ca?* (Bansal
et al,, 2003). Indeed, dysferlin is a Ca*-binding protein with C2 domains similar as
synaptotagmins (Anderson et al., 1999; Evesson et al., 2010). It is ubiquitously expressed but have
highest expression levels in skeletal and cardiac muscles (Anderson et al., 1999; Evesson et al.,
2010). In the cellular level, it predominantly locates on sarcolemma, but recent findings have
suggested that it shuttles between sarcolemma and endolysosomal vesicles (Anderson et al., 1999;
Evesson et al., 2010). The mechanisms for dysferlin to repair damaged membrane is not fully
understood, but it is believed that dysferlin is recruited to the injured site within 10 seconds after
damage, and it can be cleaved by calpain (activated by local Ca** influx) to yield a synaptotagmin-
like module with two C2 domains (Cooper and McNeil, 2015; Han and Campbell, 2007). This
cleaved fragment may mediate vesicle fusions in a manner similar as synaptotagmins (Cooper and
McNeil, 2015; Han and Campbell, 2007). Consistently, accumulation of vesicles close to
sarcolemma was observed in dysferlin-null muscles (Bansal et al., 2003). Interestingly, deficiency
of syt7 in mice also results in myopathy characterized by increased CK level and massive fibrosis
(Chakrabarti et al., 2003). Putting together, these data suggest that dysferlin plays a role in
membrane repair, though the mechanisms still remain to be elucidated.
3.2.1.1.3.3.1.2 MGS3 acts as a potential ROS sensor and is required in membrane repair
Mitsigumin-53 (MG53) is a ROS sensor candidate belonging to the E3 ubiquitin ligase
TRIM family (Waddell et al., 2011; Weisleder et al., 2008). It is highly expressed in skeletal and
cardiac muscles, and subcellularly localized to both sarcolemma and cytosol (Waddell et al., 2011;
Weisleder et al., 2008). Although not implicated in human disease, MG53-deficient mice showed
progressive myopathy and impaired membrane repair (Cai et al., 2009a). MG53 is associated with

intracellular vesicles via phosphatidylserine (Cai et al., 2009a). When membrane damage occurs,
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released ROS cause MG53 oligomerization, leading to recruitment of MG53-positive vesicles to
injury site (Cai et al., 2009a). Absence of Ca?" partially blocked recruitment process, suggesting
both Ca?*-dependent and -independent pathways underlying it (Cai et al., 2009a). Interestingly,
the same study also showed 0 Ca?* solution could significantly increase FM dye uptake upon injury
in WT fibers, and this is exacerbated when treating the WT fibers with antioxidant in 0 Ca**
solution (Cai et al., 2009a). These findings have not only identified the importance of MGS53 in
sarcolemmal resealing, but also revealed complicated roles of ROS in membrane damage-repair.
Three-dimensional structured illumination microscopy (3D-SIM) also showed rapid recruitment
of MG53 to injury site within 2 s, followed by dysferlin which is recruited in 10 s (Lek et al.,
2013). The two proteins are largely colocalized with each other at the injury site, and co-
immunoprecipitaion suggests they have interactions in MD (Cai et al., 2009b; Lek et al., 2013;
Waddell etal., 2011). However, how they coordinate in membrane repair is still unknown. Besides,
the nature of vesicles in these studies is not well characterized.
3.2.1.1.3.3.1.3 Membrane repair in DMD

Whether membrane repair efficiency or machineries are impaired dystrophin-deficient
human or mice, however, is still under debate (Allen et al., 2016). This is partially due to technical
difficulties, since assays currently available cannot differentiate membrane damage and repair.
According to previous discussions, damage signaling still continues and causes more damage to
the membrane after the initial irritation. Besides, mutations of muscle proteins often result in more
fragile muscles (Allen et al., 2016). In the laser irradiation assay, for instance, increased FM dye
in MD fibers may due to either exacerbated, continuing damage or impaired membrane repair,

especially given that membrane repair is triggered immediately after damage (Allen et al., 2016).
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This problem may be resolved when more knowledge is gained about the underlying mechanisms
of membrane damage and repair.

Although direct evidence is still lacking, studies have shown MGS53 was upregulated in
MD patients (Waddell et al., 2011). Besides, the family member of dysferlin, myoferlin, is
upregulated in dystrophin-null mice (Davis et al., 2000). However, the double knockout mice of
dysferlin and dystrophin showed more severe phenotype than single knockout of any of them,
implying the two proteins may regulate muscle function via different pathways (Han et al., 2011).
In summary, it is still unclear whether the membrane repair pathway is affected in dystrophin-
deficient mice. However, multiple pieces of evidence have suggested boosting membrane repair
pathway in MD animal models ameliorates muscle phenotypes, as discussed below.
3.2.1.1.3.3.2 Triggering membrane repair to treat MD

Since membrane damage is an important step in the pathogenesis of MD, triggering
membrane repair has been proposed as a strategy for therapeutics. Membrane sealant poloxamer
188 has been shown to improve cardiac failure in mdx mice (Yasuda et al., 2005). Myocytes
isolated from mdx mice were susceptible to stretch-induced Ca?" overload, resulting in cell death
(Yasuda et al., 2005). Poloxamer 188 corrected these changes in vitro, and injection of this drug
into mdx mice also ameliorated dobutamine-induced heart failure (Yasuda et al., 2005). In another
study, recombinant human MG53 (thMG53) protein was able to promote plasma membrane repair
in both muscle and non-muscle cells in vitro (Weisleder et al., 2012). Injection of the recombinant
protein through different routes into mdx mice also showed improvement of muscle pathology
(Weisleder et al., 2012). Together, these data suggest that membrane repair can be a potential target
for MD therapy. Since ML1 activation has been shown to trigger lysosomal exocytosis, it is

possible that activation of ML1 may also induce sarcolemmal repair in MD.
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3.2.1.2 Autophagic-lysosomal defects in MD

Impairment of autophagy has been reported in DMD (De Palma et al., 2014). Defects of
autophagy were observed in mdx mice, due to abnormal activation of Akt and mTOR (De Palma
et al., 2012; Pal et al., 2014). Additionally, NOX2 was also upregulated in mdx mice, leading to
increased oxidative stress and impaired autophagosome formation (Pal et al., 2014). Furthermore,
inhibition of the Akt-mTOR pathway and NOX2, as well as activation of autophagy through low
protein diet or AMPK were shown to ameliorate dystrophic phenotypes in mdx mice (Bibee et al.,
2014; De Palma et al., 2012; Pal et al., 2014; Pauly et al., 2012).

The defects of lysosomes in DMD is less clear. Increased NOX2 and oxidative stress in
mdx mice were shown to impair lysosome formation, resulting in decreased LAMP1 level, whereas
inhibition of NOX2 enhanced LAMPI1 protein and ameliorated MD (Pal et al., 2014). However,
in an earlier study, LAMP1-positive vesicles were found accumulated in mdx myofibers, consistent
with immunohistochemistry of LAMPI staining in mdx muscle sections (Duguez et al., 2013).
Analysis of secretome profile of these fibers also revealed enrichment of LAMPI protein,
suggesting LAMP1-positive vesicles were undergoing active exocytosis (Duguez et al., 2013).
These findings have demonstrated controversial roles of lysosomes in DMD which need to be
resolved by further studies.

Defects in autophagic-lysosomal pathway have also been reported in other MDs. In a MD
mouse model deficient of extracellular matrix protein collagen-6, autophagy is impaired via
activation of Akt and mTOR, resulting in accumulation of abnormal mitochondria and SR and cell
death (Grumati et al., 2010). More importantly, activation of autophagy in this disease model has

been found beneficial and helps cellular clearance (Grumati et al., 2010). Overall, these studies

58



suggest that autophagy and lysosomes are impaired in MD, and boosting their function may be a
potential treatment.
3.2.2 Lysosomes in other myopathies

Autophagic and lysosomal defects have been found in other myopathies. In muscle
atrophy, the autophagic-lysosomal pathway is overactivated to remove proteins and organelles,
contributing to the muscle loss (Bonaldo and Sandri, 2013). In patients of ischemia or with pressure
overload, accumulation of autophagosomes was found in the hearts, which can be reproduced in
animal or cell culture models (Terman and Brunk, 2005). Interestingly, drugs exacerbating
ischemia such as B-adrenergic receptor agonist reduced autophagy, while drugs ameliorating heart
failure like B-adrenergic receptor antagonist increased autophagy (Bahro and Pfeifer, 1987).
Together, these data suggest that the autophagic-lysosomal system may contribute to the

pathogenesis of myopathies.

4. Central goal of this study

Lysosomes are essential in cellular adaptation to stress. Through releasing Ca?* from
lysosomal lumen, ML1 regulates multiple aspects of lysosomal function in health and disease. It
was reported that by artificially activating ML1, TFEB translocates into nucleus, triggering
downstream autophagic and lysosomal gene transcription. However, the endogenous cue for ML1
and TFEB activation under physiological conditions remains unknown. In Chapter II, I will try to
answer this question and provide physiological significance for ML1 in regulation of TFEB and
lysosomal adaptation.

Lysosomal Ca?* release via ML1 also triggers lysosomal exocytosis. Moreover, TFEB

activation by ML1 leads to lysosomal biogenesis, meaning bigger pool for lysosomal exocytosis.
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Thus, ML1 activation boosts lysosomal exocytosis via both short-term and long-term mechanisms.
Lysosomal exocytosis has been shown important in membrane repair, and impaired membrane
repair is linked to MD. Consistently, ML1-deficient human and mice exhibit compromised
sarcolemmal integrity, as well as progressive MD. Therefore, ML1 activity is required for
lysosomal exocytosis and sarcolemmal repair. Since MLI1 activation upregulates lysosomal
exocytosis, I hypothesize that activation of ML1 in vivo may help sarcolemmal repair and
ameliorate MD. This is especially of clinical interest due to the availability of small molecule
agonists of ML 1, for these compounds can activate lysosomal exocytosis, as well as TFEB robustly
and potently in vitro. By using genetic and pharmacological tools to upregulate ML1 in MD mouse

models, I will investigate the effects of ML1 activation in MD (Chapter III & IV).
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CHAPTER 11
ML1 Is a ROS Sensor in Lysosomes That Regulates Autophagy
Abstract

Cellular stresses, such as nutrient deprivation and oxidative bursts, trigger autophagy to
remove damaged macromolecules and organelles. Lysosomes, the primary digestive force in the
cell, “host” multiple stress-sensing mechanisms that trigger the coordinated biogenesis of
autophagosomes and lysosomes. For example, TFEB, which regulates autophagy and lysosome
biogenesis, is activated following the inhibition of mTOR. Here, we show that ROS activate TFEB
via a mechanism that is dependent on lysosomal Ca?" but not mTOR. Exogenous application of
oxidants or pharmacologically-increasing mitochondrial ROS levels results in direct, specific, and
sustained activation of lysosomal ML1 channels, inducing Ca?* release from the lysosomal lumen.
This activation triggers calcineurin-dependent TFEB nuclear translocation, autophagy induction,
and lysosome biogenesis. When ML1 was genetically inactivated or pharmacologically inhibited,
clearance of damaged mitochondria was blocked. Hence, ML1 is a ROS sensor localized on the
lysosomal membrane that orchestrates an autophagy-dependent negative-feedback program to

mitigate oxidative stress in the cell.
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Introduction

ROS are generated mainly as byproducts of mitochondrial respiration, and their cytosolic
levels are tightly controlled by multiple anti-oxidant mechanisms (Scherz-Shouval and Elazar,
2011). A regulatory imbalance can result in elevated ROS levels and oxidative stress, which are
believed to underlie a variety of metabolic and neurodegenerative diseases, as well as aging
(Barnham et al., 2004; Scherz-Shouval and Elazar, 2011). Although high levels of ROS may
additionally cause severe oxidative damage of proteins and lipids, a moderate ROS increase may
serve as a sufficient “signal” to trigger autophagy and other cell-survival mechanisms (Barnham
et al.,, 2004; Scherz-Shouval and Elazar, 2011). Autophagy can target oxidized and damaged
biomaterials selectively for lysosomal degradation (Murrow and Debnath, 2013). Because
unhealthy mitochondria may further augment ROS production, ROS-induced mitophagy is
required for effective removal of excess ROS (Narendra et al., 2008; Scherz-Shouval and Elazar,
2011; Wang et al., 2012b). Hence, ROS and autophagy may constitute a negative feedback

mechanism that mitigates oxidative stress and promotes cell survival.

Autophagy is a multi-step catabolic process that involves initiation (i.e., phagophore
formation), autophagosome biogenesis, lysosome biogenesis, autophagosome-lysosome fusion,
and lysosomal degradation (Murrow and Debnath, 2013; Shen and Mizushima, 2014). ROS are
known to induce autophagy, but the mechanisms underlying this induction are poorly understood
(Li et al., 2015; Scherz-Shouval and Elazar, 2011). ATG4, a cysteine protease and component of
the cellular autophagy machinery, was recently identified as a direct target of ROS (Scherz-
Shouval et al., 2007). Oxidized ATG4 promotes lipidation of LC3, a process that is essential for
autophagy initiation (Scherz-Shouval et al., 2007). Because coping with prolonged oxidative stress

may require sustained autophagy and sufficient lysosome supplies to achieve efficient
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autophagosome-lysosome fusion in an ongoing manner, it is hypothesized that the lysosome-
participating steps of autophagy need to be upregulated in a coordinated fashion by ROS signaling
(Lietal., 2015; Medina et al., 2015; Scherz-Shouval and Elazar, 2011; Shen and Mizushima, 2014;
Wang et al., 2015b). Indeed, given the essential role of lysosomes in autophagic clearance (Shen
and Mizushima, 2014), inadequate lysosomal function inevitably leads to metabolic and
neurodegenerative diseases, even though autophagy induction is often elevated under these

pathological conditions (Murrow and Debnath, 2013; Shen and Mizushima, 2014).

Lysosomes are organelles that “host” important nutrient-sensitive molecules (Settembre
et al., 2013b). Under starvation conditions, inhibition of mTOR results in a decrease in the
phosphorylation of TFEB, a master transcriptional regulator of both autophagy and lysosomal
biogenesis (Martina et al., 2012; Roczniak-Ferguson et al., 2012; Sardiello et al., 2009; Settembre
etal., 2012). Dephosphorylated TFEB proteins translocate rapidly to the nucleus from the cytosol
and lysosomes, inducing or increasing the expression of a unique set of genes that are related
specifically to autophagosome and lysosome biogenesis (Roczniak-Ferguson et al., 2012;
Settembre et al., 2012). It is not yet known whether the mTOR-TFEB pathway regulates lysosome
function in response to other cellular stresses. Very recently, it was reported that TFEB nuclear
translocation can also be stimulated by lysosomal Ca?' release through MLI1 and the Ca®'-
dependent phosphatase calcineurin (Medina et al., 2015). However, it is unclear whether and how
ML1 is activated by specific autophagy-inducing conditions, e.g., oxidative stress and nutrient
starvation.

Lysosomes are required for quality-control regulation of mitochondria, and oxidative stress
is a common feature of LSDs (Xu and Ren, 2015). Recent studies suggest that mitochondria, the

major source of endogenous ROS, are localized in close physical proximity to lysosomes (Elbaz-
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Alon et al., 2014; Li et al., 2015). Hence the lysosomal membrane is potentially an accessible and
direct target of ROS signaling. Given that ROS reportedly regulate ion channels (Bogeski and
Niemeyer, 2014), we hypothesize that lysosomal conductances, particularly through lysosomal

Ca?" channels such as ML1, may mediate ROS-regulation of lysosomal function.

Methods

Molecular biology. ML1 mutants were constructed with a site-directed mutagenesis kit (Qiagen)
using mouse MLI as the template. GCaMP7-ML1 was generated using a similar approach that
was described previously for GCaMP3-MLI1 (Shen et al., 2012). The mCherry-PARKIN construct
was provided by Dr. Richard Youle through Addgene (Narendra et al., 2008). All constructs were
confirmed by DNA sequencing.

Mammalian cell culture. COS-1 and HEK-293T were cultured in a 1:1 mixture of DMEM and
Ham’s F12 (DF12) media with 10% fetal bovine serum (FBS). HeLa and HAPI1 cells were
maintained in DMEM and IMDM, respectively, both with 10% FBS. Lipofectamine 2000
(Invitrogen) was used for the transfection of above cells. Human skin fibroblast cells from a
mucolipidosis IV (ML1 KO) patient (clone GM02048) and a healthy control (clone GM05659)
were obtained from the Coriell Institute for Medical Research (NJ, USA). Fibroblasts were
transfected with a Neon electroporation kit (Invitrogen). Culture media were refreshed 18-24 h
post-transfection, and cells were imaged 48 h post-transfection to allow sufficient recovery time
following transfection.

Stable cell lines. The mCherry-PARKIN stable cell line was generated in HeLa cells under the
selection of 500 mg/L Geneticin (G418, Invitrogen). The mCherry-TFEB stable cell line was
generated using the Flip-In T-Rex 293 cell line (Invitrogen) under blasticidin selection. GFP—

mRFP-LC3 and GFP-TFEB stable cell lines were kindly provided by Drs. David Rubinsztein
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(Vicinanza et al., 2015) and Shawn M. Ferguson (Roczniak-Ferguson et al., 2012), respectively.
Unless otherwise indicated, all cell lines were maintained in DMEM medium supplemented with
10% Tet-free FBS at 37 °C in a humidified 5% CO. incubator.

Confocal imaging. For TFEB and TFE3 immunofluorescence detection, cells were grown on
glass coverslips and then fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton X-
100 after treatments. The cells were then blocked with 1% bovine serum albumin in phosphate
buffered saline (PBS). Endogenous TFEB and TFE3 were recognized by incubating cells with
anti-TFEB (1:200; Cell Signaling Technology) or anti-TFE3 antibody (1:1,000 Sigma) at 4 °C
overnight. Cells were then washed 4-5 times with PBS and incubated with anti-rabbit secondary
antibodies conjugated to Alexa Fluor 568 or 488 (Invitrogen) for 1 h. After three washes with PBS,
coverslips were mounted on the slides with Fluoromount-G (Southern Biotech). Images were
acquired with an Olympus Spinning-Disk Confocal microscope.

Western blotting. Cells were lysed with ice-cold RIPA buffer (Boston BioProducts) in the
presence of 1x protease inhibitor cocktail (Sigma), | mM NaF, and 1 mM Na3VOs. Total cell
lysates were mixed with 2x SDS loading buffer and were boiled at 95 °C for 10 min. Protein
samples (10-100 pg) were then loaded and separated on 4-12% gradient SDS-PAGE gels
(Invitrogen) and transferred to polyvinylidene difluoride membranes. The membranes were
blocked for 1 h with 1% bovine serum albumin in PBS supplemented with 0.1% Tween20 and
were incubated with antibodies against GFP (1:10,000; Covance), LC3 (1:2,000; Sigma), Lamp1
(1:1,000; Developmental Studies Hybridoma Bank), y-tubulin (1:4,000; Sigma), TFEB (1:1,000;
Cell Signaling Technology), TFE3 (1:4,000; Sigma). Bound antibodies were detected using

horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies (1:5000) and
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enhanced chemiluminescence reagent (Amersham Pharmacia Biotech). Band intensities were
quantified in Image J software.

Ca? imaging. Fura-2 Ca?" imaging was carried out in cells loaded with 5 uM Fura-2 AM
(Invitrogen) at 37 °C for 1 h, as described previously (Shen et al., 2012). Fluorescence, at two
excitation wavelengths, F340 and F3go, was recorded with an EasyRatioPro system (PTI). Fura-2
ratios (F340/F330) were used to monitor changes in intracellular [Ca®*]. Lysosomal Ca** release was
measured under a zero-Ca”" external solution, which contained 145 mM NaCl, 5 mM KCl, 3 mM

MgCl,, 10 mM glucose, 1| mM EGTA, and 20 mM HEPES (pH 7.4); free [Ca*'], < 10 nM

(estimated with Maxchelator software http://maxchelator.stanford.edu/).

GCaMP imaging was performed in HeLa cells transfected with GCaMP7-MLI, a
lysosome-targeted genetically-encoded Ca®* sensor (Shen et al., 2012). The fluorescence intensity
at 488 nm (F488) was recorded at 37 °C with the spinning disk confocal live-imaging system,
which included an Olympus IX81 inverted microscope, a 60X or 100X objective (Olympus), a
CSU-X1 scanner (Yokogawa), an iXon EM-CCD camera (Andor), and MetaMorph Advanced
Imaging acquisition software v.7.7.8.0 (Molecular Devices).

ROS imaging. ROS levels were detected with a CM-H2DCFDA dye assay (Invitrogen). Briefly,
cells were incubated with 2.5-5 uM CM-H2DCFDA in the culture media without FBS at 37 °C
for 30 min, and then recovered in the complete media for 10 min before imaging. The fluorescence
was visualized with a DP71 camera (Olympus) mounted on an Olympus IX-71 inverted
microscope. Images were captured at 20x magnification with DPController software. The

fluorescence intensity was quantified with the ImagelJ software (NIH).
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Mitochondrial membrane potential measurement. Human fibroblasts were incubated with 1
uM JC-1 (Invitrogen) in complete culture medium at 37 °C for 30 min before imaging. The
fluorescence was detected at 520 nm for J-monomer and 600 nm for J-aggregates (excitation
wavelength= 488 nm), respectively, by a Leica confocal microscope.

Whole-endolysosome electrophysiology. Isolated endolysosomes were subjected to whole-
endolysosomal electrophysiology by a modified patch-clamp method (Dong et al., 2010b; Wang
et al., 2012b). Briefly, cells were treated with 1 uM vacuolin-1 overnight to selectively increase
the size of late endosomes and lysosomes (Cerny et al., 2004). Enlarged vacuoles were released
into the dish by mechanical disruption of the cell membrane with a fine-tip glass electrode. Unless
otherwise indicated, vacuoles were bathed continuously in an internal (cytoplasmic) solution
containing 140 mM K*-Gluconate, 4 mM NaCl, 1 mM EGTA, 2 mM Nax-ATP, 2 mM MgCl,
0.39 mM CaCl,, 0.1 mM GTP, and 10 mM HEPES (pH adjusted with KOH to 7.2; free [Ca*"]i =
100 nM). The pipette (luminal) solution contained 145 mM NaCl, 5 mM KCI, 2 mM CaCl,, | mM
MgCl,, 10 mM HEPES, 10 mM MES and 10 mM glucose (pH adjusted to 4.6 with NaOH). The
whole-endolysosome configuration was achieved as described previously (Wang et al., 2012a).
After formation of a gigaseal between the patch pipette and an enlarged endolysosome, voltage
steps of several hundred millivolts with a millisecond duration were applied to break into the
vacuolar membrane (Wang et al., 2012a). All bath solutions were applied via a fast perfusion
system that produced a complete solution exchange within a few seconds. Data were collected via
an Axopatch 2A patch clamp amplifier, Digidata 1440, and processed with pClamp 10.0 software
(Axon Instruments). Whole-endolysosome currents were digitized at 10 kHz and filtered at 2 kHz.
All experiments were conducted at room temperature (21-23 °C) and all recordings were analyzed

in pPCLAMP10 (Axon Instruments) and Origin 8.0 (OriginLab).
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Whole-cell and inside-out patch-clamp electrophysiology. Whole-cell recordings were
performed with pipette electrodes (resistance 3—5 MQ) filled with (in mM): 1) 133 Cs
methanesulfonate, 4 NaCl, 10 EGTA, 2 Nax-ATP, 2 MgCl,, and 20 HEPES (pH 7.2, adjusted with
CsOH; free [Ca®']i < 10 nM), or 2) 140 K-gluconate, 4 NaCl, 1 EGTA, 2 MgCl, 0.39 CaCl,, and
20 HEPES (pH 7.2; free [Ca*']i ~ 100 nM). The standard extracellular bath solution (Tyrode’s
solution) contained (in mM): 153 NaCl, 5 KCl, 2 CaCly, 1 MgCl,, 20 HEPES, and 10 glucose (pH
7.4). For excised inside-out patch recordings, pipette electrodes with 1-2 MQ resistance were
used. The bath solution and pipette solution were the same as those used for whole-endolysosome
recordings.

Reagents. The following reagents were purchased: ML-SA1 (Princeton BioMolecular Research
Inc), ML-SI3 (AKOS), Torin 1 (Tocris), NAC (Sigma), CCCP (Sigma), H,O> (Sigma), ChT
(Sigma), NSC (Sigma), DTNP (Sigma), 4-HNE (Caymen), Ionomycin (Sigma), BAPTA-AM
(Invitrogen), and vacuolin-1 (Calbiochem).

Data analysis. Data are presented as mean + standard errors of the mean (SEM). Statistical
comparisons of confocal images were performed with analyses of variance (ANOVA). Protein
expression levels were compared using paired z-test. A P value < 0.05 was considered statistically

significant.

Results
Oxidants and endogenous ROS activate lysosomal ML1 channels directly and specifically.
We investigated the effects of oxidants on whole-endolysosome conductances in vacuolin-
l-enlarged endolysosomes (Dong et al., 2010b; Wang et al., 2012b) under a variety of

experimental conditions in various cell types. In cells overexpressing enhanced green fluorescent
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protein (EGFP)-tagged ML1 (Fig. 2.1A), whole-endolysosome ML1-mediated currents (/TrpmL1)
were activated strongly by bath application of chloramine T (ChT), a non-selective strong oxidant.
ChT-activated Itrpmr1 Was inhibited by the mucolipin-specific synthetic inhibitors [ML-SIs], but
at concentrations higher than that are typically used to block ML1 (Wang et al., 2015b). Several
other commonly-used oxidants, including NaOCl, N-chlorosuccinimide, thimerosal, H>O», and
tert-butyl hydroperoxide (TBHP) also readily, albeit less potently, activated Itrpmr1 (Fig. 2.1B).
On the other hand, cysteine-modifying oxidants that are known to modulate several TRP channels,
such as DTNP and DTNB (Chuang and Lin, 2009), failed to activate Itrpmr1 (Fig. 2.1B). Likewise,
the NO donor SNAP and the reactive lipid peroxidation intermediate 4-HNE (Kozai et al., 2014)
did not affect Itrpmr1 (Fig. 2.1B). Unlike mouse and human MLI, oxidants failed to activate
several other closely-related lysosome-localized channels, which include mouse TRPML2, mouse
TRPML3, mouse TPC2 (Fig. 2.1D), and a zebrafish homolog of mammalian ML1 (zTRPMLI1.1;
Fig. 2.1C, D). Taken together, these results suggest that oxidants activate lysosomal ML1 channels
specifically via a distinct and novel mechanism.

Because mitochondria are the primary source of endogenous ROS (Narendra et al., 2008;
Scherz-Shouval and Elazar, 2011; Wang et al., 2012b), to evaluate the effect of endogenous ROS
on MLI1, we exposed cells to mitochondrial respiration inhibitor carbonyl cyanide m-
chlorophenylhydrazone (CCCP), which is commonly used to induce ROS production,
mitochondrial damage, and subsequent mitophagy (Benard et al., 2007; Nishikawa et al., 2000).
Following 1 hour exposure to CCCP (5-10 uM), intracellular ROS levels increased significantly
(Fig. 2.1E), as reflected by visualization of CM-H2DCFDA, a ROS-sensitive fluorescent dye
(Nishikawa et al., 2000). N-acetyl-cysteine (NAC), a commonly used membrane-permeable

antioxidant (Underwood et al., 2010), abolished CCCP-induced increases in ROS levels (Fig.
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2.1E). Because drugs like CCCP might produce ROS-independent effects due to mitochondrial

depolarization/damage in addition to ROS production (Benard et al., 2007; Nishikawa et al., 2000),

NAC sensitivity test was routinely performed in various cellular assays in the current study.
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overexpressing COS1 cells. (B) Oxidant-specific activation of Itremri. Active oxidants included
ChT (150 uM), NaOCl (3 mM), N-chlorosuccinimide (NCS, 500 uM), thimerosal (TMS, 50 uM),
H>02 (10 mM), and tert-butyl hydroperoxide (TBHP, 1 mM). Other tested oxidants included
cysteine-specific oxidants (DTNB and DTNP, both at 100 uM), an NO-donor (SNAP, 100 uM),
and a reactive lipid (4-HNE, 300 uM). The effects of oxidants were normalized to that of ML-SA1
(20 uM). (C) Insensitivity of ZTRPMLI1.1 to ChT. (D) ChT activated mTRPMLI1 specifically, but
not mMTRPML2, mTRPML3, zTRPMLI1.1, or mTPC2. (E) Upper panels: application of CCCP
increased the fluorescence intensity of CM-H2DCFDA (green) vs. the DMSO-treated control
(CTL) group. The increase was inhibited by co-application of NAC (5 mM). Lower panels:
representative traces of basal whole-endolysosomal currents under each condition (CTL, CCCP,
CCCP+NAC) in MLI-expressing COS1 cells. Scale bar = 50 ym. (F) Summary of CCCP
pretreatment effects in basal /TremL1 and IrreMmLLL. *P < 0.05, ANOVA. (G) Pretreatment of CCCP
(10 uM) for 1 h increased ML-SA1-induced Ca?* release measured by Fura-2 imaging in ML1-
expressing HEK293 cells. (H) CCCP pretreatment reduced GPN-induced lysosomal Ca?* release,
which is presumed to reflect the lysosomal Ca?* store. Mean values (= SEM) are shown for more
than 30 cells per coverslip. (I) Quantification of results shown in G and H from at least three
independent experiments (mean + SEM). *P < 0.05, paired #-tests. Data are presented as mean +
SEM. Figure generated by Drs. Xiaoli Zhang and Xiping Cheng from Xu lab.

Remarkably, after CCCP pretreatment in MLI1-expressing COS-1 cells, basal whole-
endolysosome Itrpmr1 Was increased significantly (Fig. 2.1E, F). The CCCP-induced increase in
basal Itrpmri, however, was largely abolished by NAC (Fig. 2.1E, F). Next, we investigated the
effect of CCCP-generated mitochondrial ROS on lysosomal Ca?" release. In COS-1 cells
transfected with EGFP-ML1, ML-SA1-evoked lysosomal Ca®* release (Wang et al., 2015b) was
increased upon CCCP (10 uM) pretreatment for 1 hour (Fig. 2.1G). The constant Ca** release in
CCCP-treated cells, presumably mediated by constitutive activity of MLI1, is expected to
continuously decrease Ca®* stores in lysosomes. To test this possibility, GPN, a lysosome-specific
substrate that causes channel-independent “leakage” of Ca?’, was employed to probe lysosome

Ca®* stores (Morgan et al., 2015). In contrast to ML-SAl-induced release, GPN-induced Ca?*

release was reduced in CCCP-treated cells (Fig 2.1G-I). Taken together, these results suggest that
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lysosomal MLI is activated or sensitized by mitochondria-generated ROS, mediating more Ca**
release from lysosomes.
ML1 is specifically required for ROS-induced autophagy induction.

CCCP-induced mitochondrial depolarization and/or ROS production is known to induce
general autophagy, and mitophagy if there is extensive mitochondrial damage (Wang et al.,
2012b). To investigate the role of ML1 in this process, we measured autophagic induction in HeLa
cells stably expressing mRFP-GFP-LC3 (Vicinanza et al., 2015). Because LC3-II is recruited
specifically to phagophores and autophagosomes, and because of the pH sensitivity of the GFP
signal, mRFP* GFP" and mRFP" GFP- puncta indicate non-acidified autophagosomes and
acidified autolysosomes, respectively (Murrow and Debnath, 2013). Three-hour exposure to
CCCP (5 uM) led to a dramatic increase in autophagosomes, and this increase could be prevented
by 3-methyladenine (3-MA), an inhibitor of autophagy induction (Murrow and Debnath, 2013)
(Fig. 2.2A-D ). All these effects of CCCP were abolished by NAC (Fig. 2.2A, B), suggesting that
CCCP-induced autophagy is mediated exclusively by ROS. Consistent with the hypothesis that
ROS mediated the CCCP effect, H2O> (100 uM, 3 h) treatment was sufficient to enhance
autophagosome formation (Fig. 2.2E, F). Remarkably, CCCP- and H,O»- induced autophagosome
formation was blocked by BAPTA-AM (membrane-permeable Ca®* chelator (Morgan et al.,
2015)) or ML-SI3 (Fig. 2.2A, B, E, F), suggesting that ROS induce autophagy via a Ca®'- or ML1-
dependent mechanism. On the other hand, artificial activation of ML1 by the synthetic agonist
ML-SAL, or the more potent agonists ML-SA3 and ML-SAS (Wang et al., 2015b), was sufficient
to induce mRFP* GFP* LC3 puncta formation, but these effects were insensitive to NAC treatment
(Fig. 2.3). Taken together, these results suggest that CCCP treatment may increase mitochondrial

ROS, thereby activating ML1 to induce autophagy.
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Figure 2.2 ROS-dependent autophagy induction requires Ca?* and ML1. (A) In HeLa cells
stably expressing mRFP-GFP-LC3, CCCP treatment (5 uM for 3 h) increased the formation of
autophagosomes, “visualized” as mRFP" GFP* puncta. Co-treatment with NAC, BAPTA-AM, or
ML-SI3 abolished the increases. Scale bar = 10 pum. (B) Quantification of various treatment
conditions on CCCP-induced autophagosome formation. *P < 0.05, ANOVA. (C, D) CCCP
pretreatment (5 uM) for 3 h increased the number of GFP"mRFP* LC3 puncta in GFP-mRFP-LC3
stable cells, and the increase was blocked by co-application of 3-MA (5 mM), a drug inhibiting
autophagosome formation. (E, F) H>O; treatment (100 uM for 3 h) increased the number of
GFP'mRFP" LC3 puncta in HeLa cells, and the increase was inhibited by co-application of ML-
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SI3. Data are presented as mean = SEM; *P < (.05, paired #-tests. Images in panel A was taken by
Dr. Xiping Cheng from Xu lab.
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Figure 2.3 ML1 activation is sufficient to promote autophagosome formation. (A) Effects of
ML-SAS on GFP" LC3 puncta formation in the presence and absence of ML-SI3 or NAC. Scale
bar = 10 um. (B) NAC did not affect ML-SAS5-induced autophagosome formation. Data are
presented as mean + SEM. *P < (.05, paired z-test.
ML1 is required for the clearance of damaged mitochondria

Sustained elevation of ROS levels can cause severe oxidative damage to mitochondria,
triggering mitophagy (Scherz-Shouval and Elazar, 2011). ROS-induced mitophagy may facilitate
the removal of damaged mitochondria and excess ROS products in the cell (Scherz-Shouval and
Elazar, 2011). To investigate the role of ML1 in ROS-induced autophagic clearance of damaged
mitochondria, we induced severe mitochondrial damage and fragmentation by exposing cells to
high concentrations of CCCP for extended periods of time (e.g., 1020 uM for 3 h). Using JC-1

fluorescence dye (Smiley et al., 1991) to monitor mitochondrial membrane potential, we found

that such CCCP treatment resulted in rapid depolarization of mitochondria (data not shown).
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PARKIN proteins are known to be recruited specifically to the damaged mitochondria, which are
then autophagocytosed and delivered to lysosomes for degradation (Narendra et al., 2008). In
HeLa cells stably expressing mCherry-Parkin (PARKIN stable cells), PARKIN-positive puncta
were increased significantly following CCCP treatment (Fig. 2.4A, B). After CCCP washout, the
majority of the PARKIN-positive puncta disappeared, and most mitochondria returned to the
repolarized state (Fig. 2.4A-D). In contrast, acute inhibition of ML1 with ML-SI3 or ML-SI4
during the CCCP treatment phase was sufficient to block the disappearance of PARKIN, even
though ML-SI3 or ML-SI4 alone did not induce the prolonged accumulation of PARKIN (Fig.
2.4A, B). Furthermore, JC-1 recovery was also blocked in ML-IV fibroblasts, compared with WT
fibroblasts (Fig. 2.4C, D). Taken together, these results suggest that ML1 is required for ROS- and

mitophagy-dependent clearance of damaged mitochondria.
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Figure 2.4 ML1 is required for autophagic clearance of damaged mitochondria. (A) Effects
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of ML-SI3 (10 uM) co-administration on the accumulation of PARKIN-positive puncta (red)
induced by CCCP treatment (10 uM for 3 h) followed by 1 h recovery (without CCCP) in PARKIN
stable cells. Scale bar = 10 um. (B) Quantitative analysis of ML-SI3 and ML-SI4 effects on the
clearance of PARKIN puncta. (C) Effects of CCCP treatment on mitochondrial membrane
potential monitored by JC-1 fluorescent dyes in WT and ML-IV fibroblasts. After CCCP (10 uM
for 3 h) treatment, removal of CCCP for 1 h led to repolarization (re-energization) of mitochondrial
membrane potential (green: J monomer, de-energized; red: J aggregates, energized) in WT but not
ML-IV cells. Scale bar = 10 um. (D) The ratio of red to green fluorescence of JC-1 was quantified
for more than 30 randomly selected cells. Means are shown with SEM; *P < 0.05, ANOVA.
ML1 mediates ROS-, but not starvation-induced TFEB activation

We next investigated the mechanisms by which ML1 activation leads to enhanced
autophagy induction and mitophagic clearance. TFEB regulates biogenesis of both
autophagosomes and lysosomes (Settembre et al., 2011). Recent evidence suggests that ML1 and
TFEB may form a positive-feedback loop in regulating autophagy (Medina et al., 2015; Wang et
al.,2015b). In HEK293 cells stably expressing mCherry-TFEB (TFEB stable cells), we found that
amild increase in ROS levels due to CCCP treatment (5 uM for 1 h) was sufficient to induce TFEB
nuclear translocation (nuclear to cytosol ratio increased from 0.54 + 0.02 to 2.67 + 0.14; see Fig.
2.5A, B). Likewise, endogenous TFEB in human fibroblasts was also activated (i.e., underwent
nuclear translocation) in response to CCCP administration (Fig. 2.5C, D). Likewise, rotenone (10
puM for 2 h), another drug interrupting mitochondrial respiratory chain (Fig. 2.6B, C), or H2O»
treatment (50 uM for 1 h) was also sufficient to induce TFEB translocation in WT HeLa cells (Fig.
2.6A, D). Remarkably, in all cases, TFEB-nuclear translocation, induced by CCCP, rotenone, or

H>0,, was largely blocked by NAC, BAPTA-AM, ML-SI3, or ML1 KO (Fig. 2.5A-D and Fig.

2.6A, D).
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Figure 2.5 ML1 channel activity is required for ROS-induced TFEB nuclear translocation.
(A) Differential effects of BAPTA-AM and NAC on CCCP- and Torin-1-induced TFEB nuclear
translocation in HEK293 cells stably expressing mCherry-TFEB. Cells were treated with CCCP
(5 uM) and Torin 1 (1 uM) for 1 h to induce TFEB nuclear translocation. Nuclei were
counterstained with DAPI (pseudo-colored in green). Scale bar = 10 um. (B) Ratio of nuclear vs.
cytosolic TFEB (>100 cells per experimental condition). (C) CCCP (10 uM for 1 h) induced
accumulation of TFEB, detected by anti-human TFEB antibody, in the nuclei of WT, but not ML-
IV cells. In contrast, Torin-1 induced TFEB nuclear translocation in both WT and ML-IV cells.
Nuclei were labeled with DAPI (pseudo-colored in red). Scale bar = 10 um. (D) Average ratios of
nuclear vs. cytosolic TFEB immuoreactivity (>100 randomly-selected cells per experiment). ML-
SI4 (10 uM) inhibited TFEB nuclear translocation induced by CCCP (10 uM) treatment for 1 h.
(E) CCCP (5 uM for 1 h)-induced TFEB nuclear translocation was blocked by co-application of
FK506 (5 uM) and CsA (10 uM) in HeLa cells. Nuclei were counterstained with DAPI. Scale bar
=10 pm. (F) Inhibition of ML1 blocks TFEB nuclear translocation and promotes CCCP-induced
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mitochondrial damage. In PARKIN stable cells, CCCP treatment (5 uM for 3 h) led to minimal
PARKIN aggregation, but strong TFEB nuclear translocation. Co-application of ML-SI3 enhanced
PARKIN accumulation but inhibited TFEB activation. Scale bar = 10 um. (G) Quantification of
PARKIN puncta shown in F (>50 cells per experimental condition; mean + SEM). *P < 0.05,
ANOVA. Images from panels A&C were taken by Dr. Xiping Cheng from Xu lab.
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Figure 2.6 Different oxidants induce TFEB nuclear translocation. (A) TFEB nuclear
translocation induced by H>O» (50 uM) was effectively blocked by NAC or ML-SI3. Nuclei were
counterstained with DAPI. Scale bar = 10 um. (B) Rotenone (10 uM) treatment for 1 h increased
the fluorescence intensity of CM-H2DCFDA compared with the DMSO-treated control group
(CTL). The increase was inhibited by co-application of NAC. Scale bar = 50 um. (C) ROS levels
(detected with CM-H2DCFDA) were augmented by rotenone (10 uM, 2h), which was further
increased by co-application of EUK-134. NAC abolished CM-H2DCFDA fluorescence in cells
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treated with rotenone alone, or together with EUK-134. Scale bar = 50 pum. (D) Although rotenone
alone only induced mild TFEB nuclear translocation, co-application of EUK-134 (a synthetic
dismutase/catalase mimetic) markedly enhanced TFEB activation. Both NAC and ML-SI3
blocked rotenone-induced TFEB activation. Nuclei were counterstained with DAPI. Scale bar =
10 um. (E) Quantification of D from at least 50 cells for each experimental condition. Images from
panels B&C were taken by Dr. Xiaoli Zhang from Xu lab.
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Figure 2.7 Starvation-induced TFEB nuclear translocation does not require ROS or ML1.
(A, B) Starvation-induced time-dependent increment in ROS levels as quantified in B.

Starvation is induced by deprivation of both FBS and amino acids in the culture media. Scale
bar = 50 pm. (C) Neither NAC not ML-SI3 diminished TFEB activation induced by short term
(2, 4, 6 h) starvation. Nuclei were counterstained with DAPI. Scale bar = 10 um. (D) Starvation
(4h) activated TFEB in both WT and ML-IV human fibroblasts. Nuclei were counterstained with
DAPI. Scale bar = 10 um. Images from panel A were taken by Dr. Xiaoli Zhang.

ROS levels are reportedly elevated during starvation (Scherz-Shouval et al., 2007), a

condition that activates TFEB and promotes autophagy (Medina et al., 2015). Indeed, short-term
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(4-6 hrs) starvation increased ROS levels and caused TFEB nuclear translocation (Fig. 2.7).
However, starvation-induced TFEB activation was not blocked by NAC, nor by ML-SI3 (Fig.
2.7C). These results suggest that starvation may induce TFEB-activation via mechanisms that do
not require ML1. Consistently, 4h-starvation induced TFEB nuclear translocation in both WT and
ML-IV human fibroblasts (Fig. 2.7D). Collectively, these results suggest that whereas ROS
activation of ML1 is sufficient to activate TFEB, additional ML1-independent mechanisms may
be responsible for starvation-induced TFEB activation.

CCCP-mediated TFEB translocation was largely abolished in ML-IV fibroblasts, as well
as cells treated with ML-SI3 (Fig. 2.5C, D). Furthermore, ML-SAS5 alone was sufficient to cause
TFEB nuclear translocation in WT cells (Fig. 2.8). This ML-SAS5-induced TFEB translocation was
sensitive to BAPTA-AM, but not NAC (Fig. 2.8C-E). Neither CCCP nor ML-SAS5 affected the
activity of mTOR, as reflected by levels of phosphorylated S6K, a primary mTOR substrate
(Settembre et al., 2013b) (Fig. 2.8F). On the other hand, Torin-1-induced TFEB nuclear
translocation, observed in both WT and ML-IV cells (Fig. 2.5C), was not sensitive to BAPTA-
AM (Fig. 2.5A). Hence, ML1 and lysosomal Ca?* appear to play a specific role in ROS-induced,
but not the general mTOR-inhibition-mediated, autophagy. More strikingly, in PARKIN stable
cells, when TFEB translocation was blocked by ML-SI3, obvious aggregation of PARKIN-
positive puncta was observed even with a low-dose CCCP treatment (Fig. 2.5F, G). Consistent
with the reported role of calcineurin in TFEB activation, we found that TFEB translocation induced
by CCCP was also largely blocked by calcineurin inhibitors, FK506 and Cyclosporin A (CsA)
(Fig. 2.5E). Taken together, these results suggest that ML1-dependent activation of TFEB plays a

crucial role in ROS-induced autophagy and mitophagy.

80



A B
CTL ML-SA5 ML-SA5+ML-SI4 2 WT
ZZML-IV
o 241 * *
g
4
5 2.0
Ei
z
m 1.6
Y
'_ 7%
1.24 A % 22
CTL ML-SA5 ML-SS
+ ML-Sl4
C
DMSO CCcp ML-SA5
D E
CTL ML-SA5 ZACTL
301zmmL-sas
o * *
E
= 2.0
>
Q
[$]
>
b4
o 1.04
|
[T
'_
0.0
DMSO BAPTA-AM
|
F
WT ML-IV
TN 5 N
EENY S EYS
P-S6K
S6K
Tubulin

Fig. 2.8 ML1 agonists induce TFEB nuclear translocation. (A) The effects of ML-SAS (1 uM
for 1 h) on TFEB nuclear translocation in the presence and absence of ML-SI4 (10 uM) in WT
and ML-IV cells. Scale bar = 10 pm. (B) Average ratios of nuclear vs. cytosolic TFEB
immuoreactivity (>50 randomly-selected cells per experiment). (C) CCCP-induced, but not ML-
SA5-induced, TFEB nuclear translocation was blocked by NAC in HeLa cells. (D) ML-SAS (1
uM for 1 h)-induced TFEB nuclear translocation was blocked by BAPTA-AM in TFEB stable
cells. Nuclei were counterstained with DAPI. Scale bar = 10 um. (E) Quantification of TFEB
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activation by ML-SAS (>100 randomly-selected cells per experimental condition). (F) The
activity of mTOR was assessed by phosphorylated S6K level assays in WT and ML-IV
fibroblasts. Torinl was used as a positive control. All quantification data are presented as mean
+ SEM; *P < 0.05, paired #-test for western blots and ANOVA for all other comparisons. Images
from panels D&F were taken by Dr. Xiping Cheng from Xu lab.

Figure 2.9 A working model to illustrate the role of ML1 in ROS-induced TFEB activation
and autophagy. An increase in mitochondrial ROS (e.g. by CCCP-mediated mitochondrial
depolarization) may activate ML1 channels on the perimeter membranes of lysosomes, inducing
lysosomal Ca?" release of that activates calcineurin. Subsequently, Ca**-bound calcinurin
dephosphorylates TFEB, which is otherwise kept in its phosphorylated form by the nutrient-
sensitive lysosome-localized mTOR kinase (Settembre et al., 2012). Nucleus-localized TFEB then
activates the transcription of a unique set of genes related to autophagy induction, autophagosome
biogenesis, and lysosome biogenesis. Lysosomal Ca?" release may also directly promote lysosome
reformation/biogenesis (Medina et al., 2015). Subsequently, autophagy is promoted to facilitate
clearance of damaged mitochondria and removal of excessive ROS.

Discussion
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1. Summary of the study and significance

In the current study, we identified the missing links between ROS and autophagy:
lysosomal Ca?*, ML1, and TFEB (see Fig. 2.9). Our results suggest a model wherein an elevation
of ROS levels (e.g., due to mitochondrial damage) leads to ML1 activation and lysosomal Ca**
release. Lysosomal Ca?", acting via calcineurin-mediated dephosphorylation (Medina et al., 2015),
induces TFEB nuclear translocation, promoting both autophagosome biogenesis and lysosome
biogenesis. Lysosomal Ca?" may also directly regulate lysosome biogenesis and autophagosome-
lysosome fusion (Xu and Ren, 2015). The subsequent increase in autophagic flux may facilitate
removal of damaged mitochondria and restoration of redox homeostasis. Hence, our work has
revealed ML1 as a ROS sensor localized in lysosomes, triggering ROS-induced clearance of
damaged mitochondria and ROS via autophagy. We have identified a novel negative feedback
loop for cellular redox homeostasis. Since ROS dysregulation is involved in many pathological
conditions, including LSDs, ischemia-reperfusion, MD, neurodegeneration, aging etc., MLI-
mediated lysosomal clearance of ROS may be a potential mechanism underlying pathogenesis of

these diseases, as well as a therapeutic target.

2. ML1 and mTOR regulate TFEB in lysosomal adaptation

As discussed in Chapter I, lysosome serves as a platform for cellular stress sensing and
adaptation. ML1 and mTOR are the two lysosome-localized sensors that regulate TFEB, the
effector protein regulating lysosomal gene transcription (Medina et al., 2015; Settembre et al.,
2012). However, how the two molecules work together under different physiological conditions is
under debate. Under oxidative stress, we found that lysosomal ML1 can be directly activated by

oxidants, triggering TFEB nuclear translocation, and this process is independent of mTOR activity.
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Yet, there are studies suggesting that mTOR may play a role in ROS regulation as well. For
example, TSC (tuberous sclerosis complex) proteins have been shown to regulate Rheb on
peroxisomes in response to ROS, thus suppress mTORCI1 and induce autophagy (Zhang et al.,
2013). But whether the pathway would trigger TFEB or lysosomal adaptation needs further studies.
So far, ML1 seems to be the unique sensor for ROS localized on lysosomes to regulate lysosomal
adaptation.

However, things are more complicated when it comes to starvation. As a well-established
nutrient sensor, mMTOR can be inhibited by depletion of amino acid, releasing the inhibitory effects
on TFEB and inducing its nuclear translocation (Martina et al., 2012; Roczniak-Ferguson et al.,
2012; Settembre et al., 2012). Yet, it has also been shown that lysosomal Ca®* release via ML1
was activated during starvation and is required for starvation-induced TFEB nuclear translocation
(Medina et al., 2015). To be specific, the study found starvation-induced TFEB nuclear
translocation is blocked by BAPTA-AM, but not EGTA-AM, suggesting that the local Ca®* release
is important in this process (Medina et al., 2015). The group also found knockdown of ML1 and
calcineurin subunit largely blocked starvation-induced TFEB nuclear translocation (Medina et al.,
2015). Interestingly, mTOR inhibitor Torin 1-induced TFEB nuclear translocation was also
blocked by BAPTA-AM or calcineurin knockdown (Medina et al., 2015). In this work, the authors
proposed another pathway where starvation activates TFEB through lysosomal Ca?" release
independently of mTOR. And even when mTOR is inhibited, lysosomal Ca?" release is still
required for TFEB nuclear translocation (Medina et al., 2015). However, this study did not provide
a mechanism for how nutrient starvation could induce lysosomal Ca?" release independent of

mTOR.
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Our data showed contradictory results. We did find BAPTA-AM, but not EGTA-AM, was
able to block starvation-induced TFEB nuclear translocation (data not shown). However, by
utilizing ML 1 inhibitors and ML1 KO human fibroblasts available in the lab, we found starvation-
induced TFEB cannot be blocked by genetic ablation or pharmacological inhibition of ML1. These
data suggest that TFEB activation during starvation is Ca**-dependent, but not ML1-dependent.
Indeed, the fact that BAPTA-AM but not EGTA-AM blocked starvation-induced TFEB activation
only suggests that the Ca?* source and effector protein are very close, without any hint to the
localization of these machineries. Thus, considering calcineurin is diffused in the cytoplasm and
nucleus, any Ca?" source in the cell such as ER may contribute to TFEB activation (Medina et al.,
2015; Usuda et al., 1996). More importantly, mTOR is reported to be regulated by Ca** signaling
(Gulati et al., 2008; Li et al., 2016a; Sun et al., 2018). Consistently, we also found Torin 1-induced
TFEB nuclear translocation cannot be blocked by BAPTA-AM, ML1 KO or ML-SIs. Our data
favor the explanation that under nutrient depletion, mMTOR was the major pathway for regulation
of TFEB. Ca?" was also required, but when mTOR was inhibited, starvation-induced TFEB nuclear
translocation became indispensable of Ca?' chelating, suggesting mTOR may be a major
downstream target for Ca?" signaling during starvation. We also found ML1 activity was not
required for starvation-induced TFEB activation.

One possible explanation for this inconsistency is the time course of starvation. It is likely
that mTOR 1is the fast sensor for TFEB nuclear translocation, and ML1 is activated at later stage.
Indeed, our previous work has demonstrated ML1 as a downstream target for TFEB and is
upregulated by mTOR inhibition, and following TFEB activation and lysosomal gene transcription

under starvation (Wang et al., 2015b). Yet, our data have suggested that up to 6 hours of starvation,
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ML-SIs cannot block starvation-induced TFEB nuclear translocation. More studies are needed to

further demonstrate the inconsistency here.

3. ROS regulate the autophagic-lysosomal pathway

The connection between ROS and autophagy has been well documented (Li et al., 2015;
Scherz-Shouval and Elazar, 2011). Several transcription factors, including NRF2 and FOXO3, are
known to become active under oxidative stress conditions (Li et al., 2015). Recently, ATG4, a
cytosolic negative regulator of LC3/ATGS, was identified as a direct ROS target that provides a
rapid switch mechanism for autophagy induction (Scherz-Shouval et al., 2007). However, the
direct ROS sensor regulating autophagy and lysosomal adaptation in response to oxidative stress
remains largely unknown.

Our study showed ML1 is activated rapidly by exogenous oxidants in isolated lysosomes,
or by drugs inducing endogenous oxidant release. ML1 activity is required in ROS-induced
autophagosome formation, since blockage of the channel by ML-SIs or KO cells could completely
block CCCP- and H»0:-induced autophagosome formation. Besides, since ML1 activates TFEB,
a master regulator for autophagic and lysosomal genes, oxidants-induced ML1 activation also
induced lysosomal biogenesis. Hence, ML1 serves as a coordinator of autophagosome formation
and lysosome biogenesis to orchestrate autophagic flux in response to ROS. Besides, ROS-ML1
may regulate other aspects of lysosomal function. In MDs characterized by impairment of
membrane repair, ML1 and lysosomal exocytosis are important players. It is possible that ROS-
ML1 axis may regulate lysosomal exocytosis and membrane repair in MDs.

Although many studies have demonstrated ROS as an inducer for autophagy, ROS play

complicated roles in regulation of autophagy and lysosomal function. In a recent study, inhibition
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of NOX2, the major source of oxidants in muscles, prevented ROS production and promoted
autophagy in mdx mice. The study also showed impaired autophagy and lysosomes in mdx mice,
presumably caused by interrupted mTOR signaling and increased NOX2-ROS (Pal et al., 2014).
Indeed, as discussed previously, low level, acute ROS production can serve as pro-survival signals
for cell to trigger autophagy and lysosomal adaptation. But chronic, accumulated oxidative stress
can be harmful to the cells. In genetic disorders like MD, ROS can be produced from very early
stage of pathogenesis. Thus, the roles of ROS in specified pathophysiological conditions need to

be carefully examined.
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CHAPTER III

Activation of MLL1 Ameliorates Duchenne Muscular Dystrophy in Mouse Models

Abstract

Duchenne muscular dystrophy (DMD) is a devastating disease caused by mutations in
dystrophin that compromise sarcolemma integrity, leaving muscles susceptible to contraction-
induced damage. Currently, there is no treatment for DMD. Mutations in ML1, a lysosomal Ca?*
channel required for lysosomal exocytosis, produce a DMD-like phenotype. Here, we show that
transgenic overexpression or pharmacological activation of ML1 in vivo alleviates the dystrophic
phenotype in mdx mice. At early acute necrosis stage in mdx mice, ML1 activation significantly
ameliorates necrosis and central-nucleated fibers. In diaphragm, the only skeletal muscle in mdx
mice shows progressive fibrotic phenotype mimicking patients, fibrosis and collagen levels were
significantly decreased by ML1 channel overexpression. We also saw body weight decrease and
dystrophy in the more severe utrophin™~;mdx mice were partially rescued by ML1 overexpression.
Hence, the present work indicates that targeting lysosomal Ca?* channels can represent a promising

approach to treating DMD and related muscle diseases.
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Introduction

Duchenne muscular dystrophy (DMD), an X-linked inherited muscle disease (Mercuri and
Muntoni, 2013), is caused by loss-of-function mutations affecting dystrophin, a large cytoplasmic
protein that connects the cytoskeleton with extracellular matrix proteins via the muscle membrane
(sarcolemma) (Davies and Nowak, 2006; Rahimov and Kunkel, 2013). The fragile sarcolemma
that makes human DMD muscles prone to contraction-induced muscle damage has been mimicked
in the striated muscles of the mdx mouse, a murine model of DMD (Allen et al., 2016; Campbell,
1995; Stedman et al., 1991). Although gene therapy approaches, including CRISPR technology
(Amoasii et al., 2017), have provided hope for a potential treatment approach for some specific
variants of DMD, the existence of thousands of DMD-causing dystrophin mutations remains a
major challenge (Mercuri and Muntoni, 2013). To develop a therapeutic approach that would be
more broadly applicable to all forms of DMD, it is necessary to understand the common

pathological mechanisms underlying the condition (Allen et al., 2016).

Muscle cells are especially sensitive to membrane damage, and recent studies have
identified impairment of membrane repair capability as an important cause of muscular
dystrophies (Bansal et al., 2003; Cai et al., 2009a; McNeil, 2009). For instance, we found recently
that mice lacking ML1, a lysosomal Ca?* release channel required for lysosomal exocytosis (Dong
et al., 2010a; Shen et al., 2012), display early-onset, progressive dystrophies similar to DMD
(Cheng et al., 2014). When ML1 is pharmacologically inhibited or genetically inactivated,
membrane resealing is impaired in skeletal muscles (Cheng et al., 2014). Hence, lysosomes may
provide a major source of membranes for repairing damaged sarcolemma, and ML1 is essential
for Ca?*-dependent delivery of lysosomal membranes (i.e., lysosomal exocytosis) to damaged sites
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(Cheng et al., 2014). Studies of other muscle diseases have also connected lysosomal dysfunction

with muscle pathogenesis (Spampanato et al., 2013).

In the current proof-of-concept study, we examined whether upregulation of ML1, by
genetic or pharmacological methods, is sufficient to increase lysosomal functions and sarcolemma

repair. If so, ML1 may be a putative target for amelioration of muscle damage in vivo.

Methods

Study design. The overall goal of this study is to determine the effect of ML1 upregulation on
muscular dystrophy and membrane repair. All data presented here have been replicated in at least
four mice or three biological replicates for in vitro experiments, with all histochemical staining
data quantified by experimenters who are blind to genotypes/treatments. Based on pilot studies of
ML1 upregulation on various pathologic hallmarks in mice, with a power of 0.8 and P <0.05, we
calculated a sample size of between 5 and 11 mice per group. Animals were randomly allocated

into control and experimental groups.

Mouse lines. We purchased mdx (001801) and utrophin*~;mdx (014563) mice from Jackson
Laboratories. We generated muscle cell-specific ML1-overexpressing (ML1 ROSA-IS;MCK Cre
or ML1M®K) mice by crossing ROSA-loxSTOPlox-GCaMP3-ML1 (abbreviated ML1 ROSA-ISI)
mice with a muscle cell-specific Cre line (MCK Cre) (Sahoo et al., 2017). ML17~ mice were
kindly provided by Dr. Slaugenhaupt (Cheng et al., 2014). All mice used in the study were
backcrossed to the C57BL/6 genetic background. Mice were used under the University of

Michigan’s Institutional Animal Care & Use Committee’s approval.
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Western blotting. After lysing muscle tissues in ice-cold RIPA buffer with 1x protease inhibitor
cocktail tablet (Roche), 2040 ng of total protein aliquots were loaded into 4-12% Bis-Tris or 3—
8% Tris-acetate sodium dodecyl sulfate-polyacrylamide gradient gels (Invitrogen) and then
transferred to polyvinylidene fluoride membranes via iBlot 2 Gel Transfer Device (Life
Technologies). The membranes were blocked in 5% (w/v) skim milk in PBS with 0.05% Tween20
for 1 h, and then incubated overnight in the blocking buffer at 4 °C. The primary antibodies used
were: anti-ML1 (ACC-081, Alamone lab), anti-green fluorescent protein (GFP) (A6455,
Invitrogen), anti-mouse Lamp1 (1D4B, DSHB), anti-human Lampl (H4A3, DSHB), anti-mouse
TFEB (A303-673A, Bethyl), anti-human TFEB (4240, Cell Signaling), anti-LC3 (L8918, Sigma),
anti-dystrophin (ab15277, Abcam), anti-utrophin (§8A4, DSHB), anti-a-dystroglycan (sc-53987,
Santa Cruz), and anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase)(MAB347,
Millipore). Peroxidase-conjugated anti-rabbit, anti-mouse, or anti-rat secondary antibodies were
applied at room temperature (RT) for 1 h, followed by Super-Signal West Pico

Chemiluminescence Substrate (Thermo Scientific). Bands were quantitated in ImagelJ software.

Immunofluorescence. Muscle tissues, harvested and frozen in 2-methylbutane pre-chilled in
liquid nitrogen, were cryo-sectioned at 12 um. After being washed with Tris buffered saline (TBS)
+0.025% Triton X, sections were blocked with 10% serum and 1% bovine serum albumin in TBS
at RT for 2 h. Cell lines and isolated primary cells cultured on coverslips were washed with PBS,
fixed in 4% paraformaldehyde, permeabilized in 0.3% Triton X in PBS, and blocked in 1% bovine
serum albumin in PBS. Fixed cells and cryosections were then incubated at 4 °C overnight with
primary antibodies targeting ML1, GFP, Lamp1, TFEB, dystrophin, or CD11b (M1/70.15.11.5.2,

DSHB) at 1:50 or 1:200 solutions. Alexa Fluor secondary antibodies (Invitrogen) were then

91



applied for 1 h in the dark at RT followed by DAPI (4',6-diamidino-2-phenylindole)
counterstaining if necessary. Cells and tissue sections were imaged on a spinning disk confocal
imaging system composed of an Olympus IX81 inverted microscope, 10x, 20x and 60x Olympus
objectives, a CSU-X1 scanner (Yokogawa), an iXon EM-CCD camera (Andor), and MetaMorph
Advanced Imaging acquisition software v.7.7.8.0 (Molecular Devices). Images analysis results

were quantified in MetaMorph software.

Primary muscle cell culture. Murine myoblasts were harvested and cultured as previously
described (Springer et al., 2002). Briefly, skeletal muscles were isolated from postnatal day 0-3
pups and dissociated with 0.25% trypsin supplemented with 2 mg/mL collagenase (Sigma) at 37
°C. To remove fibroblasts, cells were preplated on a standard, non-tissue culture-coated Petri dish
for 60-90 min. Muscle cells were then counted, seeded onto collagen-coated glass coverslips, and
maintained at 37 °C under 5% CO; in F10 medium supplemented with 20% fetal bovine serum
(FBS) and penicillin/streptomycin. To induce differentiation, myoblasts were grown to confluence
before switching to Dulbecco's modification of Eagle medium (DMEM) containing 5% horse
serum and penicillin/streptomycin. Electrophysiology, Ca** imaging, and immunofluorescence

labeling were performed after 3 d of differentiation induction to allow MCK-Cre expression.

Whole-endolysosome electrophysiology. Endolysosomal electrophysiology was performed on
isolated endolysosomes from muscle cells treated with 1 uM vacuolin-1 to enlarge late endosomes
and lysosomes (Dong et al., 2008, Dong et al., 2010a). The bath (internal/cytoplasmic) solution
contained 140 mM K-gluconate, 4 mM NaCl, 1 mM EGTA, 2 mM Nax-ATP, 2 mM MgCl, 0.39
mM CaCl,, 0.2 mM GTP, and 10 mM HEPES [pH adjusted with KOH to 7.2; the free [Ca*"]; was

estimated to be ~100 nM on Maxchelator software (http://maxchelator.stanford.edu/)]. The pipette
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(luminal) solution consisted of a low-pH Tyrode’s solution with 145 mM NaCl, 5 mM KCl, 2 mM
CaClz, I mM MgClz, 10 mM HEPES, 10 mM MES, and 10 mM glucose (pH 4.6). A perfusion
system was used to ensure efficient solution exchange. Data were collected with an Axopatch 2A
patch clamp amplifier, Digidata 1440, and pClamp 10.0 software (Axon Instruments). Currents
were digitized at 10 kHz and filtered at 2 kHz. All experiments were conducted at 21-23 °C, and

all recordings were analyzed in pClamp 10.0 and Origin 8.0 (OriginLab, Northampton, MA).

GCaMP3 Ca?" imaging. Ca?" imaging was performed in MLIM® and mdx;MLIMX primary
myotubes overexpressing GCaMP3-ML1 (Sahoo et al., 2017). The fluorescence intensity at 488

nm (Fagg) was recorded with the spinning disk confocal imaging system.

Histochemical staining. Frozen sections were warmed to RT and hydrated in double distilled
(MilliQ) H20. Tissues were stained with H&E dyes (Fisher) for the nucleus and cytoplasm,
respectively, followed by gradient washing in ethanol (70%, 90%, 100%) and xylene (100%). The
stained sections were mounted in Permount medium (Fisher). Staining quantification was
performed blindly following standardized operating procedures (SOP number: DMD M.1.2.007).
Necrotic myofibers, inflammatory cells and fibroblasts were all counted as necrotic area. Collagen
content was assessed with a Masson’s Trichrome Kit (Sigma). Area stained with blue color was

quantified as fibrotic area.

Muscle force measurement. Mice were anesthetized by i.p. injection of Avertin (tribromoethanol,
250 mg/kg) and placed on a warmed platform to maintain body temperature. GAS muscle
contractile properties were measured in situ, as described previously (Larkin et al., 2011). Briefly,
after the GAS was isolated from surrounding tissues, the distal tendon was secured to the lever
arm of a servomotor (model 6650LR, Cambridge Technology). The knee and foot were clamped
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to the platform. The muscle was activated by tibial nerve stimulation. With the muscle held at
optimal length (Lo), 300-ms trains of stimulus pulses were applied at increasing frequencies until
the maximum isometric tetanic force (Po) was achieved. After the pre-stretch Py (prePo) was
recorded, we applied two stretches (12 s apart) of 30% of fiber length (L¢), which was estimated
by multiplying Lo by previously determined L¢to-Lo ratios. After a 1-min rest, post-stretch Po
(postPo) was obtained to determine the force deficit. To maintain muscle temperature and moisture,
a warm saline drip (37 °C) was applied to the GAS continuously throughout the procedure. After
the experiment, mice were euthanized, and muscles were removed and trimmed of their tendons.
Physiological cross-sectional areas were determined by dividing muscle mass by the product of Lt
using a density of mammalian skeletal muscle of 1.06 g/cm?. Specific Py (SPo) refers to Py per

cross-sectional area and the force deficit was calculated as 1 - postPo/prePo.

Injection of small molecule compounds. At P14, mdx mice were weighed and randomized into
treatment groups. ML-SA compounds (dissolved in 10% DMSO, 40% PEG300, and 50% PBS),
were administered to mice by i.p. injection. After 14 d of daily injection, the mice were subjected
to various behavioral tests or sacrificed for histological and biochemical analyses. To induce
cardiomyopathy in mdx mice, 0.5 mg/kg B-isoproterenol (Sigma) was injected subcutaneously 1 d
before sacrificing (Yue et al., 2004). ML-SA and ML-SI compounds were identified initially by
Ca*"-imaging-based high-throughput screening conducted at NIH/NCATS Chemical Genomics
Center (https://pubchem.ncbi.nlm.nih.gov/bioassay/624414). ML-SAS and CGO002 are available

upon request under MTA.

Treadmill exercise. Mice were trained on an Exer-6M treadmill (Columbus Instruments). Prior

to running, they were acclimated to the treadmill chamber for 30 min. To induce damage, P28
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mice ran on the treadmill with a 15° downgrade at 12—15 m/min for 30 min 1 d before being
sacrificed for analysis (Radley-Crabb et al., 2012). To measure exhaustion time, the treadmill was

set to a speed of 12—20 m/min.

Statistical analysis. Data are presented as the means + standard errors of the mean (s.e.m.).
Statistical comparisons were performed with analyses of variance (ANOVAs) and Turkey’s post
hoc tests or with paired and unpaired Student’s t-tests where appropriate. A value < 0.05 was

considered statistically significant.

Results
Verification of transgenic overexpression of ML1

To achieve muscle-specific overexpression of ML1 in vivo, we crossed a mouse line
carrying a GCaMP3-MLI1 transgene (ML1 ROSA4-1S]) (Sahoo et al., 2017) with a Cre line driven
by the muscle-specific creatine kinase promoter (MCK-Cre) (Bruning et al., 1998). The resultant
ML1 ROSA-ISI;MCK-Cre (abbreviated as ML1MK ) progeny were then crossed with mdx mice
with a loss-of-function dystrophin mutation (Clarke et al., 1993), to generate mdx;ML1MK mice
(Fig. 3.1A, B). Western blotting and immunofluorescence analyses with anti-ML1 antibody
revealed ML1 overexpression in both skeletal and cardiac muscle tissues of the mdx;ML1MCK

mice; isolated primary myotubes were ML 1-immunopositive, whereas non-muscle tissues showed

no immunoreactivity (Fig. 3.1C-F).

Whole-lysosomal ML1 currents, activated by TRPML-specific synthetic agonists (ML-

SA1, ML-SAS, and CG002) (Sahoo et al., 2017; Shen et al., 2012; Zhang et al., 2016), were 4—10
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times larger in the MLIMK myotubes than in wild-type (WT) controls (Fig. 3.2A, B). ML
synthetic agonists induced robust glycyl-L-phenylalanine 2-naphthylamide —sensitive lysosomal
Ca®" release (Sahoo et al., 2017) in ML1M“® myotubes, suggesting that genetically-overexpressed
ML1 channels were functionally localized on the late endosomal and lysosomal membranes of
muscle cells (Fig. 3.2C-F). Introducing ML1MX into the ML1 knockout (KO) mice resulted in a
complete rescue of the dystrophic phenotype (Cheng et al., 2014) (Fig. 3.2G-I). Hence, the
ML1MCK mice were considered suitable for investigating the in vivo effects of ML1 overexpression

on striated muscles.
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Figure 3.1. Verification of ML1 overexpression in muscles. (A) The GCaMP3-ML1 transgene
was inserted into the ROSA26 locus with a loxSTOP/ox cassette. The transgenic mice were crossed
with MCK Cre mice to achieve muscle-specific overexpression of ML1. (B) PCR genotyping of
the mdx mutation, GCaMP3-ML1 transgene, and MCK Cre. (C) Western blotting analysis of
GCaMP3-MLI1 expression in MLIMK DIA and cardiac muscle with anti-GFP antibody. (D)
Western blotting with anti-ML1 antibody in brain and various skeletal muscle tissues, including
GAS, TA, and DIA from WT, ML1 ROSA-ISI;MCK Cre (ML1MX) mdx, and mdx; ML1M® mice.
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GAPDH served as the loading control. (E) Immunofluorescence analysis of TA, GAS, and DIA
cryo-sections from various transgenic mice. Scale bar = 10 um. (F) Immunofluorescence analysis
of primary myotubes isolated from ML1MK mice. Scale bar = 10 pm. Panel B was generated by

Yexin Yang from Xu lab.
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(C) ML-SA5-induced lysosomal Ca** release, measured with GCaMP3 imaging, in primary
myotubes isolated from MLIMK mice. GPN (glycyl-L-phenylalanine 2-naphthylamide), a
dipeptide causing osmotic lysis of lysosomes, was used as a negative (depleted lysosomal Ca?*
stores) control. (D) Quantification of lysosomal Ca*" release in ML1MX myotubes. N indicates
the myotube number. (E, F) Lysosomal Ca?* release (E) and quantification (F) from mdx;ML1MK
myotubes. (G) Representative images showing H&E staining of GAS isolated from ML17~ and
ML177;ML1M®K mice. Scale bar = 100 um. (H, I) Quantification of necrosis (H) and central-
nucleation (I) in GAS sections from ML17~ and ML17";MLIM®X mice. All data are means +
s.e.m.; *p < 0.05; **p <0.01; ***p <0.001; ****p < 0.0001. Panels A&B were generated by Dr.
Xiaoli Zhang, and panels C&E were generated by Dr. Nirakar Sahoo from Xu lab.

Transgenic overexpression of ML1 ameliorates MD in mdx mice

Mdx mice exhibit early-onset muscular dystrophies, as evidenced by myofiber necrosis
(myonecrosis) and degeneration/regeneration cycles, which were readily observed by postnatal
day 14 (P14) (Straub et al., 1997). In 1-month-old mdx;MLIMK mice, heamotoxylin and eosin
(H&E) staining revealed that myonecrosis, quantified by the percentage of the necrotic area (i.e.,
necrotic myofibers, immune cells and fibroblasts) in whole cross-sections, was markedly reduced
in tibialis anterior (TA) muscles compared with age-matched mdx mice, especially after downhill
treadmill exercise (Fig. 3.3A, B). The number of centrally-nucleated fibers, caused by repeated
myocyte degeneration and regeneration, was also significantly reduced in the mdx;ML1MCK
muscles (Fig. 3.3C). Similar anti-dystrophic effects were seen in other skeletal muscles, including
the gastrocnemius (GAS) and diaphragm (DIA) (Fig. 3.3D-J). Consistent with the histological
results, physiological assays showed greater specific muscle force in mdx mice following ML1MK

overexpression (Fig. 3.3K).
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Figure 3.3 Transgenic overexpression of ML1 ameliorates MD at early stage in mdx mice.
(A) H&E staining of TA sections from WT, MLIMK mdx, and mdx;ML1MK mice at 1 mo. old,
before (rest) and after treadmill exercise. Arrows label necrotic areas and asterisks show central-
nucleated myofibers. Scale bar = 500 pm or 50 um (zoom-in images). (B) Percentage of necrotic
area in TA muscles from various transgenic mice. Each datum (n indicates the number of the
animal) represents the averaged result from at least five representative images randomly selected
from at least three sections. Statistical analyses were performed by experimenters who were blind
to animal genotypes. (C) Percentage of central-nucleated fibers in TA muscles from different
transgenic mice. (D, E) H&E staining of GAS from mdx and mdx;MLIM mice under low (D)
and high (E) magnification. Scale = 500 um (D) or 50 um (E). (F, G) Quantification of necrosis
(F) and central-nucleation (G) of representative H&E stained images as shown in F and G. Each
datum (n indicates the number of the animal) represents the averaged result from at least three
representative images randomly selected from at least three sections. Statistical analyses were
performed by experimenters who were blind to animal genotypes. (H) H&E staining of DIA. Scale
=50 um. (I, J) Quantification of necrotic and central-nucleated fibers as shown in H. (K) Specific
force test of GAS from multiple 1-mo.-old mice. Panel K was generated by Carol S. Davis from
Dr. Susan V. Brooks lab.

In most skeletal muscles of mdx mice, the dystrophic phenotype did not appear to be
progressive, perhaps due to compensatory expression of utrophin, a functional homolog of
dystrophin (Grady et al., 1997). Dystrophy of the DIA in mdx mice, however, was progressive, as
seen in human DMD (Stedman et al., 1991). Consistent with previous studies (Stedman et al.,
1991), we observed massive necrosis and subsequent fibrous and adipose tissue replacement (i.e.,
fibrosis) in mdx DIA muscles (Fig. 3.4A, B). At all ages examined (1 mo., 4 mos., 10 mos.),

myonecrosis and fibrosis were reduced significantly by ML1MCK

overexpression (Fig. 3.4A, B).
The content of collagen, a major component of fibrous scar tissue (Cheng et al., 2014), was also

decreased by ML1MCK overexpression (Fig. 3.4C, D).

Relative to mdx mice, utrophin™~

;mdx (dKO) mice have a much more severe and
progressive muscular dystrophy that resembled human DMD (Grady et al., 1997). We also studied
the effects of MLIM®K on utrophin”";mdx mice. Both dystrophy and body weight loss

characteristic of the utrophin™—;mdx phenotype (Grady et al., 1997) were improved by MLI1-
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overexpression (Fig. 3.4E-G). Together, these results suggest that transgenic overexpression of

ML1 is sufficient to attenuate muscular dystrophy in DMD-like mouse models.
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Figure 3.4 Effects of ML1 overexpression in more severe MD models. (A) H&E staining of
DIA isolated from mdx and mdx;MLIMK mice at 1 mo., 4 mos. and 10 mos. of age. Scale bar =
50 um. (B) Age-dependent progressive fibrosis in DIA muscles isolated from mdx and
mdx;ML1IM mice. (C) Trichrome collagen staining of DIA from 4-mo.-old mice. Scale bar = 100
um. (D) Quantification of results (n indicates the number of the animal) averaged from multiple
randomly selected images as shown in C. (E) Body weight measurements at the age of 1 mo. (F)
The effect of ML1 overexpression on central-nucleation of muscle isolated from utrophin™=; mdx
(dKO) mice. (G) Quantification on central-nucleation of muscle isolated from utrophin™=; mdx
(dKO) mice with or without ML1 overexpression. Scale = 50 um. All data are means + s.e.m.; *p
<0.05, **p <0.01, ***p <0.001, and ****p <0.0001.

Pharmacological activation of ML1 in vivo ameliorates MD in mdx mice

101



Next, we tested whether small-molecule ML1 agonists have a muscle protective effect in
mdx mice. Highly potent ML-SA compounds with ECso values in the nM range for endogenous
ML1, namely ML-SAS and CG002, exhibit good pharmacokinetic properties (Cmax > in vitro
ECso at 2 mg/kg intraperitoneal injection) suitable for in vivo studies (Fig. 3.6A). Mdx mice
received daily intraperitoneal (i.p.) injections of ML-SAS, starting at P14 and continuing for at
least 2 weeks. Like the vehicle [10% DMSO+40% PEG+50% phosphate buffered saline (PBS)]-
treated group, no pathological signs were evident following ML-SA injection. Both WT and mdx
mice that received ML-SAs maintained normal body weights over the course of the experiment
(Fig. 3.7A, B). However, at the i.p. dose of 2—5 mg/kg, daily ML-SA5-injection for two weeks
decreased TA muscle necrosis by more than 70%, both at rest and after treadmill exercise (Fig.
3.5A, B). Centrally-nucleated fibers were also decreased in the ML-SAS5-injected mdx mice (Fig.
3.5A, C). Similar rescue effects were also seen in the GAS and DIA (Fig. 3.5D-I), as well as in

mdx mice that were i.p.-injected with the structurally-distinct ML1 agonist CG002 (Fig. 3.6B-D).

In contrast, i.p.-injection of ML-SI6, a potent ML1 inhibitor, worsened the dystrophic
phenotype in mdx mice (Fig. 3.8). Furthermore, in ML1 KO mice that also exhibit a DMD-like
phenotype such as necrosis and central nuclei (Cheng et al., 2014), no obvious ML-SA rescue
effects were seen (Fig. 3.7D-F). Hence, the actions of ML synthetic agonists are likely to be
mediated through MLI1 (i.e., on-target). Besides, protein levels of DPC members such as utrophin
and o-dystroglycan were not significantly changed upon ML-SAS treatment, suggesting ML-SA
may act independently of DPC proteins (Fig. 3.9). Finally, at the behavioral level, motor

performance in a downhill treadmill test improved markedly following ML-SA injection in mdx
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mice (Fig. 3.5J, 3.6E). Similar to the genetic overexpression studies, pharmacological activation

of ML1 in vivo using small molecules was also muscle protective.
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Figure 3.5 ML1 agonist ML-SAS injection improves MD in mdx mice. (A) H&E staining of
TA from mdx mice that received daily i.p. injection of ML-SAS (2 mg/kg) for 14 d starting at P14.
Arrows and asterisks indicate necrotic areas and central-nucleated fibers, respectively. Scale bar =
500 or 50 um (zoom-in). (B) Percentages of necrotic area in ML-SAS5-injected mice. Each datum
(n indicates the number of the animal; > 4) represents the averaged result from at least three
representative images randomly selected from at least three sections. Statistical analyses were
performed by experimenters who were blind to treatment conditions. (C) Percentage of centrally-
nucleated fibers in ML-SAS5-injected mice. (D) H&E staining of GAS from mice given daily i.p.
injection of ML-SAS5 (2 mg/kg) for 14 d. Scale bar = 50 um. (E, F) Quantification of necrotic (E)
and centrally-nucleated fibers (F) in ML-SAS5-injected GAS. (G-I) H&E staining of DIA from
ML-SAS5-injected mdx mice. Scale bar = 50 um. (J) Treadmill exhaustion time of mdx mice treated
with ML-SAS5 vs. vehicle control. N, number of tested animals. Experimenters were blind to the
treatment conditions. All data are mean = s.e.m.; *p <0.05, **p <0.01, and ***p < 0.001.
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Figure 3.6 Another structurally-unrelated ML1 agonist improves MD in mdx mice. (A) ML-
SA1l, ML-SAS, and CG002 dose-dependently activated whole-endolysosomal ML1 currents in
DMD myoblasts. (B) H&E staining of TA from mdx mice treated with CG002 (2 mg/kg, i.p.
injection). Scale bar = 500 or 50 pum (zoom-in). (C, D) Effects of CG002 injection on myonecrosis
and central nucleation. (E) Treadmill exhaustion time of mdx mice treated with CG002 vs. vehicle
control. All data are means + s.e.m.; *p < 0.05 and **p < 0.01.
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before injection. (C) Effects of ML-SAS (2 mg/kg) injection on muscle histology in WT mice.
Scale bar = 50 um. (D-F) Representative images (D) and quantification (E, F) of effects of ML-
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Figure 3.8 Inhibition of ML1 activity exacerbates myopathology in mdx mice. (A) ML-SAS
(0.5 uM)-activated whole-endolysosome ML1 currents were inhibited by synthetic inhibitors of
ML1, ML-SI3 (10, 30 uM), and ML-SI6 (1 uM) in DMD myoblasts. (B) H&E staining of TA
from mdx mice given daily i.p. injection of ML-SI6 (2 mg/kg) for 14 d. Scale = 500 um or 20 um
(zoom in images). (C) Quantification of necrotic area of sections in B. (D, E) EB dye uptake in
TA from ML-SI6-injected mdx mice. Scale = 100 um. All data are means + s.e.m.; *p < 0.05.
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Figure 3.9 ML1 agonists do not upregulate expression of oa-dystroglycan complex
components. (A) Dystrophin immunolabeling in myotubes differentiated from immortalized WT
and DMD human myoblasts. Scale bar = 10 um. (B) Western blotting analysis of dystrophin
expression in WT and DMD myoblasts. (C-E) Utrophin and a-dystroglycan protein levels in ML-
SAS5-treated WT and DMD myoblasts. Data are means + s.e.m. Panel C was generated by Kaiyuan

Tang.
Discussion
1. Summary of the study and significance
ML1 deficiency causes a DMD-like muscle phenotype in both humans and rodents (Cheng

et al., 2014). In the current study, we found that both genetic and pharmacological activation of
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ML1 had muscle protective effects in mdx mice. At the early stage, the acute, severe necrosis in
mdx mice was largely ameliorated with ML1 overexpression and agonist application. At later
stages, progressive fibrosis in diaphragm was also improved by ML1 activation. Moreover, ML1
overexpression in the more severe utrophin™~;mdx mice also yielded protective effects. Last but
not least, we showed structural-unrelated ML1 agonists could all improve muscle histology and
these drugs did not show similar effects in ML1 KO mice, suggesting that the drugs are acting on
target in vivo. Also, no obvious toxicity did we notice when injecting the compounds into WT
mice. Together, our data revealed that activation of ML1, especially through the small molecule

agonists, can be a potential therapeutic strategy for treating DMD.
2. Clinical relevance of the study

The current study suggests that activating lysosomal exocytosis by small molecule agonists
for ML1 could ameliorate MD in vivo. Apparently, there are advantages of this strategy compared
with gene therapies, including the more general targeting mechanism and easy application of
drugs. However, caveats do exist when it comes to clinical relevance. The major drawback of the
study lies in the mdx mouse model. As discussed in Chapter I, mdx mice exhibit much milder
muscle phenotypes than DMD patients (McGreevy et al., 2015). Here I showed that MLI
overexpression and agonists ameliorated acute necrosis in mdx mice around 1 month old. Yet,
necrosis seen in DMD patients is milder and chronic. Furthermore, the massive central-nucleated
muscle fibers representing regeneration found in later stages in mdx mice are absent in patients.
The muscle in mdx mice that best mimics progressive fibrosis in patients is the diaphragm muscle.
We did see significant improvement of fibrosis and collagen deposition in ML1-overexpressed

mdx diaphragm at later stages. However, after injecting compounds via intraperitoneal delivery for
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longer time (~3 months), we noticed the vehicle could cause inflammation in diaphragm muscles
(data not shown). It is likely that i.p. injection can cause accumulation of high concentration of
drug close to the diaphragm, resulting in toxic responses. Therefore, drug formula and delivery

routes need to be optimized if we want to look at later stages of drug response.

Due to limitations of mdx mouse model, we utilized the more severe utrophin™=;mdx double
KO mice to investigate the effects of ML1 activation in MD models. Indeed, we saw a significant
improvement of body weight by ML1 overexpression at 1 month old. However, we did not see
dramatic increase of life spans in these mice by ML1 overexpression (data not shown). It is likely
that ML 1 activation is more effective in the early, less severe stage of the disease. In this scenario,
the less severe utrophin*~;mdx mice can be used to test the effects of ML1 overexpression. It is
also possible that ML1 may somehow influence the expression level of utrophin in mdx mice,
resulting in the compensation of the lost dystrophin, thus knock out of utrophin would eliminate
the rescue effects. To test this hypothesis, we need to look at the protein levels of utrophin and

other DPC members in mdx and mdx;ML1M K mice.

Except the mouse models, another caveat of the study is the lack of in vivo data of ML-SA
compounds. Since no one has tried these compounds in in vivo experiments before, it would be
very helpful to know the pharmacokinetics of the drugs. In addition, it would also be beneficial to
know MLI1 expression and activity, as well as the level of lysosomal exocytosis in muscles from

DMD patients.
3. ML1 and dystrophin/DPC in membrane repair

In our previous study, we found the ML1 activity is necessary for lysosomal exocytosis,

and the latter is important for membrane repair (Cheng et al., 2014). However, the links between
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ML 1/lysosomal exocytosis and dystrophin/DPC are still unclear. In ML1 KO mice, we did not see
significant changes of dystrophin protein level (Cheng et al., 2014). In mdx differentiated
myotubes, we only saw a mild increase in ML1 currents compared with WT. These data together
suggest that ML 1 may act on membrane repair in a separate pathway other than dystrophin. Indeed,
ML-SAS treatment led to mild but not statistically significant increase in utrophin levels in DMD
myoblasts. And a-dystroglycan was not changed by ML-SAS treatment. When we injected ML1
inhibitors into mdx mice, we saw exacerbation of MD in these mice. These data demonstrate that
ML1 may act on another signaling pathway, but not directly on DPC. However, further studies are
needed to dissect the possible connections between MLI1/lysosome and DPC proteins in

sarcolemmal repair.
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CHAPTER 1V
Activation of ML1 Facilitates Membrane Repair Through TFEB and Lysosomal Biogenesis
Abstract

Failure of membrane repair is one of the early pathological changes in many MDs.
Lysosomal Ca?" channel ML1 is required for lysosomal exocytosis, a process important for plasma
membrane repair. Here, we are trying to dissect the mechanisms underlying the rescue effects we
saw when activating ML1 in skeletal muscles. We found that increased sarcolemmal permeability
in mdx mice, assayed by Evan’s blue dye and serum CK level, was dramatically improved by ML1
overexpression or pharmacological activation. Muscle damage-repair assays also showed
decreased muscle force deficit and faster membrane reseal in ML1-overexpressed mdx muscles
upon mechanical stretch and laser injury, respectively. Since ML1 activation has been shown to
trigger TFEB nuclear translocation and lysosomal biogenesis, we examined TFEB and lysosomal
marker in vivo. Surprisingly, we found the lysosomal marker were increased, but not decreased, in
early stage of mdx muscles, which is similar as what has been seen in LSDs. Overexpression of
ML1 activated TFEB and corrected abnormal increase of lysosomal protein. By utilizing DMD
myoblasts from patients, we confirmed that activation of ML1 could induce TFEB nuclear
translocation and lysosomal biogenesis in vitro. More importantly, we also found that MLI
agonists prevented cell death induced by SLO toxin via TFEB. Finally, blocking lysosomal

exocytosis inhibited this pro-survival effects of ML1 agonists. Together, our data suggested that
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activation of lysosomal exocytosis via ML1-TFEB axis facilitates membrane repair and prevents

cell death.
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Introduction

Impaired membrane repair is essential in pathogenesis of MDs (Allen et al., 2016).
Lysosomal exocytosis has been proposed as an important machinery that the cell utilized to reseal
damaged plasma membrane (Reddy et al., 2001). We found that genetical ablation or
pharmacological inhibition of ML1 impaired lysosomal exocytosis, and ML1 KO mice also
showed compromised sarcolemmal integrity and MD (Cheng et al., 2014). Besides, activation of
ML1 has been found to induce lysosomal exocytosis (Samie et al., 2013).

TFEB is a master transcription factor for lysosomal genes (Sardiello et al., 2009).
Overexpression of TFEB has been found to trigger lysosomal biogenesis and exocytosis (Medina
et al., 2011; Palmieri et al., 2011). Our previous findings have revealed that activation of ML1
triggers TFEB nuclear translocation in a Ca?*-dependent manner, inducing lysosomal biogenesis
and promoting lysosomal function (Medina et al., 2015; Zhang et al., 2016). Here, by utilizing
various membrane damage models, we have found activation of ML1 through genetical and

pharmacological methods could facilitate membrane repair and promote cell survival via TFEB.

Methods

Uptake of EB dye. Freshly prepared 1% EB dye (Sigma) w/v in PBS was injected i.p. at 10 ml/kg

1 d before tissue collection.

Measurement of CK activity. Venous tail blood was collected before and after treadmill exercise,
and serum was separated by centrifugation. Serum CK activity was measured with a Creatine

Kinase Activity Assay Kit (Abcam) following the manufacturer’s instructions.
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Myofiber damage assay. After mice were sacrificed, FDB muscles were removed surgically and
then digested in 2 mg/mL type I collagenase (Sigma) at 37 °C for 60 min. After trituration and re-
suspension in FluoroBrite DMEM solution (Thermo Fisher), single FDB fibers were mounted on
a glass bottom dish precoated with Matrigel (Corning) and then stained with 5 ng/mL FM 4-64
dye (Thermo Fisher) immediately before imaging. A Leica SP5 inverted confocal microscope
system with a multiphoton laser (laser power 2.3 W at wavelength 820 nm) was used to irradiate
the fibers and take images. Fluorescence intensity at the injury site was measured by Imagel

software.

Muscle cell line culture. Immortalized human myoblast cell lines, including a WT line (ref.
AB1079C38Q) and a DMD line (ref. AB1023DMDI11Q: stop in exon 59), were provided by Dr.
Vincent Mouly at the Institut de Myologie in France (Mamchaoui et al., 2011). Myoblasts were
grown in KMEM (1 volume of medium 199 + 4 volumes of DMEM, both from Thermo Fisher)
supplemented with 20% FBS, fetuin (25 pg/mL, Sigma), insulin (5 pg/mL, Sigma), basic
fibroblast growth factor (0.5 ng/mL, Thermo Fisher), human epidermal growth factor (5 ng/mL,
Thermo Fisher), and dexamethasone (0.2 pg/mL, Sigma) in a humidified CO» incubator at 37 °C.
Myoblasts were induced to differentiate into myotubes by switching to medium containing DMEM

with 50 pg/mL gentamycin and 10 pg/mL insulin.

RNA extraction and real time quantitative (QRT)-polymerase chain reaction (PCR) . Total
RNA was extracted from cultured human myoblasts with TRIzol (Invitrogen) and then purified
with a Turbo DNA-free kit (Invitrogen). cDNA was then synthesized with a Superscript III RT kit
(Invitrogen). We conducted qRT-PCR with PowerUp SYBR green 2X master mix (Invitrogen)
and the following PCR primers (Medina et al., 2015):
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HPRT: forward (fw): 5 -tggcgtcgtgattagtgatg-3’, reverse (rev): 5’ -aacaccctttccaaatcctca-3’;
PGCla: fw: 5° -catgcaaatcacaatcacagg-3’, rev: 5’ -ttgtggcttttgctgttgac-3’;
MCOLNI: fw: 5’ -gagtgggtgcgacaagtttc-3°, rev: 5° -tgttctcttcccggaatgtc-3°;
ATP6VOEI: fw: 5° -cattgtgatgagcgtgttetgg-3°, rev: 5’ -aactccceggttaggaccctta-3’;
ATP6VIH: fw: 5’ -ggaagtgtcagatgatcccca-3’, rev: 5’ -ccgtttgectegtggataat-3’;
CTSF: fw: 5’ -acagaggaggagttccgcacta-3’°, rev: 5’ -gcttgcttcatcttgttgeca-3’;
TFEB: fw: 5° -caaggccaatgacctggac-3’, rev: 5’ -agctccctggacttttgcag-3°;

CTSD: fw: 5’ -cttcgacaacctgatgecage-3’, rev: 5° -tacttggagtctgtgecacc-3’;
PPP3CA: fw: 5’ -gctgecctgatgaaccaac-3’, rev: 5’ -gcaggtggttctttgaatcgg-3’;
DPP7: fw: 5’ -gattcggaggaacctgagtg-3’°, rev: 5’ -cggaagcaggatcttctgg-3’;

CTSB: fw: 5’ -agtggagaatggcacacccta-3’, rev: 5’ -aagagccattgtcacccca-3’;

TPPI: fw: 5 -gatcccagctctcctcaatac-3’, rev: 5’ -gecatttttgcaccgtgtg-3’;

NEUI: fw: 5’ -tgaagtgtttgcceetggac-3°, rev: 5° -aggcaccatgatcatcgetg-3°.

Silencing RNA (siRNA) knockdown. TFEB expression was transfected with siRNA
oligonucleotides (5’-gaaaggagacgaagguucaacauca-3’) and Lipofectamine 2000 (both from
Invitrogen). Cells were subjected to biochemical and cell biological analyses 72 h after

transfection.

Flow cytometry PI staining. Cells were pretreated with various compounds, digested in accutase,
and then washed with Tyrode’s solution supplemented with 20% FBS. After counting, cell

membranes were damaged with SLO toxin (1 pg/ml, 10 min) at 37 °C. His-tagged SLO (carrying
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a cysteine deletion that eliminates the need for thiol activation (Idone et al., 2008) was provided
by R. Tweeten (University of Oklahoma, Norman, OK) and purified as described previously
(Cheng et al., 2014). SLO-treated cells were stained with 2 pg/ml PI (Thermo Fisher) for 5 min
and analyzed by Attune NxT Acoustic Focusing Cytometer (Life Technologies). Total cell events
were measured with Vybrant DyeCycle Violet stain (Invitrogen). At least 10,000 cells were used

for each experimental group. Data were analyzed in Attune NxT software.

Lampl1 surface labeling. After 3 d of differentiation, immortalized human myotubes pretreated
with ML-SAs were incubated with 0.5-1 pg/mL SLO at 37 °C for 30 min. Non-permeablized
cells were labelled with anti-human Lamp1 (H4A3) antibody, which recognizes a luminal epitope,
at 4 °C for 1 h. Cells were then fixed in 2% paraformaldehyde for 30 min, and incubated with

Alexa-488 conjugated secondary antibody (Invitrogen) at RT for 1h.

Results

ML1 facilitates sarcolemma repair, thereby reducing skeletal and cardiac muscle damage in

mdx mice

One of the major causes of MD is defective sarcolemma repair, and lysosomal exocytosis
is a primary route for resealing damaged membranes (Cheng et al., 2015). Given the essential role
of ML1 in lysosomal exocytosis and membrane resealing (Cheng et al., 2014), it is likely that
ML1’s muscle protective effects are mediated by sarcolemma repair. Muscle damage was
experimentally induced in vivo with a short-term treadmill exercise protocol (Radley-Crabb et al.,
2012) and confirmed with the entry of the membrane-impermeable Evans Blue (EB) dye (Cheng

et al., 2014). The percentage of EB-positive fibers, which never exceeded 2% in WT muscles,
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reached 9% at rest and 18% after treadmill exercise in mdx muscles (Fig. 4.1A, B). Notably,
mdx; ML1MK mice had less than 2% of EB-positive muscle fibers, even after treadmill exercise
(Fig. 4.1A, B). EB uptake was also much reduced in ML-SA-treated mdx muscle (Fig. 4.1D, E).
Cardiomyopathies are particularly evident in isoproterenol-challenged mdx mice (Yue et al.,
2004). Notably, EB uptake in the heart tissue of mdx mice was much reduced by ML-SA injection
(Fig. 4.1G, H). These results suggest that compromised membrane integrity in both skeletal and

cardiac muscles can be improved by ML1 upregulation.

Serum creatine kinase (CK, a soluble cytoplasmic protein) level provides a systematic
measurement of muscle membrane leakage and can serve as a biomarker for DMD (Cheng et al.,
2014). MLI overexpression and ML-SA 1i.p. injection decreased serum CK levels by more than

60% in mdx mice after exercise (Fig. 4.1C, F).

We performed an ex vivo muscle damage test, in which in sifu force in GAS muscles were
measured before and after mechanical stretch by blind experimenters (Radley-Crabb et al., 2012).
The muscle force deficit seen in mdx mice was markedly decreased with ML1 overexpression (Fig.
4.11), showing that ML1 expression has the potential to protect muscles from contraction-induced
muscle damage in vivo. To study membrane repair in vitro, we used FM4-64 dye to detect
membrane disruptions (Bansal et al., 2003) in single myofibers isolated from the flexor digitorum
brevis (FDB) muscle (Bansal et al., 2003; Cai et al., 2009a). Upon laser irradiation, mdx fibers
continued to take up FM dye at the injury sites for several minutes (Fig. 4.1J, K), whereas FM dye
uptake was transient in ML1-overexpressed mdx muscle (Fig. 4.1J, K). These results suggest that

ML1 activation facilitates membrane repair to reduce muscle damage in mdx mice.
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Figure 4.1 ML1 activation facilitates membrane repair in mdx muscles. (A) Representative
images of EB dye uptake in GAS isolated from WT, mdx, and mdx;ML1MX mice, before (rest)
and after treadmill exercise. Scale bar = 10 pm. (B) Quantification of EB-positive fibers from
panel a. Each datum (n, number of the animal) represents the averaged result from at least five
representative images selected from at least three sections. (C) Serum CK levels in WT, ML 1MCK,
mdx, and mdx;ML1MK before and after treadmill exercise. Each datum represents the result from
one animal. (D) EB dye uptake in GAS isolated from ML-SAS5-treated mdx mice. Scale bar = 10
um. (E) Quantification of EB dye uptake in GAS from ML-SAS- and CG002-treated mdx mice.
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(F) Serum CK levels in ML-SAS5- and CG002-treated mdx mice before and after treadmill exercise.
(G, H) EB dye uptake in cardiac muscles isolated from ML-SAS (2 mg/kg)- and CG002 (2 mg/kg)-
injected mdx mice that were over-stimulated with B-isoproterenol to cause cardiac damage. Scale
= 500 um. (I) Muscle force deficit of mechanically-stretched GAS from 1-mo.-old mice. (J)
Representative images of laser damage-induced FM dye accumulation in isolated FDB fibers.
Arrows highlight damage sites. Scale = 20 um. (K) Time-dependent laser damage-induced FM
dye accumulation in FDB fibers isolated from WT, mdx, and mdx;MLIM % mice. N indicates the
number of the FDB fibers for each genotype. All data are means + s.e.m.; *p <0.05, **p <0.01,
and ***p < 0.001. Panel G and I were generated by Wanwan He and Carol S. Davis respectively.

Upregulation of ML1 in muscle activates TFEB and corrects lysosomal insufficiency

Expression of lysosome-associated membrane protein 1 (Lampl) is an indicator of
lysosome function in vivo, such that Lamp1 upregulation accompanies lysosomal dysfunction or
insufficiency (Xu and Ren, 2015). Aberrant Lamp1 expression has been reported in several mdx
studies (Duguez et al., 2013; Pal et al., 2014). We found that Lamp1 levels were increased in mdx
compared with WT mice in both GAS and DIA isolated from 1-month-old animals (Fig. 4.2A-D).
In our immunofluorescence analysis, Lampl upregulation was apparent in muscle fibers and
surrounding cells (e.g., infiltrated macrophages; Fig. 4.2G), suggesting that inflammation, which
is known to be associated with necrosis (Tidball, 2005), may also contribute to Lampl
upregulation. Collectively, these results suggest that there is lysosome insufficiency in the muscle
tissues of mdx mice, and that lysosome biogenesis might have been weakly activated to
compensate for the deficiency.

ML1 activation has been reported to increase lysosome biogenesis and Lampl levels
through nuclear translocation of TFEB, a master regulator of lysosomal genes (Medina et al., 2015;
Zhang et al., 2016). Intriguingly, Lamp1 expression was significantly lower in mdx;ML1M K mice
than in mdx mice (Fig. 4.2A-D). This seemingly puzzling result may be explained by MLI

expression boosting lysosome function and decreasing necrosis in muscle, obviating the need for
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compensatory changes via the expression of lysosomal genes. In ML-SA-injected mdx mice, TFEB
nuclear translocation was increased (Fig. 4.3C, D), but Lamp1 upregulation was suppressed (Fig.
4.2E, F). Hence, MLI activation may further boost lysosome function to override lysosome
insufficiency, yielding muscle protective effects. Similar scenarios have been reported in several
lysosomal storage disorders (LSDs), in which TFEB activation has been found to increase
lysosome biogenesis in WT cells while suppressing Lamp1 upregulation in LSD animal models

(Spampanato et al., 2013; Xu and Ren, 2015).

To study the role of ML1 activation in lysosome biogenesis directly, we utilized DMD
cells, an immortalized myoblast line developed from a DMD patient’s muscle cells (Fig. 4.4A, B)
(Sarathy et al., 2017). Only mild Lampl upregulation was observed in DMD myoblasts (Fig.
4.4H), suggesting that the lysosome insufficiency occurring in mdx mice might be caused by
extensive in vivo muscle damage. Nanomolar concentrations of ML1 agonists were sufficient to
induce striking nuclear translocation of TFEB (Fig. 4.4C-E) and the related protein TFE3 (Fig.
4.5). Consistently, expression of TFEB/TFE3 target genes, including those required for lysosome
biogenesis and function, was elevated by ML-SA treatment (Fig. 4.4F). Notably, TFEB mRNA
and protein expressions were significantly reduced in ML-SA-treated DMD cells (Fig. 4.4F, G,
I), suggestive of feedback regulation. Hence, MLI1 activation may lead to TFEB nuclear
translocation, thereby increasing lysosome biogenesis, which in turn reduces lysosome stress and

restores lysosome homeostasis.
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Figure 4.2 Lysosomal insufficiency was corrected by ML1 activation. (A) Lampl
immunofluorescence staining of GAS from WT, ML1MK  and mdx, mdx;MLIMK mice. Scale bar
=100 pm. (B) Quantitative analyses of images in A. For each datum representing each animal, at
least five representative images from at least three sections were analyzed. (C) Western blotting
analysis of Lamp1 protein expression in GAS and DIA. (D) Quantitation of western blotting results
in panel C. For each datum representing each animal, at least five representative images from at
least three sections were analyzed. (E, F) Lampl immunostaining in GAS from ML-SAS (2
mg/kg)-treated mdx mice. Scale bar = 100 um. (G) Lamp1 expression was high in CD11b-positive
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from various transgenic mice. All data are means + s.e.m.; *p <0.05, **p <0.01.
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ML1 protects human DMD muscle cells from damage through TFEB and lysosomal

exocytosis

Whereas increased TFEB activation and lysosome biogenesis may amplify lysosomal
trafficking events including lysosomal exocytosis (Medina et al., 2011), ML1 activation alone can
trigger lysosomal exocytosis directly (Samie et al., 2013). Thus, ML1 activation may facilitate
sarcolemma repair by increasing lysosomal exocytosis through both direct and indirect
mechanisms (Fig. 4.8). Membrane damage [i.e., chemical injury caused by streptolysin O (SLO)
toxin] triggers lysosomal exocytosis and membrane repair (Cheng et al., 2015). Propidium iodide
(PI) staining is a common readout for membrane damage and cell viability (Idone et al., 2008). In
DMD myoblasts and differentiated myotubes, both membrane damage and ML-SA treatment

induced lysosomal exocytosis (Fig. 4.7C, D), suggesting that ML-SAs may trigger membrane
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repair processes by mimicking a yet-to-be-identified damage signal. Consistent with this
hypothesis, ML1 agonists and inhibitors decreased and increased, respectively, PI-positive cells
following SLO treatment (Fig. 4.6A, B). The cytoprotective effects of ML-SAs were abolished by
knock down of TFEB expression (Fig. 4.6E-H) or blockage of lysosomal exocytosis with
dominant-negative Syt7 (Fig. 4.7A, B). Collectively, these results suggest that boosting ML1

activity may promote myocyte survival by reducing membrane damage (Fig. 4.8).
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Figure 4.6 ML1 agonist promotes cell survival via TFEB. (A) Flow cytometric analysis of the
viability of cultured muscle cells, assayed by PI staining following SLO toxin-induced membrane
damage. Human DMD myoblasts were pre-treated with ML-SAS (0.5 uM), CG002 (0.5 uM), and
ML-SI3 (20 uM) for 7 h before being subjected to SLO toxin (0.5—1 pg/ml, 10 min) challenge.
(B) Quantification of at least five independent repeats as shown in A. (C, D) Pl-staining-based
flow cytometry of the viability of cultured DMD myoblasts pretreated with ML-SI3 (20 uM) upon
membrane damage by SLO toxin. (E) TFEB-specific siRNA decreased TFEB protein expression
in DMD cells. (F-H) TFEB knockdown by siRNA blocked ML-SAS5 effects on cell survival. All
data are means + s.e.m.; *p < 0.05, **p < 0.01, ***p < 0.001. Panel E was generated by Dr. Dan
Li.
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Figure 4.7 Lysosomal exocytosis is required in ML-SA-induced cell survival. (A) Flow
cytometric analysis of DMD myoblasts transfected with a Syt-7 dominant-negative construct to
block lysosomal exocytosis. (B) Quantitative analysis of A. (C, D) Lamp1 surface immunolabeling
of DMD myoblasts (C) and differentiated myotubes (D) after ML-SAS (0.5 uM) pretreatment and
SLO (1 pg/mL, 30 min) challenge. Surface expression of Lamp1 was assayed with an anti-Lamp1
antibody that recognizes a luminal epitope in non-permeabilized cells. Scale = 10 um. Data are
means * s.e.m.; **p < 0.01. Panels C&D were generated by Ce Wang in the Xu lab.
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Figure 4.8 Diagram demonstration of ML1 in lysosomal exocytosis and membrane repair.
Genetic or pharmacological upregulation of ML1 ameliorates muscle pathology in vivo through
TFEB-dependent lysosome biogenesis, Ca**-dependent lysosomal exocytosis, and sarcolemma
repair. Muscle damage may generate a yet-to-be-defined signal (e.g.,ROS) to activate MLI
channels on lysosome membranes. Subsequent lysosomal Ca®" release triggers Ca®"-dependent
lysosomal exocytosis and nuclear translocation of TFEB, which then activates transcription of a
unique set of genes related to lysosome biogenesis. Subsequently, lysosome function is boosted
and sarcolemma repair may be facilitated to reduce muscle damage in DMD cells in vitro and in
vivo.

Discussion
1. Summary of the study and significance

In the last chapter, the author presented that both genetic and pharmacological activation
of ML1 had muscle protective effects in MD mice. Here, we showed that ML1 activation led to
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TFEB nuclear translocation and increased lysosomal biogenesis, while increasing lysosomal
trafficking (e.g., exocytosis), thereby facilitating sarcolemma repair to reduce muscle damage (Fig.
4.8). Hence, our proof-of-concept study has provided strong evidence that small-molecule ML1
agonists can be developed to treat DMD. Although DMD is not an LSD per se (Xu and Ren, 2015),
the observed compensatory changes are suggestive of lysosome insufficiency. In both cases,

augmenting ML 1/TFEB-dependent lysosome biogenesis can alleviate lysosome insufficiency.

The simplest explanation for the presently observed muscle protective effect of ML1, in
our view, would be facilitation of lysosomal exocytosis and membrane repair (Fig. 4.8). Consistent
with this hypothesis, blockage of lysosomal exocytosis abolished MLI-dependent muscle
protection. TFEB has been shown to be muscle protective in other studies (Spampanato et al.,
2013). In LSDs, ML1 and TFEB form a positive feedback loop that promotes cellular clearance
(Xu and Ren, 2015). It is possible that the same lysosome program may boost sarcolemma repair
to reduce muscle damage in DMD and other muscle diseases. Hence, manipulating lysosome
function with small molecules may have broad therapeutic potentials.

2. Lysosome in MDs

Muscle cells are terminally-differentiated. Being both metabolically and mechanically
active, it requires cellular machineries to quickly turn over cell contents, as well as effectively
repair damaged sarcolemma. Lysosomes can do both. Autophagy has been shown important for
clearance of damaged cellular contents and maintenance of muscle mass (Sandri, 2010).
Lysosomal exocytosis is found to be a major mechanism for mending damaged plasma membrane
in cells. As I summarized in Chapter I and Table 1.1, some autophagic and lysosomal gene

deficiency can directly lead to muscle pathologies. It is interesting to note that ATG gene
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deficiency, which mediates early autophagosome initiation stage, causes muscle atrophy, while
deficiency of lysosomal proteins like ML1 results in MD (Table 1.1). Consistently, ATG-deficient
mice showed normal serum CK level, whereas ML1 KO mice and patients with
Danon/Pompe/XEMA all have CK increase (Cheng et al., 2014; Malicdan and Nishino, 2012;
Masiero et al., 2009). These findings suggest that lysosomes may regulate muscle physiology

through different mechanisms.

How lysosomes are regulated in MD is under debate. In a study using secretome profile,
Lampl-positive vesicles were found enriched in secretomes from mdx myotubes. And these
vesicles also accumulate inside of mdx myotubes. Consistently, immunostaining of muscle tissue
has revealed increased Lamp1 in mdx mice (Duguez et al., 2013). However, in a recent study, ROS
generated by NOX2 in mdx muscles were shown to impair lysosomal biogenesis, characterized by
decreased Lampl1 levels (Pal et al., 2014). In our study, although variation exists between different
muscles, in general, I found Lamp1 level was upregulated in mdx muscles at 1 month old. One
possible explanation for these contradictory results is Lamp1 may be contributed by different cell
types in muscles. This is especially relevant considering muscles are undergoing severe necrosis
in mdx mice around 1 month old. Infiltrated inflammatory cells often have active lysosomes due
to their digestive and secretory function. Consistently, I saw increased Lamp]1 in the muscle tissue
was highly co-localized with macrophage marker CD11b. When testing Lamp1 levels by Western
blot, the band is representing the total level from Lamp1 in the whole tissue, which may be affected
by the necrosis level in the muscle. Since the necrosis level is changed at different ages, it is

possible that age can be affecting Lampl level in mdx mice. Furthermore, age may also affect
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Lampl levels in muscle fibers due to different stages of pathogenesis. Thus, it is important to

control the age of mice in studies and use staining method to specify the origin of Lamp1 proteins.

In previous studies, impaired autophagy in mdx mice has been shown by several studies.
In these studies, LC3-II levels and GFP-LC3 puncta were decreased in mdx muscles and fibers. It
is believed that interruption of mTOR signaling contributes to this aberrant autophagy level.
However, I found LC3-II level was increased, but not decreased, in mdx muscles. It is possible that
necrosis and age of the mice may affect LC3 similarly as Lamp1. Additionally, it is important to
keep in mind that increase of LC3-II may be due to either increased autophagosome formation or
decreased lysosomal degradation. Blocking lysosomal function can cause autophagosome
accumulation and significantly increase LC3-II protein level (Klionsky et al., 2012). When
designing experiments to examine autophagic flux, it is important to differentiate between these

two possibilities.

When interpreting data of autophagy and lysosomal marker change in pathological
conditions, caution needs to be taken when drawing conclusions on causality. Seeing increased
lysosomal marker Lampl in MD does not mean increased Lampl level is contributing to the
pathogenesis. In fact, it may be the consequences of disease development and compensation. What
happens in LSDs is a best example, where mutations in lysosomal proteins caused lysosomal
dysfunction, and cells are trying to generate more lysosomes to compensate, causing the storage
phenotype. Consistently, methods used to boost lysosomal function and treat LSDs often decrease,
but not increase, lysosome number/size in LSDs (Medina et al., 2011; Spampanato et al., 2013).
Although the nature of LSDs and MDs are different, both diseases have more damaged cellular

contents requiring lysosomal function. It is possible to see increased Lamp1 and lysosomes in MDs
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in certain stages of the disease, therefore boosting lysosomal function may be a therapeutic target

for treating MDs.
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CHAPTER V
Discussion
1. Summary of the study and significance

Lysosomes are active organelles that regulate various cellular biological processes. In
adaptation to cellular stress conditions, number, size, and function of lysosomes are adjusted to
meet cellular needs (Sardiello et al., 2009). This lysosomal adaptation process is essential for stress
responses of cells and organisms (Settembre and Ballabio, 2014). TFEB is the key molecule
regulating lysosomal adaptation (Sardiello et al., 2009). Upon activation, TFEB translocates into
the nucleus and initiates transcription of downstream lysosomal and autophagic genes (Sardiello
etal., 2009). The lysosomal Ca?* channel ML1 turned out to be a major positive regulator of TFEB
(Medina et al., 2015). Activation of ML1 triggers lysosomal Ca?" release, followed by TFEB
nuclear translocation, and lysosome and autophagosome biogenesis (Medina et al., 2015). Hence,
MLI, Ca*' release, and TFEB together form a pathway to regulate lysosomal adaptation and
multiple aspects of lysosomal function including autophagy and lysosomal exocytosis (Medina et
al., 2015; Medina et al., 2011). In this dissertation, I found that ML1 channels were directly
activated by exogenous ROS as well as endogenous oxidative stress induced by mitochondrial
damage. TFEB was then activated by Ca?" release through ML1, upregulating autophagic flux by
generating more autophagosomes and lysosomes. This activation of the ML1-TFEB axis was

essential for removal of excess ROS and damaged mitochondria (Chapter II). This study has shown
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the physiological significance of ML1-TFEB pathway in regulation of mitophagy upon oxidative

stress.

TFEB activation has been suggested to increase lysosomal exocytosis, a process important
for the maintenance of muscle plasma membrane integrity, and ameliorate multiple LSDs
including muscle diseases (Medina et al., 2011; Spampanato et al., 2013). Besides, ML1 deficient
human and mice exhibit progressive muscular dystrophy (Cheng et al., 2014). By utilizing ML1
transgenic overexpression mouse lines and ML1 small molecule agonists available in the lab, I
artificially activated ML1 in vivo and found that dystrophic pathologies were improved by ML1
activation (Chapter III). I also showed that upregulation of ML1 activated TFEB, corrected
lysosomal insufficiency, and ameliorated sarcolemmal integrity. More importantly, ML1 agonists
prevented muscle cell death induced by pore-forming toxins, and this process is TFEB- and
lysosomal exocytosis-dependent (Chapter IV). This study has demonstrated that manipulation of
ML1 activity and TFEB could be a potential therapeutic for muscular dystrophy as well as LSDs

and lysosome-associated diseases.

2. Activation of ML1 in physiology and pathology

2.1 Endogenous ML1 modulators

Activation of ML1 by genetical overexpression or pharmacological agonists, especially in
vivo, can be complicated, given that endogenous activators and inhibitors of ML1 may modulate
the channel as well. In Chapter II, I showed that ROS could directly activate ML1. Interestingly,
ROS are also active players in regulation of muscle physiology and pathology (Allen et al., 2016;
Barbieri and Sestili, 2012). In muscle cells, ROS can be generated from several different sources

(Barbieri and Sestili, 2012). Mitochondria are the predominant sources of ROS generation in most
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cell types (Barbieri and Sestili, 2012). However, recent studies have shown that during contractile
activity of muscle fibers, mitochondrial ROS production was not increased, while the cytosolic
ROS underwent a 100% increase (Michaelson et al., 2010). This is possibly because mitochondria
tend to generate more ROS under basal respiratory state compared to stimulated respiration (Di
Meo and Venditti, 2001; Herrero and Barja, 1997). NOXs located within the sarcolemma and
sarcoplasmic reticulum were proposed to be the major sources of ROS production in muscles (Piao
et al., 2005; Powers and Jackson, 2008). Other sources of ROS generation include cytosolic
xanthine oxidase (XO) generating superoxide anion, and phospholipase A2 (PLA2), a Ca*'-
dependent enzyme increasing NOXs activity and promoting mitochondrial ROS production

(Gomez-Cabrera et al., 2005; Petrof et al., 1993).

ROS production in muscles is known to be regulated by contractile activities and
inflammation (Barbieri and Sestili, 2012). During aerobic exercise, superoxide production is
increased by 50 to 100 folds (Kanter, 1994; Urso and Clarkson, 2003). NOXs are considered to be
the major sources of ROS during contraction (Piao et al., 2005). NOX2 is believed to be activated
by stretch, possibly through microtubule-dependent mechanisms, and contribute to muscle damage
and weakness in dystrophic mdx muscles (Khairallah et al., 2012). PLA2 activity in DMD muscles
is also 10 times greater than in controls (Lindahl et al., 1995). Besides, inflammation and
subsequent cytokine release lead to more ROS generation, likely through mitochondria and

enzymes like NOX and XO (Barbieri and Sestili, 2012; Langen et al., 2004).

Due to sarcolemmal damage and infiltration of inflammatory cells, ROS levels in DMD
muscles are significantly higher (Allen et al., 2016; Barbieri and Sestili, 2012). With muscle-

specific ML1 overexpression, it is likely that cytosolic ROS increase could readily activate ML1
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and lysosomal Ca?" release, triggering lysosomal exocytosis as well as the TFEB signaling
pathway. However, things are more controversial when it comes to ML-SA-injected mice. Co-
application of ROS with ML-SA to cultured cells did not yield synergistic effects on ML 1 currents
(data not shown). It is possible that ROS may directly oxidize the channel and cause structural
changes so ML-SAs can no longer bind. It is also likely that ML-SAs can be modulated by
oxidation. However, these results do not necessarily suggest what happens in vivo. The
concentration of ML-SAs finally reached in muscle cells is probably much lower than what we
dumped into the solution when doing patch clamp. Moreover, compared with highly active, short-
lived ROS, ML-SAS and CGO002 are sticky drugs which are hard to be washed out. Thus, how
ROS and ML-SAs may work together to modulate ML1 channels in vivo still needs to be

elucidated.

Apart from ROS, PI(3,5)P,, PI(4,5)P> and sphingomyelins also modulate ML1 channels
(Xu and Ren, 2015). The regulatory mechanisms for these lipids in muscles under physiological
and pathological conditions are not clear. It was reported that insulin treatment increased P1(3,5)P>
in cardiomyocytes, activating ryanodine receptor, Ca?" release, and muscle contraction
(Touchberry et al., 2010). Co-application of PI(3,5)P, and ML-SAs had synergistic effects on ML1
activation (Shen et al., 2012), and cryo-EM structure showed separate binding sites for PI(3,5)P>
and ML-SA1 (Chen et al., 2017; Li et al., 2017; Schmiege et al., 2017). In ML-SA-injected mice,
it is possible that endogenous PI(3,5)P> also contributed to ML1 and downstream signaling
activation. Endogenous inhibitors for ML1 are also important since constant activation of ML1

channels is apparently toxic to cells (Dong et al., 2009). More importantly, PI(4,5)P> and

134



sphingomyelins are predominantly localized to plasma membrane, so ML1 activity can be

inhibited after lysosomal exocytosis (Xu and Ren, 2015).

2.2 ML-SAs: mechanisms, pharmacodynamics, pharmacokinetics, and side effects

Based on our data, the most straightforward explanation for ML-SAs’ effects on muscular
dystrophy in mdx mice is ML-SA injection induced TFEB nuclear translocation and lysosomal
biogenesis, preparing more lysosomes to repair sarcolemmal damage caused in daily exercises.
However, it is also possible that ML-SA treatment may promote muscle cell survival via other
TFEB-independent mechanisms such as vesicle trafficking. Further studies are needed to dissect
the mechanisms of ML-SA’s effects in vivo. Besides, I did not notice dose-dependence for ML-
SA, likely due to variations within groups. An alternate explanation would be the therapeutic
window for dosage of ML-SA is small and 2 mg/kg treatment already reaches the peak of
biological effects. To address these questions, more characterization of pharmacodynamics needs
to be done. A major drawback of this study is the lack of data on pharmacokinetics. It would be
very helpful to know how fast ML-SAs are absorbed, how long they can last in vivo, and the
distribution of these drugs in different organs. This is not only relevant for determination of dosage
and dissection of drug mechanisms, but also important for analyzing side effects of these drugs.
Since ML1 and lysosomes have multiple roles in regulating various physiological processes and

tissues, more studies should be performed to characterize side effects of ML-SAs.
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